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The role of local geometric and stereo-electronic effects in tuning the preference for different
cross-linked adducts between thymine and purinic bases has been analyzed by a computational
approach rooted in density functional theory. Our study points out that G∧T and T∧G tandem lesions
are produced according to the same mechanism as A∧T and T∧A intrastrand adducts, and in both cases
purine∧T adducts are preferred rather than the opposite sequences. Moreover, use of conceptual DFT
tools allows the rationalization of the preferential occurrence of G∧T and T∧G tandem lesions in place
of their A∧T and T∧A counterparts.


1. Introduction


Formation of intrastrand cross-links between the methyl group of
thymine or 5-methylcytosine and the C8 atom of either adenine or
guanine mediated by hydroxyl radical or one-electron oxidation is
now well documented.1–3 Adduct formation has been rationalized
in terms of OH radical abstraction from the methyl group of either
thymine (T) or 5-methylcytosine followed by the addition of the
5-(uracilyl)methyl or 5-(cytosyl)methyl radical to the C8 position
of a vicinal purine base on the same DNA strand. The latter
methyl radical can be generated by one-electron oxidation of either
thymine or 5-methylcytosine, the resulting radical cation thus
formed being susceptible to fast and efficient deprotonation on the
methyl group.4–6 The mechanism of the cross-link formation was
inferred from the specific formation of the latter radicals by UV
irradiation of photolabile 5-(phenylthiomethyl)-2′-deoxyuridine
(or related 2′-deoxycytidine derivative) precursors,7–9 once site-
specifically inserted into oligonucleotides. Relevant information
on the reactivity of the 5-(uracilyl)methyl radical with the adenine
(A) and guanine (G) base either in the 3′- or the 5′-position was
inferred from the measurement of the four possible A∧T, T∧A,
G∧T and T∧G tandem base lesions10 using a specific and sensitive
high-performance liquid chromatography analytical tool coupled
on line with a tandem mass spectrometry detector operating in the
electrospray ionization mode. Thus it was found that the G∧T
adduct with the guanine located on the 5′-end of the strand
is more efficiently generated in isolated DNA exposed to OH
radical in oxygen-free aqueous solutions than the other T∧G
position isomer. It is also noteworthy that the A∧T and T∧A cross-
links are produced in lower yields. Evidence has been recently
provided for the formation of G∧T tandem lesions in DNA
exposed in aerated aqueous solution to the Cu(II)/H2O2/ascorbate
oxidizing system.11 More recently, evidence has been provided
for the radiation-induced formation of G∧T tandem base lesion
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in the DNA of human HeLa cells.11 Despite the low yield
of the cross-link that was shown to be generated, this clearly
emphasizes the biological relevance of such tandem base lesions,
whose mutagenic features have been also assessed through DNA
polymerase studies.11–13 It has also been shown that G∧T and
related 5-methycytosine cross-link were substrates for the E. coli
UvrABC nuclease, an enzyme removing bulky lesions by the
nucleotide excision repair pathway.14 The present work constitutes
an extension to G∧T and T∧G intrastrand cross-links of a previous
theoretical study on the mechanism of formation of A∧T and T∧A
tandem base lesions.15


2. Computational methods


All the calculations were carried out using the Gaussian 03
package16 at the B3LYP/6-31G(d,p)17 level. After full geometry
optimization, the different stationary points were characterized
as either minima or transition states by calculating the harmonic
vibrational frequencies. Zero-point energies (ZPEs) and thermal
contributions to thermodynamic functions and activation param-
eters were computed from these structures and harmonic frequen-
cies by using the rigid rotor/harmonic oscillator approximation
and the standard expressions for an ideal gas in the canonical
ensemble at 298.15 K and 1 atm.


Since a previous study15 on A∧T and T∧A tandem lesions showed
that solvent effects did not play a significant role in the reaction,
all calculations were made in the gas phase.


3. Results and discussion


In analogy with the formation of the A∧T and T∧A tandem base
lesions, the reactions leading to the formation of the G∧T and
T∧G adducts begin with the homolytic cleavage of a C–H bond
on the methyl group of a thymine residue that gives rise to the
5-(uracilyl)methyl radical (R). Subsequent reaction of the latter
radical with a vicinal guanine on either the 3′- or 5′-end leads
to the formation of stable adducts characterized by a covalent
bond between the thymine -CH2 group and the C8 atom of the
purine base. It is noteworthy that a strong sequence effect tunes
the formation of the G∧T and T∧G adducts. Thus it was found


3300 | Org. Biomol. Chem., 2008, 6, 3300–3305 This journal is © The Royal Society of Chemistry 2008







that there is a 4-fold preferential formation of the tandem lesion
in the 5′-(guanine-thymine)-3′ sequence compared to the reversed
one. This proportion is similar to the one found when adenine is
substituted with guanine. However, compared to A∧T and T∧A,
the G∧T and T∧G tandem base lesions are produced with higher
efficiency.


The systems chosen for the rationalization of the reaction under
investigation are the two dinucleoside monophosphates (5′-GT-3′


and 5′-TG-3′) shown in Scheme 1. They include the two nucleic
bases [guanine (G) and thymine (T)] each covalently attached
to a sugar residue, namely the 2-deoxyribose, together with the
phosphodiester bridge connecting the two residues. These systems
are able to account for all the local interactions supposed to play
a role in tuning the reaction mechanism.


Scheme 1 Structures of the studied dinucleoside monophosphates
5′-GT-3′ and 5′-TG-3′.


The elimination of a hydrogen atom from the methyl group of
thymine leads to the radical species located on the -CH2 group
(R-GT and R-TG) which are the starting reactive components of
our mechanistic investigation (see Scheme 2).


Scheme 2 Structures of the radical species R-GT and R-TG.


Full geometry optimization of the R-GT and R-TG systems
leads to a distance between the two carbon atoms involved in the
formation of the covalent link between the two bases of 7.32 Å
and 3.73 Å, respectively. We may note that the distances thus
calculated are different from the experimental values, for which
the two concerned carbons are separated by 6.30 Å when the
guanine is located at the 3′-extremity, and 3.58 Å when it is placed
at the 5′-extremity. This is due to the lack of constraint introduced
by the DNA sequence. Nevertheless, in our theoretical study on
the formation of an intrastrand crosslink between thymine and
adenine,15 it has been shown that this model is sufficient to obtain
a realistic mechanism for this kind of reaction.


In the following, we first analyze the mechanisms of the G∧T and
T∧G tandem lesions (the final products are shown in Scheme 3)
separately and then we compare them. In a final subsection
the comparison will be extended to the previous studies aimed
at investigating the reactivity of 5-(uracilyl)methyl radical with
vicinal adenine.


Scheme 3 Structures of the G∧T and T∧G tandem lesions.


3.1 G∧T tandem lesion


The stepwise pathway for the reaction that is initiated by the
R-GT radical can be described in terms of an addition–elimination
mechanism characterized by two successive steps: the formation
of a bond between the C8 atom of guanine and the methyl carbon
CT of thymine, followed by the breaking of the C8–H8 bond, with
the consequent release of a hydrogen atom.


The transition state (TS1-GT, Fig. 1) governing the first step
is characterized by the incipient tetrahedral character of C8
(sp2 hybridization in R-GT and sp3 hybridization in the first
intermediate); this is accompanied by the lengthening of the N7–
C8 bond (to 1.350 Å), which is evolving from a double to a
single bond, and by a shortening of the distance between CT
and C8 to 2.131 Å. This transition state is very similar to the
corresponding one (TS1-AT15) when adenine replaces guanine,


Fig. 1 Optimized structures of: transition state TS1-GT, intermediate
I1-GT, transition state TS2-GT and product P-GT (the distances are
in Å).
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Table 1 Thermodynamic and kinetic parameters for the formation of the
G∧T tandem lesion under standard conditions (298.15 K, 1 atm) in the gas
phase computed at the B3LYP/6-31G(d,p) level


TS1-R I1-R TS2-I1 P-I1 P-R


DE/kcal mol−1 +17.3 +1.6 +39.6 +39.5 +41.1
TDS/kcal mol−1 −6.4 −5.8 −0.8 +7.5 +1.7
DG/kcal mol−1 +23.8 +7.4 +40.3 +32.6 +40.0


where the distances N7–C8 and CT–C8 were 1.377 Å and 2.142 Å,
respectively. This step ends with the formation of a relatively stable
intermediate, I1-GT (Fig. 1), in which the C8–CT and C8–H8 bond
lengths are 1.558 and 1.099 Å, and which presents similar features
to I1-AT, where the C8–CT and C8–H8 distances were 1.560 and
1.093 Å.


The reaction proceeds toward a second transition state (TS2-
GT, Fig. 1) issuing from the breaking of the C8–H8 bond of
guanine; this is characterized by a distance of 2.296 Å, which is
longer than the corresponding distance in TS2-AT, which was
only 1.916 Å. Finally, the reaction leads to the G∧T tandem lesion
observed experimentally (P-GT, Fig. 1). The energetics of all the
reaction steps are outlined in Fig. 2 and Table 1.


Fig. 2 Computed electronic energies (DE and DE‡) of reaction steps
involved in the formation of the G∧T tandem lesion at the B3LYP/6-
31G(d,p) level.


The energy barrier (DE‡
(TS1-GT−R-GT)) governing the first step is


17.3 kcal mol−1 (Fig. 2) and the corresponding free energy of
activation (DG‡


(TS1-GT−R-GT)) was estimated to be 23.8 kcal
mol−1 (Table 1), with a negative entropy contribution
(TDS‡


(TS1-GT−R-GT)=−6.4 kcal mol−1), probably related to the de-
creased flexibility of the whole structure. This first step appears
much easier than in the case of the A∧T tandem lesion, where
the energy barrier was 41.5 kcal mol−1 with a corresponding free
energy of activation of 44.2 kcal mol−1.


The endoergity of this step is much reduced with respect to the
corresponding reaction for the A∧T tandem lesion (1.6 vs. 8.6 kcal
mol−1).


The second reaction step (Fig. 2, Table 1) is characterized
by an activation free energy (DG‡


(TS2-GT−I1-GT)) of 40.3 kcal mol−1


(DG‡
(TS2-GT−R-GT) = 47.7 kcal mol−1 with respect to the reactant),


which is 3.6 kcal mol−1 higher than the corresponding barrier
in the case of the A∧T tandem lesion. The reaction free energy
DG(P-GT−I1-GT)) is 32.6 kcal mol−1 (DG(P-GT−R-GT) = 40.0 kcal mol−1


with respect to the reactant): thus the overall reaction is strongly
endothermic (1.3 kcal mol−1 more than for A∧T).


The rate-determining step is the breaking of the C8–H8
bond, with an associated activation energy (DE‡


(TS2-GT−R-GT)) of


41.2 kcal mol−1 with respect to the reactant (DG‡
(TS2-GT−R-GT)) =


47.7 kcal mol−1). Similar values were previously found for the
formation of A∧T tandem lesion (DE‡


(TS2-AT−R-AT)) of 45.8 kcal mol−1


(DG‡
(TS2-AT−R-AT)) = 47.3 kcal mol−1).


The much easier first step for G∧T than for A∧T increases the
concentration of I1-GT respect to I1-AT for a same quantity
of reactants R-GT and R-AT. Since there is a large quantity of
radical species in the reaction medium which is able to react with
the hydrogen H8 made available upon C–H bond breaking, the
probability for intermediates I1-GT and I1-AT to produce P-GT
and P-AT is much larger than the probability to return to the
reactants, even if the energetic barrier to cross is higher. Since the
strength of the C8–H bond is similar in both cases, the percentages
of the final products (P-GT and P-AT) and of the intermediates
(I1-GT and I1-AT) are the same. Thus, G∧T tandem lesions are
produced more efficiently than A∧T ones. This is in agreement
with the experimental observations.


3.2 T∧G tandem lesion


The first step of the reaction of R-TG giving rise to T∧G is the
creation of a covalent link between the C8 of guanine and the CT of
thymine. Then, the H8 atom does not leave from the intermediate
species but is rather transferred to the thymine moiety, leading to
a second intermediate, which in turn can evolve along different
routes. Consequently, the reaction channel is more involved than
the one producing the G∧T tandem lesion.


The R-TG radical (Scheme 1), leads through the transition state
TS1-TG (C8–CT = 2.105 Å, Fig. 3), to the intermediate I1-TG
(Fig. 3) characterized by a covalent inter-base bond (C8–CT =
1.558 Å). The geometry of this transition state is very similar to
the corresponding one involving adenine, in which the distance
between C8 and CT was 2.158 Å.


Fig. 3 Optimized structures of: transition state TS1-TG, intermediate
I1-TG, transition state TS2-TG, and intermediate I2-TG (the distances are
in Å).


The second step involves the cleavage of the C8–H8 bond,
leading to a second intermediate (I2-TG, Fig. 3) in which H8
is attached to the C5 atom of thymine (C5–H8 = 1.099 Å), in
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agreement with previous computational studies and experimental
evidence.18 In TS2-TG the distance between the H8 and the C5
atoms of thymine is longer than in the corresponding transition
state (TS2-TA) involving adenine (2.869 vs. 2.593 Å).


Starting from I2-TG, two reaction channels are open. The first
one corresponds to the homolytic cleavage of the C5–H8 bond,
which leads through the transition state TS3a-TG (characterized
by a C5–H8 distance of 1.881 Å, Fig. 4), to the formation of the
T∧G tandem lesion (Pa-TG, Fig. 4). The second channel corre-
sponds, instead, to the cleavage of the C5–CT bond through the
transition state TS3b-TG (characterized by a C5–CT bond length
of 2.128 Å, Fig. 4) and subsequent formation of a dinucleoside
involving uracil (U) and an 8-methylated guanine residue with a
radical site at position 8 (Pb-TG, Fig. 4). This is expected to be
a very reactive intermediate, which will spontaneously evolve, for
instance by generating the neutral methylated guanine through
reaction with hydrogen atoms that are available in the reaction
medium. The energetics of all the reaction steps are reported in
Fig. 5 and Table 2.


Fig. 4 Optimized structures of the transition states TS3a-TG and
TS3b-TG, and products Pa-TG and Pb-TG (the distances are in Å).


The first step (Fig. 5, Table 2), corresponding to the formation
of a covalent bond between the C8 atom of guanine and the
methyl carbon CT of thymine, is ruled by an activation energy,
DE‡


(TS1-TG−R-TG), of 21.0 kcal mol−1 (DG‡
(TS1-TG−R-TG)= 21.7 kcal


mol−1), and a reaction energy, DE(I1-TG−R-TG), of 8.4 kcal mol−1


(DG(I1-TG−R-TG)= 9.4 kcal mol−1). Compared to the equivalent step
involving adenine in place of guanine, the formation of this single


Fig. 5 Computed electronic energies (DE and DE‡) of the reaction
steps characterizing the mechanism of the T∧G tandem lesion at the
B3LYP/6-31G(d,p) level.


bond is about twice as easy when the purinic base is guanine.
Indeed, the first step in the formation of the T∧A tandem lesion
was characterized by an activation energy, DE‡


(TS1-TA−R-TA), of
39.3 kcal mol−1 (DG‡


(TS1-TA−R-TA)= 41.6 kcal mol−1), and a reaction
energy, DE(I1-TA−R-TA), of 12.1 kcal mol−1 (DG(I1-TA−R-TA)= 12.6 kcal
mol−1). It is noteworthy that in both cases, although the entropic
contribution is small, the kinetics of the reaction is slowed down.
This is probably due to an increased rigidity of the transition state
with respect to the radical reactant.


The second step (Fig. 5, Table 2) involves the breaking of the
C8–H8 bond and the formation of the C5–H8 bond; the activa-
tion energy, DE‡


(TS2-TG−I1-TG), is 32.2 kcal mol−1 (DG‡
(TS1-TG−R-TG)=


35.7 kcal mol−1) and the reaction energy, DE(I2-TG−R-TG), 3.8 kcal
mol−1 (DG(I2-TG−R-TG)= 5.4 kcal mol−1). Also this step is easier when
the purinic base is a guanine instead of an adenine. However, the
difference is less pronounced since the energetic parameters were
DE‡


(TS2-TA−I1-TA)= 36.0 kcal mol−1, DG‡
(TS1-TA−R-TA)= 37.2 kcal mol−1,


DE(I2-TA−R-TA)= 11.0 kcal mol−1, and DG(I2-TA−R-TA)= 13.4 kcal mol−1.
Then, the reaction can follow two alternative routes (Fig. 5,


Table 2). The first one (TS3a-TG, Pa-TG) leads to the T∧G
tandem lesion through the cleavage of the C5–H8 bond
with DE‡


(TS3a-TG−I2-TG)= 29.1 kcal mol−1 and DG‡
(TS3a-TG−I2-TG)=


29.3 kcal mol−1. This energy barrier is higher than the equiv-
alent one involved in the formation of the T∧A tandem lesion
(DE‡


(TS3a-TA−I2-TA)= 21.4 kcal mol−1, and DG‡
(TS3a-TA−I2-TA)= 20.0 kcal


mol−1). The reaction energy is DE(Pa-TG−I2-TG)= 27.2 kcal mol−1


(DG(Pa-TG−I2-TG)= 23.2 kcal mol−1). The entropic contribution is
not negligible (TDS(Pa-TG−I2-TG)= 4.6 kcal mol−1), since a molecular
system is transformed into a bimolecular one. However, it is
lower than the related entropic contribution found when adenine
replaces guanine (TDS(Pa-TA−I2-TA)= 10.4 kcal mol−1). This first
route is overall strongly endothermic (DG(Pa-TG−R-TG)= 28.6 kcal
mol−1). The second route, leading to the cleavage of the C5–
CT bond, is characterized by DE‡


(TS3b-TG−I2-TG)= 17.8 kcal mol−1


and DE(Pb-TG−I2-TG)=−5.1 kcal mol−1. Since the latter step is


Table 2 Thermodynamic and kinetic parameters for the formation of the T∧G tandem lesion under standard conditions (298.15 K, 1 atm) in the
gas-phase computed at the B3LYP/6-31G(d,p) level


TS1-R I1-R TS2-I1 I2-R TS3a-I2 TS3b-I2 Pa-I2 Pb-I2


DE/kcal mol−1 +21.0 +8.4 +32.2 +3.8 +29.1 +17.8 +27.2 −5.1
TDS/kcal mol−1 −0.8 −1.0 −3.5 −1.7 −0.2 +0.2 +4.6 +2.9
DG/kcal mol−1 +21.7 +9.4 +35.7 +5.4 +29.3 +17.5 +23.2 −8.0
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monomolecular, the entropic contribution is much smaller
(TDS(Pb-TG−I2-TG)= 2.9 kcal mol−1) than in the first route
(TDS(Pa-TG−I2-TG)= 4.6 kcal mol−1). The second route is overall
slightly exothermic (DG(Pb-TG−R-TG)=−2.6 kcal mol−1). Thus, for-
mation of uracil and methylated guanine is favored with respect to
T∧G tandem lesion from both kinetic and thermodynamic points
of view.


The rate-determining step is the breaking of the C8–H8 bond,
with an associated activation energy (DE‡


(TS2-TG−R-TG)) of 40.6 kcal
mol−1 with respect to the reactant (DG‡


(TS2-TG−R-TG))= 45.1 kcal
mol−1). Similar trends were previously found in the formation
of A∧T tandem lesion with an associated energy of activation
(DE‡


(TS2-TA−R-TA)) of 48.0 kcal mol−1 (DG‡
(TS2-TA−R-TA)) = 49.8 kcal


mol−1).
In analogy with the remarks made in subsection 3.1, the fact that


the energetic barrier associated with the first step is much lower
when guanine replaces adenine explains why the T∧G tandem
base lesions are produced preferentially with respect to their T∧A
counterparts.


3.3 Discussion


The results of the preceding sections show that from both struc-
tural and energetic points of view, the mechanism of formation of
G∧T and T∧G tandem lesions is very similar to that of A∧T and
T∧A intrastrand adducts.


The C8–H8 bond breaking is always the rate-determining step,
and the associated energetic barriers are similar. Yet, the first step,
namely the formation of the covalent bond between the C8 atom
of the purine and the CT carbon of -CH2 of thymine, appears
about twice as easy with guanine rather than with adenine. This
difference favors the formation of I1-GT and I1-TG intermediates
with respect to I1-AT and I1-TA, leading, in agreement with
the experimental observations, to the formation of more tandem
lesions involving guanine than adenine.


Use of conceptual DFT tools19 can help to rationalize why
the first step is easier when the purinic base is a guanine. The
lower destabilization of the transition states TS1-GT and TS1-
TG with respect to their counterparts, TS1-AT and TS1-TA,
can be analyzed in terms of evolution of the chemical hardness
along the corresponding reaction paths. Indeed, the so-called
Principle of Maximum Hardness20 states that molecular systems
tend to be as hard as possible both in energy minima and in
transition states. The Df (r) dual descriptor, introduced by Morell
et al.,21,22 characterizes the variations of the absolute hardness
when the external potential changes, upon, for instance, approach
of reactants during a bimolecular reaction. This descriptor has
been calculated for the two purinic bases,23 and the results are
shown on Fig. 6. It can be seen that the Df (r) descriptor is positive
for the C8 atom of adenine (red), whereas it is negative for the
C8 carbon of guanine (green). This difference of sign indicates
that the two bases do not share the same behavior towards an
attack on their C8 atoms. When a site with a negative value of
the dual descriptor (Df (r) < 0), is attacked by an electrophilic
reagent, the absolute hardness of the base will increase, whereas
the hardness of the base will decrease if the attacking reagent is
a nucleophile. Of course the situation is reversed when Df (r) > 0.
In the step we are interested in, the two bases are attacked at C8
by the electrophilic radical formed after abstraction by a hydroxyl


Fig. 6 Df (r) calculated at the B3LYP/6-311G(d,p) level for adenine (a)
and guanine (b). The red areas correspond to positive values of Df (r), and
the green to negative values.


radical of a hydrogen atom from the methyl group of thymine.
Consequently, its interaction with C8 of adenine induces a decrease
of the absolute hardness, which is unfavorable. In contrast, when
the same radical attacks the C8 of guanine, there is an increase
of the absolute hardness, which is favorable. This tendency can
explain that TS1-GT and TS1-TG are harder than TS1-AT and
TS1-TA, and consequently more stable.


Experimental studies reveal a larger amount of generated G∧T
tandem lesion with respect to the T∧G sequence isomer, and on the
basis of the present theoretical results this can be explained in the
same way as the formation of T∧A and A∧T tandem lesions. The
formation of G∧T and T∧G intrastrand adducts is determined by
two factors: a geometric parameter linked to the DNA sequence,
and a stereo-electronic factor related to the different reactivity
of the dinucleoside monophosphates. Indeed, in the 5′-AT-3′ and
5′-GT-3′ sequences, after formation of the first intermediate, the
reactive hydrogen H8 occupies a quite external position to the
molecular surface of the nucleoside, and thus can be easily attacked
by another radical species present in the reaction medium. In
contrast, in the 5′-TA-3′ and 5′-TG-3′ sequences, the hydrogen
points inside the molecular envelope, and its transfer to C5 is
thus favored with respect to its extraction by external radicals.
Moreover, it has been seen in this study, and in the previous one
devoted to adenine,15 that the selection between T∧purine and
purine∧T tandem lesions occurs during the second reaction step,
that is the C8–H8 breaking. From the R-purineT reactant, the C8–
H8 breaking leads to a single product, the purine∧T tandem lesion,
which is less stable than the reactant. From the R-Tpurine, after
transfer of H8 from C8 to C5, two products can be produced:
the T∧purine tandem lesion, which is also less stable than the
reactant, and the methylated purine base, which is more stable. So
the formation of this last product is favored with respect to the
T∧purine tandem lesion. This can explain why purine∧T tandem
lesions are experimentally generated more efficiently than their
T∧purine counterparts. The experimental observation of uracil
among the reaction products would provide further support to
this hypothesis.


4. Conclusions


The present theoretical study shows that G∧T and T∧G tandem
lesions are produced according to the same mechanism as A∧T and
T∧A intrastrand adducts. Therefore, the preferential formation
of G∧T and A∧T tandem lesions with respect to the opposite
sequence isomers can be explained in a similar way. Moreover,
this study rationalizes the fact that G∧T and T∧G tandem lesions
are produced preferentially compared to A∧T and T∧A ones. So
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the use of a dinucleoside monophosphate model, with a lack
of the constraints introduced by the DNA sequence, succeeds
in a qualitative reproduction of the experimental observations
concerning this kind of lesion. This confirms that the majority of
the important interactions are relatively well described, and that
the local stereo-electronic effects play the main role. Nevertheless,
it could be interesting to perform QM/MM studies of larger
fragments to have a proper description of the steric interactions
involved.
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Various substituents could be diastereoselectively introduced into the 5-position of pipecolic acid via
electrophilic or free-radical-initiated addition to the carbon–carbon double bond of endocyclic
enecarbamates derived from pipecolic acid. This study allowed the diastereoselective synthesis of both
cis- and trans-5-guanidino pipecolates, which were designed as constrained arginine mimetics and
whose potential inhibition of nitric oxide synthase (NOS) was evaluated with three NOS isoforms.


Introduction


Pipecolic acid is an important noncoded cyclic amino acid,
which is found in numerous microbial, plant and animal species,
including humans; it is an intermediate in the major path of L-
lysine degradation in the central nervous system.1 Free L-pipecolic
acid and many of its derivatives are found in nature.2 In recent years
it has been incorporated into several peptidic structures as a
proline homologue.3 In addition, some derivatives of substituted
pipecolic acid were developed as b-turn mimetics,4 and others were
designed as constrained analogues of lysine5 or phenylalanine,6


or as N-methyl-D-aspartate receptor antagonists.7 We have been
working for some years on the chemistry of enecarbamates,8


especially those derived from pipecolic acid.9 As part of our study
in this field, we required efficient access to 5-guanidinopipecolates
17 (Scheme 1), which we designed as arginine mimetics for their
potential as NO synthase (NOS) inhibitors.10 In connection with
this project, we report here the results of our complete study on
various regio- and stereoselective functionalizations of endocyclic
enecarbamates 3, in order to develop efficient access to both
diastereomers of the target molecules 17 (Scheme 1).


Although there have been some studies describing reactions
of enecarbamates with various electrophiles,11 only a few have
involved enecarbamates derived from pipecolic acid.12 In this
study, we used various reaction conditions that enabled us to pre-
pare new pipecolate derivatives efficiently and diastereoselectively.
The methodology employed was based on the reaction of 5,6-
dehydropipecolate derivatives 3 with various electrophilic and
radical species that led to selective functionalization at the C-5
position.
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Scheme 1 5-Guanidinopipecolates from enecarbamates 3.


Results and discussion


Substrate preparation


The starting materials, (i.e. racemic enecarbamates 3a–c), were
easily prepared from (±)-pipecolic acid on a multigram scale
according to known procedures (Scheme 2).13 The N-protected
methylpipecolates 1a,b were electrochemically oxidized into 2,
which underwent subsequent acid-catalyzed methanol elimination
producing the corresponding compounds 3a and 3b. We have
previously reported that addition of p-nucleophiles onto the
iminiums derived from 2a and 2c yielded opposite diastereomers.14


Consequently, we thought that due to its intrinsic strain, bicyclic
enecarbamate 3c might provide different diastereoselectivity from
that expected with monocyclic substrates 3a,b. Moderate yields
of the bicyclic substrate 3c were obtained by reductive cyclization
of 3a.15 In order to improve the yield of 3c, we investigated a
different order of the oxidation–elimination–cyclization sequence
used, by carrying out the oxazolidine ring formation prior to
electromethoxylation and subsequent elimination of methanol
(Scheme 2). Unfortunately, electromethoxylation of oxazolidinone
1c selectively yielded the regioisomer 2′c where the methoxy
group was introduced at the ring junction position, as we have
already observed with an analogous oxazolidinone derived from
proline.16
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Scheme 2 Preparation of enecarbamates 3 from N-protected methylpipecolates.


Addition reactions of enecarbamates 3


5-Azido-6-methoxylation. We devised the synthesis of the
desired arginine analogues 17 by guanylation of the corresponding
ornithine analogues, i.e. 5-aminopipecolates 15, whose synthesis
could be accomplished from enecarbamates 3 (Scheme 1). We first
explored the b-hydroamination of the enecarbamates 3a by react-
ing its crude hydroboration adduct with hydroxylamine-O-sulfonic
acid,17 which failed to provide the desired 5-aminopipecolate
derivatives. We then planned to obtain the latter via the cor-
responding 5-azidopipecolates. To this end, we first examined
direct regioselective introduction of this 5-azido substituent by
oxidative-radical b-azido-a-methoxylation of the enecarbamate
moiety. Preliminary attempts to perform this addition by elec-
trochemical oxidation in a divided cell (Pt–Pt) according to a
procedure described by Fujimoto et al.18 led to low yields of
the addition compounds 4.19 We then examined the conditions
employed by Chavan et al.,20 who performed azidomethoxylation
of electron-rich olefins (including enol ethers), and more recently
performed by Norton Matos et al.21 with pyrrolidine and piperi-
dine enecarbamates, by using cerium ammonium nitrate (CAN)
as oxidizing agent, instead of anodic oxidation. Treatment of
substrates 3a,b with a combination of CAN/NaN3 in the presence
of methanol as the solvent thus led to the corresponding 5-azido-
6-methoxypipecolates 4a,b in good yields, albeit as mixtures of
three diastereomers according to gas chromatography analysis
(Scheme 3). Subsequent treatment of these mixtures of isomers
with Et3SiH and BF3·OEt2 at low temperature resulted in the
chemoselective reduction of the a-aminoether moieties, thus


leading to the corresponding azido derivatives 5a,b as mixtures
of epimers at the C-5 position. The trans/cis ratio resulting from
this sequence was highly dependent on the temperature of the
first step, thus varying from approximately 1 : 1 at 0 ◦C to a 92 :
8 trans/cis mixture at −95 ◦C in acetone instead of acetonitrile
as solvent for the azidomethoxylation step. Bicyclic substrate 3c
was less reactive towards azidomethoxylation, unlike 3a,b, which
reacted even at −95 ◦C (3–5 h at 1 mmol scale), the total conversion
of substrate 3c (1 mmol) required 16 h at room temperature. Under
these conditions, 3c led to 4c as a 3 : 7 mixture of epimers at the
C-6 position (oxazolidinone numbering). In both isomers the 5-
methoxy group is cis to the hydrogen atom of the bicyclic junction
(8a-H of the oxazolidinone 4c), and is trans to the 6-azido group
in the predominant epimer. Reductive treatment of this mixture
with a Et3SiH/BF3·OEt2 combination led to the same 3 : 7 ratio
of trans/cis isomers of 5c (Scheme 3). Despite this interesting
reverse selectivity that favours the cis- over the trans-isomer in the
case of bicyclic enecarbamate 3c, this method would require at
least three steps to reach the cis-5-azido pipecolate from 5c. In
conclusion, the azido-methoxylation–reduction sequence seems
suitable for the synthesis of trans-5-azidopipecolate when the first
step is performed at a low temperature with monocyclic substrates
3a,b (Scheme 3).


In order to obtain selectively the cis-5-azido pipecolate, we
devised a two-step process in which the 5-azido substituent could
be introduced by nucleophilic displacement of a suitable leaving
group having a relative trans orientation to the C-2 substituent.
Two types of leaving group, i.e. halides and sulfonic esters, were
explored for this purpose.


Scheme 3 5-Azido pipecolate derivatives from 3.
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5-Halo-6-methoxylation. Treatment of enecarbamates 3a,b
with NBS/MeOH or NIS/MeOH at −70 ◦C in THF afforded
good yields of the corresponding O-methyl halohydrines 6 with
similar diastereoselectivity to that observed in the case of the
azidomethoxylation reaction (Scheme 4). Under the same reaction
conditions (i.e. NIS/MeOH) 3c led to a single diastereomer of
6′c, as shown in Scheme 4. Treatment of 6a with triethylsilane in
presence of boron trifluoride diethyl etherate at a low temperature
afforded good yields of the demethoxylated derivative 7a chemos-
electively and with high diastereoselectivity (trans/cis = 96/4).
Under the same conditions, 5-iodo-6-methoxy derivative 6′a led
to a 65 : 35 mixture of the expected 5-iodopipecolate 7′a and
compound 1a. The formation of the latter was explained by the
easy reduction of the carbon–iodine bond under the conditions
required for the N,O-acetal moiety reduction (Scheme 4).


Scheme 4 Halomethoxylation of enecarbamates 3.


Before discussing the halide substitution by azide, we describe
the results for the preparation of 5-hydroxypipecolates, which need
to be activated as sulfonates prior to substitution with azide via
SN2 displacement.


5-Hydroxypipecolate derivatives. Starting from substrates 3,
we explored three series of reactions aiming at the introduction of
a 5-hydroxy substituent on the pipecolate ring, i.e. oxidative hy-
droboration, 5,6-dihydroxylation or 5-hydroxy-6-methoxylation
followed by acetylation and subsequent chemoselective N,O-
acetal reduction.


Oxidative hydroboration of 3. The best results were obtained
with BH3·SMe2 complex (Scheme 5). Generally, the hydroboration
of enecarbamates 3 does not reach the trialkyl stage,22 and
moreover, this step is very slow in THF (15 h on a 1 mmol scale).
Studying the effects of various solvents showed that improved
rates were observed when the hydroboration step was performed
in less basic solvents such as diethyl ether, toluene or, in particular,
dichloromethane. Moreover, the best yields were obtained when
the oxidative cleavage was achieved by removing all volatiles under
vacuum, prior to oxidative treatment with trimethylamine N-
oxide (TMO) in refluxing THF.23a Both monocyclic enecarbamates
3a,b gave the corresponding alcohols trans-8a,b12c,23b selectively
(Table 1, entries 1–5). Lower yields and almost no diastereoselec-
tivity occurred with substrate 3c (Table 1, entries 6–8).


Scheme 5 Oxidative hydroboration of 3.


Table 1 Diastereoselectivity of oxidative hydroboration of 3


Entry Substrate Solvent Alcohol (%) trans/cis


1 3a THF 8a (54) 84 : 16
2 3a Et2O 8a (45) 83 : 17
3 3a CH2Cl2 8a (63) 85 : 15
4 3a PhMe 8a (63) 75 : 25
5 3b CH2Cl2 8b (63) 93 : 7
6 3c Et2O 8c (35)a 48 : 52
7 3c CH2Cl2 8c (20)a 45 : 55
8 3c PhMe 8c (35)a 55 : 45


a Up to 35% of compound 1c was obtained.23


5,6-Dihydroxylation and 5,6-hydroxymethoxylation of 3. Be-
sides the oxidative hydroboration method, we examined two other
oxidation methods based on dihydroxylation or hydroxymethoxy-
lation (Scheme 6). Dihydroxylation of substrates 3a,b by using
OsO4/TMO12b,24 or Oxone25,12a in an acetone–water mixture led to
the expected 5,6-dihydroxypipecolates 9,24c mainly as mixtures of
two diastereomers. Attempts to selectively reduce the hemiaminal
moieties selectively by using a Et3SiH/BF3·OEt2 combination
resulted in poor yields of the expected 5-hydroxypipecolates 8,
along with the corresponding 5-oxopipecolates 12. The latter
were generated via the iminium intermediate which, instead of
reduction by Et3SiH, may also undergo deprotonation leading
to the corresponding b-hydroxy enecarbamate which, in turn,
tautomerizes into the corresponding 5-oxopipecolate 12. To avoid
such rearrangement, crude diols 9 were converted to diacetates
9′,12c prior to N,O-acetal reduction with Et3SiH/BF3·OEt2 in
dichloromethane (Scheme 6). By using such a sequence, we were
able to isolate monoacetates 11a,b12c in moderate to good overall
yields (44–71%), and good selectivity in favour of the trans isomers,
whatever the dihydroxylation reagent (Table 2, entries 1–4). Higher
overall yields were obtained in the case of substrate 3c; however,
the diastereoselectivity depended on the dihydroxylation reagent
(Table 2, entries 5 and 6). Thus, the OsO4/TMO combination
led to the trans isomer, although with lower selectivity than that
reached with monocyclic substrates, while reverse stereoselectivity
was observed when Oxone was employed as dihydroxylating agent.
Workup of the vicinal diols 9 was generally difficult, because
of their significant hydrosolubility. To avoid these difficulties,
substrate 3a was allowed to react with Oxone in methanol, thus
producing the expected 5-hydroxy-6-methoxypipecolate derivative
10a, which after acetylation and subsequent reduction afforded
good overall yield of 11a, albeit with almost no diastereoselectivity
(Table 2, entry 7). When applied to 3c (entry 8), the same three-step
sequence led to 11c with reverse selectivity (trans/cis = 3/7) as in
the case of azidomethoxylation. It is of note that, when oxidized
with Oxone, 3c led to bicyclic compounds (9c or 10c) whereas


3390 | Org. Biomol. Chem., 2008, 6, 3388–3398 This journal is © The Royal Society of Chemistry 2008







Scheme 6 Monoacetates 11 from 3.


Table 2 Formation of monoacetates 11a-c from 3a-c


Entry 3 Oxidation conditions 11 (%)a trans/cis


1 3a OsO4/TMO, H2O 11a (69) 92 : 8
2 3a Oxone/H2O 11a (55) 85 : 15
3 3b OsO4/TMO, H2O 11b (71) 92 : 8
4 3b Oxone/H2O 11b (44) 86 : 14
5 3c OsO4/TMO, H2O 11c (60) 70 : 30
6 3c Oxone/H2O 11c (75) 37 : 63
7 3a Oxone/MeOH 11a (58) 55 : 45
8 3c Oxone/MeOH 11c (84) 30 : 70


a Overall yields starting from 3.


the C-5 substituents were always syn to the hydrogen atom of the
bicyclic junction (8a-H), whatever the C-6 relative configuration.
m-Chloroperbenzoic acid in methanol26 was also employed as
oxidizing agent with substrates 3c; the expected hydroxymethoxyp-
ipecolate 10c was obtained in moderate yield (30%), along with its
corresponding 5-hydroxy-6-(m-chlorobenzoyloxy)pipecolate. The
latter was isolated in 46% yield when the reaction was performed
in absence of methanol and sodium bicarbonate.


Diastereoselectivity of the above additions. Some general com-
ments regarding the observed diastereoselectivities in the additions
performed on substrates 3 are necessary, before describing the
functional conversion required at the C-5 position to synthesize the
targeted 5-guanidinopipecolates. Some of the additions described
above took place in a rather concerted manner (hydroboration
and syn-dihydroxylation with osmium tetraoxide), and others
(azidomethoxylation, halomethoxylation dihydroxylation or hy-
droxymethoxylation) involved multistep mechanisms. Generally,
when performed on monocyclic substrates 3a,b, all these addi-
tions and subsequent C-6 reduction provided selectively a trans
relative orientation between the C-2 and C-5 substituents in the


corresponding final monocyclic products (5, 7, 8 and 11), regard-
less of the mechanism involved in the addition step. However,
additions to bicyclic enecarbamate 3c appeared to be mechanism-
dependent; syn-dihydroxylation with the OsO4/TMO combina-
tion provided selectively the trans isomer (addition anti to the
oxazolidinone methylene), while syn-hydroboration led to an
approximately equimolar cis/trans mixture of alcohol 8c. Other
additions, which were multistep reactions, led selectively to final
compounds (5c, 7c and 11c) in which the C-6 substituent was trans
to the hydrogen atom of the ring junction (i.e. 8a-H). To explain the
observed diastereoselectivities, we assume that, due to the partial
double bond character of their exocyclic carbon–nitrogen bond,
monocyclic enecarbamates 3a,b preferentially adopt the envelope-
like conformation IIa,b, owing to the 1,3-allylic strain present in
conformation Ia,b where the 2-carbomethoxy substituent occupies
a pseudo-equatorial position27 (Scheme 7). Considering this
conformational preference, two factors may account for the facial
selectivity: (i) steric repulsion between the adding (electrophile
or free radical) species and the 2-carbomethoxy group, and (ii)
addition on the a-face (path a, Scheme 7) is expected to proceed
via a half-chair transition state, while addition on the b-face (path
b, Scheme 7) would proceed through a boat-like transition state.
Then, for stereoelectronic reasons, both diastereomeric iminiums
A and B would add nucleophiles (MeOH or H2O) mainly syn to
the 2-carbomethoxy substituent.28


Scheme 7 Possible explanation of the observed diastereoselectivity with
3a,b.


Due to its bicyclic structure and resonance, enecarbamate
3c is locked in conformation Ic. The first stage of stepwise
additions takes place following path b (Scheme 8) preferentially
via a half chair-like transition state leading to iminium ion D.
For stereoelectronic reasons, addition of nucleophiles to both
iminium intermediates C and D takes place exclusively on the
a-face14 (Scheme 8), thus leading to a mixture of epimers at
the C-6-position (tetrahydrooxazolopyridin numbering). In both
mono- and bicyclic enecarbamates, and unlike stepwise additions,
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Scheme 8 Possible explanation of the observed diastereoselectivity with
3c.


syn-dihydroxylation catalyzed with OsO4 takes place selectively
on the a-face, probably due to its concerted character and steric
demand of the dihydroxylating osmium complex. However, both
diasteromeric syn-diols derived from bicyclic substrate 3c evolve
into a mixture of C-6 epimers, due to epimerization at position C-
5, which leads to the favoured trans-2,5 relative stereochemistry.
Non-stereoselective syn-hydroboration of 3c could be interpreted
as a balance between steric and stereoelectronic factors.


5-Azidopipecolates via SN2 reactions


Most of the oxidative methods examined above led selectively
to the trans diastereomer; to obtain the cis 5-hydroxypipecolate
selectively we decided to examine the reduction of its corre-
sponding ketone 12. This reduction was undertaken by assuming
that ketones 12a,b will be locked in a conformation with the
2-carbomethoxy substituent being axially oriented due, to the
A1,3 allylic interaction usually present in the a-substituted N-
acylpiperidines.27 Therefore, due to stereoelectronic control, treat-
ment of such compounds with non-bulky hydride was expected
to lead stereoselectively to the cis isomer of alcohol 8, via an
axial addition of hydride. Ketones 1229 were first obtained by
oxidation of alcohols 8; however, equivalent or slightly better
yields were obtained following a one-pot procedure (Scheme 9)
consisting of hydroboration of enecarbamates 3 and subsequent
oxidative treatment with oxidants stronger than TMO or hydrogen
peroxide (Table 3, entries 1–4). The best yields were obtained with


Scheme 9 Preparation of cis alcohols 8a,b via ketones 12.


Table 3 One-pot oxidation of 3a-c to ketones 12


Entry Substrate Conditions Ketone (%)


1 3a 1) BH3·SMe2, 2) PCC 12a (45)
2 3a 1) BH3·SMe2, 2) IBX 12a (51)
3 3b 1) BH3·SMe2, 2) IBX 12b (40)
4 3c 1) BH3·SMe2, 2) IBX 12c (66)
5 3c 1) m-CPBA, PhMe; 2) PTSA (reflux) 12c (30)


2-iodoxybenzoic acid (IBX) as oxidant in refluxing acetonitrile. A
lower yield of ketone 12c was obtained via epoxydation of 3c with
m-CPBA and subsequent acid-catalyzed rearrangement (entry 5)
as described by Matsumura et al.29a Reduction of ketones 12a,b
with sodium borohydride yielded the corresponding cis alcohols
8a,b with high diastereoselectivity (Scheme 9).


As mentioned above, azidomethoxylation of enecarbamates
3a,b allowed selective formation of trans-5-azidopipecolates. To
synthesise the cis isomers selectively, we considered nucleophilic
displacement of a leaving group from either trans-5-halogeno- or
trans-5-hydroxypipecolates with azide. Attempts to perform such
nucleophilic substitution by reacting 5-halo-6-methoxy derivatives
6 (or 6′) with sodium azide at 70 ◦C in DMF led to only partial
elimination, which took place selectively at the C-4–C-5 position.
Higher conversions were observed when substrates 6 were reacted
with DBU or DABCO instead of sodium azide; this regioselective
elimination was consistent with the trans-relationship between
the 5-halogeno- and 6-methoxy substituents in derivatives 6. This
absence of nucleophilic substitution may be ascribed to the steric
effect of the 6-methoxy substituent, which prevented the azide ion
from reaching the electrophilic C-5 center. We therefore reacted
demethoxylated compound 7a with sodium azide at 70 ◦C in
DMF, and obtained a 65 : 35 mixture of SN2/E2 compounds.
As anticipated, the elimination reaction with substrate 7a was no
longer regioselective. When using excess TMSN3 in the presence of
TBAF,30 mainly nucleophilic substitution occurred (Scheme 10).
A similar mixture was obtained from alcohol trans-8a, by using
Mitsunobu conditions31 (Scheme 10), albeit with low yields
(<29%). Unfortunately, the major azide, cis-5a, was difficult to
isolate from these mixtures in all cases.


Scheme 10 Azide cis-5a from trans-7a and trans-8a.


Finally, we considered a two-step path, starting from alcohols
8a,b, which were first activated as sulfonate esters, prior to reaction
with sodium azide in DMF (Scheme 11). Indeed, mesylates 13
or tosylates 14 were efficiently converted to the corresponding
azides via a clean SN2 process. In addition, both diastereoisomers
of alcohols 8a,b could be successfully involved in this sequence.
Thus, while trans-5-azides 5a,b could be obtained either from the
corresponding enecarbamates 3a,b or from alcohol cis-8a,b, the cis
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Scheme 11 Azides 5 from alcohols 8.


isomers could only be reached via alcohols trans-8a,b. Eventually,
both diastereoisomeric 5-azidopipecolates were prepared in pure
form and with good yields.


5-Guanidinopipecolates


To reach the desired 5-guanidinopipecolates, each diastereomer
of azide 5 had to be converted into the corresponding amine and
then guanylated before final deprotection (Scheme 12). Azides
5 were submitted to hydrogenolysis in the presence of 10%
palladium-on-charcoal in dichloromethane, and led efficiently to
the corresponding primary amines 15, which can be considered as
ornithine analogues. To avoid intra- or inter-molecular amidation,
amines 15 must be either stored as hydrochloride salts, or employed
immediately in the following guanylation step.32 To perform
the latter, we tried two guanylation procedures33 as shown in
Table 4. The best yields of guanidine derivatives 16 were obtained
by using N,N ′-bisprotected-S-methylthiourea in the presence of
triethylamine and mercury(II) chloride. We also performed the
same hydrogenolysis/guanylation sequence starting from free
acids 5′. Isomer trans-16′b was obtained with 58% yield, while
guanylation of cis-5′b led to lower yields of cis-16′b (Table 4).
Finally, acid-catalyzed removal of the protecting groups yielded
the arginine dihydrochloride mimetics 17, which were purified
by reverse-phase C-18 column chromatography. Under a high
concentration of HCl (6 M), partial epimerization occurred at
the C-2 position in the case of methyl carbamates 16a. To avoid


Table 5 NOS-inhibitory activity of 17


nNOS IC50 iNOS IC50 eNOS IC50


(±)-cis-17 >1 mM 80 lM 200 lM
(±)-trans-17 >1 mM 160 lM 150 lM


such epimerization, methyl carbamates 16a were reacted with
trimethylsilyl iodide34 instead of aqueous HCl, leading to 17 in
approximately 80% conversion, along with approximately 10% of
its methylcarbamate with no detectable epimerization.


The inhibition potency of the final arginine mimetics 17 was
evaluated by examining their effects on the NOS-dependent
oxidation of L-arginine to L-citrulline, according to the procedure
previously described by Bredt et al.35 The results of inhibition with
three NOS isoforms (nNOS, iNOS and eNOS), are summarized
in Table 5. Neither of the diastereomers of 17 showed inhibition
towards the neuronal NOS. Although weak, some promising
effects were observed in the case of inducible and endothelial
isoforms. Moreover, some selectivity was observed: cis-17 was
more efficient in inhibiting iNOS, and trans-17 was slightly more
efficient in the case of the eNOS isoform (Table 5).


Conclusion


In summary, the reactivity of 5,6-dehydropipecolate derivatives 3
towards various electrophilic reagents was examined. This study
allowed efficient and diastereoselective preparation of various
5-substituted pipecolates, which are valuable intermediates for
the synthesis of potentially bioactive piperidine derivatives. The
value of this reactivity study was illustrated by the synthesis of
both diastereomers of 5-guanidinopipecolate, which we designed
as constrained mimetics of arginine, and whose NOS-inhibitory
activity towards three isoforms was evaluated. Weak to moderate
inhibition was found and the development of less constrained


Scheme 12 Conversion of azides 5 into 5-guanidinopipecolates 17.


Table 4 Guanylation conditions of amines 15


Azide Amine Guanylation conditions 16 (%)


trans-5a trans-15a TfN=C(NHBoc)2, DIPEA trans-16a (77)
trans-5a trans-15a BocN=C(SMe)NHBoc, HgCl2, Et3N trans-16a (61)
trans-5b trans-15b CbzN=C(SMe)NHCbz, Et3N trans-16b (56)
trans-5b trans-15b CbzN=C(SMe)NHCbz, HgCl2, Et3N trans-16b (80)
cis-5a cis-15a TfN=C(NHBoc)2, DIPEA cis-16a (68)
cis-5a cis-15a BocN=C(SMe)NHBoc, HgCl2, Et3N cis-16a (85)
cis-5b cis-15b CbzN=C(SMe)NHCbz, Et3N cis-16b (52)
cis-5b cis-15b CbzN=C(SMe)NHCbz, HgCl2, Et3N cis-16b (83)
trans-5′b trans-15′b CbzN=C(SMe)NHCbz, Et3N trans-16′b (58)
cis-5′b cis-15′b TfN=C(NHCbz)2, Et3N cis-16′b (22)
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pipecolate-based arginine mimetics is underway. The possibility of
accessing these 5-substituted pipecolates efficiently is an important
issue, as they can subsequently be included in peptidic structures.
We are currently investigating several fundamental aspects of
these compounds, such as their impact upon the conformation
of peptides and their use as scaffolds36 for the synthesis of small-
molecule libraries.


Experimental


General remarks


IR spectra were recorded with a Perkin Elmer Spectrum one FT-IR
spectrometer equipped with a MIRacleTM single reflection hor-
izontal ATR unit (zirconium–selenium crystal).1H NMR spectra
were recorded at 250 MHz on a Bruker AM 250 spectrometer, in
CDCl3 at 300 K (unless otherwise indicated); 13C NMR spectra
were recorded at 63 MHz on the same instrument. Chemical
shifts are reported in parts per million (d in ppm) and are
referenced against solvent signals (dC 77.16 for chloroform) for
13C spectra and solvent residual resonance (dH 7.26 for chloroform)
for 1H spectra. Coupling constants J are given in Hz. Multiplicity
designation used are: s, d, t, q, dd, and m for singlet, doublet,
triplet, quadruplet and double doublet respectively; broad signals
are denoted by br. Mass spectra, chemical ionisation (CI) or
fast atom bombardment (FAB) were recorded by the “Service
de Spectrometrie de Masse” at Paris Descartes University. All
reactions were carried out under an argon atmosphere, and were
monitored by thin layer chromatography with Merck 60F-254
precoated (0.2 mm) on glass, and by gas chromatography (GC)
analysis performed with an HP6890 apparatus equipped with
DB1 capillary column (length: 25 m, diameter: 0.32 m) and
an HP 3395 integrator. Dichloromethane (DCM) was distilled
from CaH2 under Ar. THF was distilled, under argon, from
sodium/benzophenone ketyl radical immediately prior to use.
Flash chromatography was performed with Merck kieselgel 60
(0.2–0.5 mm) or Bakerbond C-18 (0.04 mm); the solvent systems
are given as v/v.


The effects of compounds 17 on the NOS-dependent oxidation
of L-arginine to L-citrulline were determined according to a
previously described protocol.35 Briefly, enzymatic reactions were
conducted at 37 ◦C for 5 min in 50 mM HEPES (pH 7.4)
containing 5 mM dithiothreitol (DTT), 1 mM NADPH, 1 mM
CaCl2, 10 lg mL−1 calmoduline, 20 lM tetrahydrobiopterin (BH4),
4 lM FAD, 4 lM FMN, 10 lM (about 500000 cpm) [2,3,4,5-3H]-L-
arginine, and increasing concentrations of the tested compounds.
Final incubation volumes were 100 lL. The reactions were started
by the addition of protein and terminated by the addition of
500 lL cold stop buffer (20 mM sodium acetate pH 5.5, 1 mM
L-citrulline, 2 mM EDTA and 0.2 mM EGTA). Samples (500 lL)
were applied to columns containing 1 mL of Dowex AG 50W-
X8 (Na+ form, prepared from the H+ form), pre-equilibrated
with stop buffer and a total of 1.5 mL of stop buffer was
added to eluate [3H]-L-citrulline. Aliquots were then mixed with
Pico-Fluor 40 (Packard) and counted on a Packard Tri-Carb
2300 liquid scintillation spectrometer. Control samples without
NOS or NADPH were included for background determinations.
Incubations in the presence of inducible NOS were performed
similarly but CaCl2 and calmoduline were omitted.


General methods for preparation of azides 5


Method A (from enecarbamates 3, by azidomethoxylation/
reduction sequence). Azidomethoxylation. To a 0.08 M solution
of enecarbamate 3a (or 3b) and NaN3 (1.5 equiv.) in a 4 : 1
mixture of acetone–MeOH was added dropwise a 0.1 M solution
of cerium ammonium nitrate (3 equiv.) in acetone at −95 ◦C. The
mixture was stirred at ca. −90 ◦C until total conversion of 1
(as monitored by TLC), then diluted with H2O and extracted
with Et2O. The combined organic layers were washed with water
and brine, dried over MgSO4 and concentrated in vacuo, prior to
purification by flash column chromatography, affording adduct
4. Azidomethoxylation of enecarbamate 1c was performed in
acetonitrile instead of acetone; the CAN solution was added at
0 ◦C and the reaction mixture was stirred at r.t. for 16 h.


Reduction. To a solution of the 5-azido-6-methoxy compound
4 in DCM were added BF3·OEt2 (1.05 equiv.) and Et3SiH
(1.05 equiv.) at −90 ◦C. After allowing warming until r.t. for
8 h, the solution was diluted with DCM, and a saturated aqueous
solution of NaHCO3 was added. The aqueous phase was extracted
twice with DCM; the combined organic layers were washed with
water, dried over MgSO4, and concentrated in vacuo. The final
product 5 was purified by flash column chromatography.


Method B (from mesylates 13 or tosylates 14). To the mesylate
or tosylate dissolved in DMF, was added NaN3 (7–8 equiv.) and
the mixture was heated at 65–100 ◦C; then DMF was removed in
vacuo. Water (50 mL) was added and the mixture was extracted
with DCM. The organic extracts were washed with water, dried
over MgSO4 and concentrated in vacuo. Purification by flash
column chromatography afforded pure azido compound 5.


(2S*,5R*)-Dimethyl 5-azidopiperidine-1,2-dicarboxylate trans-
5a. Following Method A, from enecarbamate 3a (275 mg,
1.38 mmol), NaN3 (137 mg, 2.07 mmol) and CAN (2.27 g,
4.14 mmol), at −90 ◦C for 7 h. After workup, the crude azidomet-
hoxylation compound 5a was submitted to reduction with Et3SiH
(194 lL, 1.21 mmol) and BF3·OEt2 (172 lL, 1.21 mmol). Flash
column chromatography (cyclohexane–EtOAc 85 : 15) afforded a
trans/cis (87 : 13) mixture of azido compounds 5a (58%).


Following Method B, from mesylate cis-13a (380 mg,
1.29 mmol) and NaN3 (620 mg, 9.54 mmol) in DMF (5 mL). Flash
column chromatography (cyclohexane–EtOAc 7 : 3) afforded
trans-5a as a colourless oil (220 mg, 72%).


Following Method B, from tosylate cis-14a (90 mg, 0.24 mmol)
and NaN3 (120 mg, 1.82 mmol) in DMF (2 mL). Flash column
chromatography (cyclohexane–EtOAc 7 : 3) afforded trans-5a as
a colourless oil (51 mg, 86%).


Rf = 0.26 (cyclohexane/AcOEt 7 : 3); dH (250 MHz, CDCl3;
Me4Si) 5.05–4.94 (0.6 H, m, 2-H), 4.90–4.75 (0.4 H, m, 2-H), 4.35–
4.00 (1 H, m, 6-H), 3.90–3.60 (7 H, m, 5-H, NCO2CH3, CO2CH3),
3.40–3.10 (1 H, m, 6-H), 2.15–2.00 (m, 2 H, 3-H), 1.95–1.45 (m,
2 H, 4-H); dC (63 MHz, CDCl3) 171.4 (CO2CH3), 156.7, 156.2
(NCO2CH3), 54.8 (CH-5), 53.7, 53.4 (CH-2), 52.7 (NCO2CH3),
52.2 (CO2CH3), 44.1 (CH2-6), 24.5 (CH2-4), 20.8 (CH2-3); MS
(ESI): m/z = 265 [M + Na]+ 100%; HRMS (ESI) m/z calcd for
C9H14N4O4Na [M + Na]+ 265.0913, found 265.0910.


(2S*,5S*)-Dimethyl 5-azidopiperidine-1,2-dicarboxylate cis-5a.
Following Method B, from mesylate trans-13a (380 mg,
1.29 mmol) and NaN3 (620 mg, 9.54 mmol) in DMF (5 mL). Flash
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column chromatography (cyclohexane–EtOAc 7 : 3) afforded cis-
5a as a colourless oil (220 mg, 72%). Rf = 0.30 (cyclohexane–
EtOAc 65 : 35); dH (250 MHz, CDCl3; Me4Si) 4.98–4.85 (0.6 H, m,
2-H), 4.83–4.70 (0.4 H, m, 2-H), 4.40–4.25 (0.4 H, m, 6-H), 4.23–
4.05 (0.6 H, m, 6-H), 3.85–3.60 (6 H, m, CO2CH3), 3.50–3.20 (1 H,
m, 5-H), 2.95–2.65 (1 H, s, 6-H), 2.45–2.20 (1 H, m, 3-H), 2.15–1.95
(1 H, m, 4-H), 1.85–1.60 (1 H, m, 3-H), 1.45–1.15 (1 H, m, 4-H);
dC (63 MHz, CDCl3) 171.2 (CO2CH3), 156.5, 156.1 (NCO2CH3),
56.4 (CH-5), 53.6, 53.3, 52.6 (CH-2, NCO2CH3, CO2CH3), 45.5,
45.3 (CH2-6), 26.9 (CH2-4), 25.5, 25.2 (CH2-3); MS (ESI): m/z =
265 [M + Na]+ 100%; HRMS (ESI) m/z calcd for C9H14N4O4Na
[M + Na]+ 265.0913, found 265.0924.


(2S*,5R*)-1-tert-Butyl 2-methyl 5-azidopiperidine-1,2-dicarbo-
xylate trans-5b. Following Method A, from enecarbamate 3b
(332 mg, 1.38 mmol), NaN3 (137 mg, 2.07 mmol) and CAN (2.27 g,
4.14 mmol), at −90 ◦C for 1 h. Reduction step was performed
by using BF3·OEt2 (172 lL, 1.21 mmol) and Et3SiH (194 lL,
1.21 mmol). Flash column chromatography (cyclohexane–EtOAc
85 : 15) afforded a trans/cis (92 : 8) mixture of azido compound 5b
(60%) from which isomer trans could be isolated as pure compound
(155 mg, 47%).


Following Method B, from mesylate cis-13b (292 mg,
0.87 mmol) and NaN3 (450 mg, 6.92 mmol) in DMF (3.5 mL).
Flash column chromatography (cyclohexane–EtOAc 85 : 15)
afforded pure trans-5b as a colourless oil (225 mg, 91%).


Rf = 0.23 (cyclohexane–EtOAc 8 : 2); mmax(neat)/cm−1 2981,
2945, 2108, 1726, 1679, 1416, 1364, 1243, 1147, 1013; dH (250 MHz,
CDCl3; Me4Si) 5.05–4.85 (0.6 H, m, 2-H), 4.83–4.60 (0.4 H, m, 2-
H), 4.25–4.00 (1 H, m, 6-H), 3.85–3.60 (4 H, m, 5-H, CO2CH3),
3.35–3.00 (1 H, m, 6-H), 2.10–1.95 (2 H, m, 3-H), 1.90–1.30
(11 H, m, 4-H, CMe3); dC (63 MHz, CDCl3) 171.9 (CO2CH3),
155.3 (CO2tBu), 80.7 (CMe3), 55.0 (CH-5), 54.2, 52.9 (CH-2),
52.2 (CO2CH3), 44.2, 43.7 (CH2-6), 28.2 (CMe3), 24.9 (CH2-4),
21.0 (CH2-3); MS (ESI): m/z = 307 [M + Na]+ 100%; HRMS
(ESI) m/z calcd for C12H20N4O4Na [M + Na]+ 307.1382, found
307.1374.


(2S*,5S*)-1-tert-Butyl 2-methyl 5-azidopiperidine-1,2-dicarbo-
xylate cis-5b. Following method B, from mesylate trans-13b
(1.48 g, 4.39 mmol) and NaN3 (2.28 g, 35.12 mmol) in DMF
(16 mL). Flash column chromatography (cyclohexane–EtOAc 85 :
15) afforded pure cis-5b as a colourless oil (1.11 g, 90%).


Rf = 0.32 (cyclohexane–EtOAc 8 : 2); mmax(neat)/cm−1 2971,
2868, 2098, 1741, 1695, 1403, 1364, 1245, 1147; dH (250 MHz,
CDCl3; Me4Si) 4.95–4.80 (0.6 H, m, 2-H), 4.75–4.60 (0.4 H, m,
2-H), 4.35–4.17 (0.4 H, m, 6-H), 4.25–3.98 (0.6 H, m, 6-H), 3.72
(3 H, s, CO2CH3), 3.45–3.20 (1 H, m, 5-H), 2.85–2.55 (1 H, m,
6-H), 2.45–2.20 (1 H, m, 3-H), 2.10–1.90 (1 H, m, 4-H), 1.85–1.60
(1 H, m, 3-H), 1.55–1.15 (10 H, m, 4-H, CMe3); dC (63 MHz,
CDCl3) 171.3 (CO2CH3), 155.1, 154.8 (CO2-t-Bu), 80.8 (CMe3),
56.4 (CH-5), 53.8, 52.5 (CH-2), 52.2 (CO2CH3), 45.7, 44.6 (CH2-6),
28.2 (CMe3), 26.8 (CH2-4), 25.2, 25.0 (CH2-3); MS (ESI): m/z =
307 [M + Na]+ 100%; HRMS (ESI) m/z calcd for C12H20N4O4Na
[M + Na]+ 307.1382, found 307.1367.


General method for hydroboration/oxidation sequences


Hydroboration. To a solution of the enecarbamate 3 in DCM at
−80 ◦C was added dropwise a 2 M solution of BH3·SMe2 (1 equiv.)


in THF, and the mixture then warmed to room temperature. The
reaction mixture was stirred at r.t. for 2.5 h (unless otherwise
indicated), and then concentrated in vacuo to afford a borane
compound, which was used in the oxidative steps.


Oxidation with Me3NO (for preparation of alcohols 8). To the
crude hydroboration compound were added THF and trimethy-
lamine N-oxide and the heterogeneous mixture was refluxed at
70 ◦C for 15 min then concentrated in vacuo. Water was added and
the organic layer was extracted with DCM, dried over MgSO4,
and then concentrated in vacuo. Purification by flash column
chromatography afforded alcohols 8.


Oxidation with iodoxy benzoic acid (IBX) (for preparation of
ketones 12). To the crude hydroboration compound were added
acetonitrile and IBX (4 equiv.) and the heterogeneous mixture
was refluxed at 80 ◦C for 2.5 h. After filtration over Celite and
washing with DCM, the filtrate was concentrated in vacuo. The
residue was diluted with H2O and the organic layer was extracted
with DCM. Purification by flash column chromatography afforded
ketones 12.


( 2S* , 5R* ) - Dimethyl 5 - hydroxypiperidine - 1 , 2 - dicarboxylate
trans-8a23b. Prepared according to the above procedure, starting
from enecarbamate 3a (2.01 g, 10.1 mmol) in DCM (30 mL) and
BH3·SMe2 (2 M in THF, 5.0 mL, 10.1 mmol); then oxidation with
triethylamine N-oxide (6.7 g, 60.6 mmol) in THF (30 mL). Flash
column chromatography (EtOAc–cyclohexane 7 : 3) afforded a
trans/cis (85 : 15) mixture of alcohol 8a (63%) from which pure
sample of the trans isomer could be isolated as a colourless oil
(1.1 g, 50%): Rf = 0.20 (EtOAc–cyclohexane 7 : 3); mmax(neat)/cm−1


3451, 3016, 2955, 1738, 1686, 1447, 1252, 1123, 1017; dH (250 MHz,
CDCl3; Me4Si) 4.98 (0.7 H, br s, 2-H), 4.84 (0.3 H, br s, 2-H), 4.15–
3.85 (2 H, m, 6-H, 5-H), 3.73 (6 H, br s, CO2CH3, NCO2CH3),
3.30–3.13 (1 H, m, 6-H), 2.25–1.95 (2 H, m, 4-H), 1.85–1.40 (2 H,
m, 3-H); dC (63 MHz, CDCl3) 171.9 (CO2CH3), 157.5 (NCO2CH3),
63.4 (CH-5), 54.2, 53.8 (CH-2), 53.0, 52.3 (CO2CH3), 47.5, 42.6
(CH2-6), 27.1, 26.7 (CH2-4), 20.2 (CH2-3); MS (ESI): m/z = 235
[M + NH4]+ 100%.


(2S*,5R*)-1-tert-Butyl 2-methyl 5-hydroxypiperidine-1,2-dicar-
boxylate trans-8b. Prepared according to the above procedure,
starting from enecarbamate 3b (5 g, 20.75 mmol) in DCM
(100 mL), and BH3·SMe2 (2 M in THF, 10.4 mL, 20.80 mmol),
stirring at r.t. was maintained for 4 h, prior to oxidation with tri-
ethylamine N-oxide (12.5 g, 112.6 mmol) in THF (100 mL). Flash
column chromatography (EtOAc–cyclohexane 6 : 4) afforded a
trans/cis (93 : 7) mixture of alcohol 8b (3.4 g, 63%) as colourless
oil: Rf = 0.23 (EtOAc–cyclohexane 6 : 4); dH (250 MHz, CDCl3;
Me4Si) 5.05–4.65 (1 H, m, 2-H), 4.15–3.80 (2 H, m, 5-H, 6-H), 3.70
(3 H, s, CO2CH3), 3.30–2.95 (1 H, m, 6-H), 2.30–1.60 (4 H, m, 3-H,
4-H), 1.42 (9 H, s, t-Bu); dC (63 MHz, CDCl3) 172.5 (CO2CH3),
156.6 (CO2-t-Bu), 80.8 (CMe3), 63.9 (CH-5), 54.9, 53.7 (CH-2),
52.4 (CO2CH3), 48.2, 47.3 (CH2-6), 28.6 (CMe3), 27.3 (CH2-4),
20.6 (CH2-3); MS (ESI): m/z = 282 [M + Na]+ 100%; HRMS
(ESI) m/z calcd for C12H21NO5Na [M + Na]+ 282.1317, found
282.1312.


(2S*,5S*)-Dimethyl 5-hydroxypiperidine-1,2-dicarboxylate cis-
8a23b. This stereoisomer was isolated in low yield from the
oxidation–hydroboration of enecarbamate 3a. It was also pre-
pared, with higher yield, by reduction of ketone 12a (2.58 g,
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12.0 mmol) in ethanol (45 mL) by portionwise addition of sodium
borohydride (910 mg, 23.9 mmol) at 0 ◦C, then the mixture was
stirred at 0 ◦C for 15 min. The reaction mixture was portionned
between DCM (50 mL) and 10% aqueous solution of citric
acid (pH = 6). The aqueous layer was re-extracted with EtOAc
(2 × 30 mL). The organic extracts were combined, dried over
MgSO4 and concentrated in vacuo. Purification by flash column
chromatography (EtOAc) afforded a cis/trans (99 : 1) mixture of
alcohol 8a (1.9 g, 74%): Rf = 0.26 (EtOAc–cyclohexane 7 : 3);
mmax(neat)/cm−1 3418, 2953, 2866, 1736, 1682, 1446, 1237, 1212,
1151, 998; dH (250 MHz, CDCl3; Me4Si) 4.86 (0.6 H, br s, 2-H),
4.85 (0.4 H, br s, 2-H), 4.24 (0.4 H, d, J 11.0, 6-H), 4.12 (0.6
H, d, J 11.0, 6-H), 3.75–3.53 (7H, m, CO2CH3, NCO2CH3, 5-H),
2.83–2.64 (1 H, m, 6-H), 2.31–2.23 (1 H, m, 3-H), 2.00–1.91 (1
H, m, 4-H), 1.80–1.63 (1 H, m, 3-H), 1.31–1.10 (1 H, m, 4-H);
dC (63 MHz, CDCl3) 171.5 (CO2CH3), 157.3 (NCO2CH3), 66.5
(CH-5), 53.5, 53.2 (CH-2), 53.1, 52.4 (CO2CH3), 48.0 (CH2-6),
30.3 (CH2-4), 24.9 (CH2-3); MS (ESI): m/z = 235 [M + NH4]+


25%.


(2S*,5S*)-1-tert-Butyl 2-methyl-cis-5-hydroxypiperidine-1,2-
dicarboxylate cis-8b. Obtained in higher quantities by reduction
of ketone 12b (832 mg, 3.24 mmol) in MeOH (17 mL), with sodium
borohydride (129 mg 3.39 mmol) at 0 ◦C following the procedure
employed in the case of ketone 12a. Purification by flash column
chromatography (EtOAc–cyclohexane 55 : 45) afforded a cis/trans
(97 : 3) mixture of alcohol 8b (712 mg, 85%) from which pure cis-
8b could be isolated as colourless oil (630 mg, 75%): Rf = 0.21
(EtOAc–cyclohexane 55 : 45); mmax(neat)/cm−1 3416, 2971, 2868,
1739, 1692, 1403, 1238, 1209, 1142, 997; dH (250 MHz, CDCl3;
Me4Si) 4.90–4.55 (1 H, m, 2-H), 4.30–3.95 (1 H, m, 6-H), 3.80–
3.50 (4 H, m, CO2CH3, 5-H), 2.85–2.55 (1 H, m, 6-H), 2.35–2.15 (1
H, m, 3-H), 2.05–1.60 (3 H, m, 3-H, 4-H, OH), 1.43 (9 H, s, t-Bu),
1.30–1.10 (1 H, m, 4-H); dC (63 MHz, CDCl3) 170.4 (CO2CH3),
155.5, 155.2 (CO2-t-Bu), 80.6 (CMe3), 66.4, 66.3 (CH-5), 54.0,
52.7 (CH-2), 52.2 (CO2CH3), 48.4, 47.6 (CH2-6), 30.4, 29.8 (CH2-
4), 28.3 (CMe3), 25.1, 24.9 (CH2-3); MS (ESI): m/z = 282 [M +
Na]+ 100%; HRMS (ESI) m/z calcd for C12H21NO5Na [M + Na]+


282.1317, found 282.1327.


rac-Dimethyl 5-oxopiperidine-1,2-dicarboxylate 12a29a. Hy-
droboration of enecarbamate 3a (1.1 g, 5.53 mmol) with BH3·SMe2


(2 M in THF, 2.76 mL, 5.52 mmol) in DCM (17 mL) then
oxidative treatment with IBX (6.19 g, 22.1 mmol) in CH3CN
(75 mL), according to the procedure described above. Flash
column chromatography (EtOAc–cyclohexane 5 : 5) afforded
ketone 12a as a yellow oil (600 mg, 51%): Rf = 0.34 (EtOAc–
cyclohexane 6 : 4); mmax(neat)/cm−1 2958, 1737, 1694, 1441, 1203;
dH (250 MHz, CDCl3; Me4Si) 4.85 (0.6 H, t, J 6.1, 2-H), 4.71
(0.4 H, t, J 6.1, 2-H), 4.46 (0.4 H, d, J 19.0, 6-H), 4.32 (0.6 H,
d, J 19.0, 6-H), 3.93 (0.6 H, d, J 19.0, 6-H), 3.88 (0.4 H, d, J
19.0, 6-H), 3.76–3.72 (6 H, m, CO2CH3), 2.51–2.10 (4 H, m, 3-H,
4-H); dC (63 MHz, CDCl3) 204.6 (C-5), 171.8 (CO2CH3), 156.3
(NCO2CH3), 53.7, 53.4 (CH-2), 53.2, 52.5 (CO2CH3), 51.9, 51.5
(CH2-6), 35.6 (CH2-4), 23.9, 23.5 (CH2-3); MS (ESI): m/z = 233
[M + NH4]+ 100%.


rac-1-tert-Butyl 2-methyl 5-oxopiperidine-1,2-dicarboxylate
12b29b. Hydroboration of enecarbamate 3b (438 mg, 1.82 mmol)
with BH3·SMe2 (2 M in THF, 0.91 mL, 1.82 mmol) in DCM


(9 mL), at r.t. for 4 h; and subsequent oxidative treatment with
IBX (2.04 g, 7.82 mmol) in CH3CN (10 mL), according to
the procedure described above. Flash column chromatography
(cyclohexane–EtOAc 7 : 3) afforded ketone 12b as a yellow
oil (187 mg, 40%): Rf = 0.24 (cyclohexane–EtOAc 7 : 3);
mmax(neat)/cm−1 2971, 1736, 1695, 1392, 1150; dH (250 MHz,
CDCl3; Me4Si) 4.85–4.75 (0.6 H, m, 2-H), 4.65–4.50 (0.4 H, m,
2-H), 4.38 (0.6 H, d, J 19.0, 6-H), 4.27 (0.4 H, d, J 19.0, 6-H),
3.97–3.80 (1 H, m, 6-H), 3.75 (3 H, s, CO2CH3), 2.50–1.95 (4 H,
m, 3-H, 4-H), 1.43 (9 H, m, t-Bu); dC (63 MHz, CDCl3) 205.6
(C-5), 172.6, 172.3 (CO2CH3), 154.9, 154.4 (CO2-t-Bu), 81.4
(CMe3), 54.6, 53.1 (CH-2), 52.5 (CO2CH3), 51.0 (CH2-6), 36.0,
35.8 (CH2-4), 28.3 (CMe3), 23.8, 23.7 (CH2-3); MS (ESI): m/z =
256 [M − H]+ 100%.


(2S*,5R*)-Dimethyl trans-5-(N ,N ′-bis(tert-butoxycarbonyl)-
guanidino)piperidine-1,2-dicarboxylate trans-16a


Method A. To a solution of the amino ester trans-15a
(0.73 g, 2.89 mmol) in DCM (40 mL), were added N,N ′-bis(tert-
butoxycarbonyl)-N ′′-trifluoromethanesulfonylguanidine (3 g,
7.67 mmol) and DIPEA (1.41 mL, 8.69 mmol). The heterogeneous
mixture was stirred at r.t. for 5 days and then concentrated in vacuo.
Purification by flash column chromatography (DCM→DCM–
MeOH 98 : 2) afforded the 5-guanidino compound trans-16a as a
white solid (1.02 g, 77%).


Method B. To a solution of the amino ester trans-15a
(103 mg, 0.41 mmol) in DCM (5 mL) was added N,N ′-bis(tert-
butoxycarbonyl)-S-methylisothiourea (277 mg, 0.96 mmol), tri-
ethylamine (157 lL, 1.13 mmol) and HgCl2 (265 mg, 0.98 mmol).
The mixture was stirred at r.t. for 30 h, then filtered through a
pad of Celite, washed with DCM and the filtrate was concentrated
in vacuo. Flash column chromatography (DCM→DCM–MeOH
98 : 2) afforded the 5-guanidino compound trans-16a as a white
solid (115 mg, 61%). mmax(neat)/cm−1 2975, 1740, 1714, 1633, 1613,
1564, 1442, 1413, 1321, 1246, 1148; Rf = 0.42 (DCM/CH3OH 98 :
2); m.p. = 64–68◦C; dH (250 MHz, CDCl3; Me4Si) 11.42 (s, 1 H,
NHBoc), 8.80 (1 H, br s, NH), 5.05–4.70 (1 H, m, 2-H), 4.55–4.26
(1 H, m, 5-H), 4.25–3.95 (1 H, m, 6-H), 3.73 (3 H, s, CO2CH3),
3.71 (3 H, s, NCO2CH3), 3.30–3.15 (1 H, m, 5-H), 2.22–2.07 (1 H,
m, 3-H), 2.01–1.77 (2 H, m, 4-H), 1.51–1.44 (19 H, m, 2 × CMe3,
3-H); dC (63 MHz, CDCl3) 171.4 (CO2CH3), 163.6, 155.5, 153.1
(N-C=O, C=N), 83.2, 79.2 (2×CMe3), 53.8 (CH-2), 53.0, 52.5
(CO2CH3, NCO2CH3), 45.7 (CH2-6), 43.7 (CH-5) 28.3, 28.0 (2 ×
CMe3), 24.9 (CH2-4), 21.3 (CH2-3); MS (ESI): m/z = 481 [M +
Na]+ 100%; HRMS (ESI) m/z calcd for C20H34N4O8Na [M + Na]+


481.2274, found 481.2260.


(2S*,5S*)-Dimethyl trans-5-(N ,N ′-bis(tert-butoxycarbonyl)-
guanidino)piperidine-1,2-dicarboxylate cis-16a


The amino ester cis-15a (580 mg, 2.29 mmol) was guanylated with
N,N ′-bis(tert-butoxycarbonyl)-S-methylisothiourea following the
procedure described above for its trans isomer. Flash column
chromatography (DCM→DCM–MeOH 98 : 2) afforded the 5-
guanidino compound cis-16a as a white solid (898 mg, 85%).
mmax(neat)/cm−1 2979, 1715, 1637, 1611, 1560,1446, 1411, 1368,
1335, 1309, 1242, 1137, 1052; dH (250 MHz, CDCl3; Me4Si) 11.48
(1 H, br s, NHBoc), 8.80 (1 H, d, J 7.8, NH), 4.98–4.88 (0.6 H,
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m, 2-H), 4.82–4.70 (0.4 H, m, 2-H), 4.40–3.98 (2 H, m, 5-H, 6-H),
3.80–3.60 (6 H, m, CO2CH3, NCO2CH3), 2.85–2.60 (1 H, m, 6-H),
2.35–2.18 (1 H, m, 3-H), 2.10–1.92 (1 H, m, 4-H), 1.91–1.69
(1 H, m, 3-H), 1.65–1.35 (18 H, m, 2 × CMe3), 1.30–1.05 (1 H, m,
4-H); dC (63 MHz, CDCl3) 171.80 (CO2CH3), 163.8, 156.8, 156.5,
155.9, 153.4 (N-C=O, C=N), 83.6; 79.8, 79.6 (CMe3), 53.7, 53.6,
53.3, 53.2, 52.6 (CH-2, CO2CH3, NCO2CH3), 46.1 (CH-5), 45.8
(CH2-6) 28.4, 28.2 (CMe3), 27.7, 27.6 (CH2-3), 25.7, 25.4 (CH2-4);
MS (ESI): m/z = 481 [M + Na]+ 100%; HRMS (ESI) m/z calcd
for C20H34N4O8Na [M + Na]+ 481.2274, found 481.2256.


(2S*,5R*)-1-tert-Butyl 2-methyl-5-(N ,N ′-bis(benzyloxycarbonyl)-
guanidino)piperidine-1,2-dicarboxylate trans-16b


To a solution of the amino ester trans-15b (80.5 mg, 0.33 mmol)
in DCM (4 mL), were added N,N ′-bis(benzyloxycarbonyl)-S-
methylisothiourea (328 mg, 0.92 mmol), triethylamine (55 lL,
0.39 mmol) and mercury dichloride (255 mg, 0.94 mmol). The
mixture was stirred at r.t. for 16 h then concentrated in vacuo.
Purification by flash column chromatography (DCM→DCM–
MeOH 97 : 3) afforded the 5-guanidino compound trans-16b as
a colourless oil (150 mg, 80%). Rf = 0.46 (DCM–MeOH 99 : 1);
mmax(neat)/cm−1 3322, 3291, 2950, 1798, 1728, 1695, 1633, 1617,
1566, 1452, 1423, 1377, 1364, 1336, 1300, 1240, 1199, 1124, 1046;
dH (250 MHz, CDCl3; Me4Si) 11.67 (1 H, s, NHZ), 8.79 (1 H,
d, J 7.0, NH), 7.44–7.08 (10 H, m, HAr.), 5.20–4.65 (5 H, m,
2 × OCH2Ph, 2-H), 4.40–3.95 (2 H, m, 5-H, 6-H), 3.68 (3 H, s,
CO2CH3), 3.22–2.93 (1 H, m, 6-H), 2.20–2.00 (1 H, m, 3-H), 1.98–
1.72 (2 H, m, 3-H, 4-H), 1.63–1.16 (10 H, m, CMe3, 4-H); dC


(63 MHz, CDCl3) 171.7 (CO2CH3), 163.8, 155.7, 155.4, 153.9 (N–
C=O, C=N), 136.8, 134.7 (CAr.), 128.9, 128.7, 128.6, 128.5, 128.2,
128.0 (CHAr.), 80.9 (CMe3), 68.3, 67.3 (2 × OCH2Ph), 54.6, 53.1
(CH-2), 52.4 (CO2CH3), 45.5 (CH2-6), 44.8, 44.5 (CH-5), 28.3
(CMe3), 24.9 (CH2-4), 21.4 (CH2-3); MS (ESI): m/z = 591 [M +
Na]+ 100%; HRMS (ESI) m/z calcd for C29H36N4O8Na [M + Na]+


591.2431, found 591.2402.


(2S*,5S*)-1-tert-Butyl 2-methyl -5-(N ,N ′-bis-
(benzyloxycarbonyl)guanidino)piperidine-1,2- dicarboxylate
cis-16b


Guanylation of the cis-amino ester compound cis-15b (93 mg,
0.38 mmol) was carried out as for its trans isomer. Flash column
chromatography (DCM→DCM–MeOH 97 : 3) afforded the 5-
guanidino compound cis-16b as a colourless oil (181 mg, 83%).
Rf = 0.44 (DCM–MeOH 99 : 1); mmax(neat)/cm−1 3271, 2976, 1785,
1741, 1728, 1690, 1646, 1620, 1584, 1452, 1431, 1382, 1367, 1333,
1297, 1281, 1263, 1212, 1147, 1052; dH (250 MHz, CDCl3; Me4Si)
11.73 (1 H, s, NHZ), 8.16 (1 H, br s, NH), 7.46–7.17 (10 H, m,
HAr.), 5.25–5.00 (4 H, m, 2 × OCH2Ph), 4.95–4.62 (1 H, m, 2-H),
4.35–3.93 (2 H, m, 5-H, 6-H), 3.72 (3 H, s, CO2CH3), 2.70–2.53
(1 H, m, 6-H), 2.35–2.13 (1 H, m, 3-H), 2.06–1.90 (1 H, m, 4-
H), 1.88–1.65 (1 H, m, 3-H), 1.41 (9 H, s, CMe3), 1.28–1.05 (1
H, m, 4-H); dC (63 MHz, CDCl3) 171.8 (CO2CH3), 163.8, 155.6,
155.3, 154.9, 153.9 (N–C=O, C=N), 136.7, 134.6 (CAr.), 128.9,
128.8, 128.5, 128.4, 128.2, 128.0 (CHAr.), 80.7 (CMe3), 68.3, 67.3
(2 × OCH2Ph), 53.9, 52.6 (CH-2), 52.3 (CO2CH3), 46.7 (CH-5),
45.7, 44.9 (CH2-6), 28.3 (CMe3), 27.6 (CH2-4), 25.2 (CH2-3); MS


(ESI): m/z = 591 [M + Na]+ 100%; HRMS (ESI) m/z calcd for
C29H36N4O8Na [M + Na]+ 591.2431, found 591.2435.


5-guanidinopiperidine-2-carboxylic acids 17


Method A. Guanidino compound 16 (0.5 mmol scale) was
heated at reflux in 6 M aqueous HCl (6 mL) for 4 days then
concentrated in vacuo. The resulting powder was submitted to
purification by C-18 reverse phase column chromatography (H2O)
to afford the final arginine mimetic 17 (69–79%).


Method B (for derivatives 16a). Guanidino compound 16a
(0.1–0.3 mmol scale) was refluxed in chloroform (1–3 mL) in
the presence of trimethylsilyl iodide (16 equiv.) for 24 h. The
reaction mixture was quenched by addition of 3 mL of saturated
methanol with HCl(g) then concentrated under vacuum prior to
purification by C-18 reverse phase column chromatography (H2O)
as in Method A.


(2S*,5R*)-17 (trans isomer). dH (250 MHz, D2O) 3.95–3.77
(2 H, m, 2-H, 5-H), 3.76–3.62 (1 H, m, 6-H), 3.15–2.95 (1 H, m,
6-H), 2.58–2.41 (1 H, m, 3-H), 2.39–2.25 (1 H, m, 4-H), 2.05–
1.65 (2 H, m, 3-H, 4-H); dC (63 MHz, D2O) 174.2 (CO2H), 159.1
(C=N), 59.4 (CH-2), 48.4 (CH2-6), 48.1 (C-5) 31.1 (CH2-4), 27.2
(CH2-3); MS (FAB): m/z = 187 [M + H]+ 100%; Anal. Calcd. for
C7H16Cl2N4O2·0.75H2O: C, 30.84; H, 6.47; N, 20.55. Found: C,
30.94; H, 6.39; N, 20.13.


(2S*,5S*)-17 (cis isomer). dH (250 MHz, D2O) 4.17–3.97 (2 H,
m, 2-H, 5-H), 3.58–3.39 (2 H, m, 6-H), 2.34–2.06 (3 H, m, 3-H,
4-H), 2.02–1.82 (1 H, m, 4-H); dC (63 MHz, D2O) 173.8 (CO2H),
159.2 (C=N), 58.3 (CH-2), 47.7 (CH2-6), 46.9 (CH-5), 28.4 (CH2-
4), 24.3 (CH2-3); MS (FAB): m/z = 187 [M + H]+ 100%; Anal.
Calcd. for C7H16Cl2N4O2·1.75H2O: C, 28.93; H, 6.76; N, 19.28.
Found: C, 28.39; H, 6.40; N, 19.81.


Acknowledgements


This manuscript is dedicated to the memory of Professor Yoshihiro
Matsumura of Nagasaki University, who contributed so greatly to
the field of electro-organic chemistry during the 40 years prior to
his untimely death (April 14, 2007).


References


1 (a) Y. F. Chang, Neurochem. Res., 1982, 7, 577–588; (b) L. IJlst, I.
de Kromme, W. Oostheim and R. J. Wanders, Biochem. Biophys. Res.
Commun., 2000, 270, 1101–1105; (c) T. M. Zabriskie, W. L. Kelly and
X. Liang, J. Am. Chem. Soc., 1997, 119, 6446–6447.


2 (a) F. Couty, Amino Acids, 1999, 16, 297–320; (b) C. Kadouri-Puchot
and S. Comesse, Amino Acids, 2005, 29, 101–130; (c) W. Gu, M. Cueto,
P. R. Jensen, W. Fenical and R. B. Silverman, Tetrahedron, 2007, 63,
6535–6541.


3 (a) Z. Zhao, X. Liu, Z. Shi, L. Danley, B. Huang, R.-T. Jiang and M.-
D. Tsai, J. Am. Chem. Soc., 1996, 118, 3535–3536; (b) T. D. Copeland,
E. M. Wondrak, J. Tozser, M. M. Roberts and S. Oroszlan, Biochem.
Biophys. Res. Commun., 1990, 169, 310–314; (c) G. J. Hanson, J. L.
Vuletich, L. J. Bedell, C. P. Bono, S. C. Howard, J. K. Welply, S. L.
Woulfe and M. L. Zacheis, Bioorg. Med. Chem. Lett., 1996, 6, 1931–
1936; (d) G. T. Wang, B. Lane, S. W. Fesik, A. Petros, J. Luly and G. A.
Krafft, Bioorg. Med. Chem. Lett., 1994, 4, 1161–1166; (e) Y. Tsuda,
M. Cygler, B. F. Gibbs, A. Pedyczak, J. Féthière, S. Y. Yue and Y.
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In this work, the electrochemical behaviour of an antitumoral nitro o-quinone derivative obtained from
3-bromo-nor-b-lapachone was studied. Cyclic voltammetric experiments, in acetonitrile solution,
revealed that both quinone and nitro functions are reduced independently as quasi-reversible
one-electron transfer processes in this order. Depending on the reduction potential, a radical anion or a
biradical dianion is obtained. The formation of these paramagnetic species was confirmed by
performing in situ Electrochemical-Electron Spin Resonance (E-ESR) experiments. Analysis of the
kinetics of electron transfer associated to those electron uptake processes, in terms of the
Marcus–Hush–Levich model, revealed differences in the reorganization energy (k(k)) for both steps (k(I):
1.07–1.11 eV; k(II): 1.21–1.30 eV). By evaluating the conformations of the radical and biradical systems
by calculations at the BLYP//TZVP level of theory, it was found that the inner component, for the
second reduction process (k(II)) was approximately 72% of k(II), reflecting modifications in the molecular
structure during the radical anion–biradical dianion transition. This change is also reflected in the
differences presented by line widths of the ESR signals of both electrogenerated radical and diradical
species.


1. Introduction


Quinones play a major role as bioreductive drugs, oxidative
stress enhancers, and redox catalysts.1–8 As Michael acceptors,
quinones can induce cellular damage through alkylation of crucial
cellular proteins and/or DNA. Alternatively, they are highly redox
active molecules which can, by intermediacy of their semiquinone
radicals or hydroquinones, lead to formation of reactive oxygen
species (ROS). These species cause severe oxidative stress within
cells through the formation of oxidized cellular macromolecules,
including lipids, proteins, and DNA. ROS can also activate a
number of signaling pathways.8 Additionally, quinones can work
as DNA intercalators, inhibitors of topoisomerases and of some
enzymes of the mitochondrial electron transfer chain.2–6 The
striking feature of quinone chemistry is the ease of reduction
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dInstituto de Quı́mica, Universidade Federal Fluminense, Campus
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and therefore the ability of quinones to act as oxidizing or
dehydrogenating agents. The driving force for such a facilitated
reaction is the formation, after reduction, of a fully aromatic
ring.7–10


The toxicology of quinones is modulated by the presence of
substituents that effectively determine the relative participation of
their oxidant and electrophilic properties. For instance, the pres-
ence of an electron-withdrawing group confers stronger oxidant
properties on the quinone, but the corresponding hydroquinone
or catechol is less readily oxidized. Conversely, with electron-
donating substitution, the oxidant power is less pronounced,
but the corresponding hydroquinone or catechol is more easily
oxidized. The electrochemical properties of the quinone com-
pounds are very important for their bioreductive activation,
either to the semiquinone or to the hydroquinone. Concerning
nitrocompounds, their assumed biological activity is also related
to their facile reduction to RNO2


•− species, promoted in vivo by
nitroreductases.7,11,12


Nitroquinones have been investigated with special toxicological
concern. Electroreduction of nitro derivatives of quinones has
been described,13–18 but, in the majority of cases, without con-
sidering any relationship with pharmacological activities and any
evidence of mechanistic complications, as demonstrated in the
case of 2-nitronaphthothiophen-4,9-quinone,19 which carries two
different electrochemically reducible sites and presents a conjugate
interaction.


2,2-Dimethyl-3-(3-nitro-phenylamino)-2,3-dihydronaphtho[1,
2-b]furan-4,5-dione (1) (Scheme 1), a nor-b-lapachone deriva-
tive, also carries two pharmacophoric and electroactive groups,
the quinone and the nitroaromatic moieties, in non-conjugated
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Scheme 1


environments.20 Its cytotoxic activity against several cancer lines
was reported,20 showing potent cytotoxicity against six neoplastic
cancer cells: SF-295 (central nervous system, 1.37 lM), HCT-
8 (colon, 1.76 lM), MDAMB-435 (melanoma, 0.63 lM), HL-60
(leukaemia, 0.91 lM), PC-3 (prostate, 1.12 lM), and B-16 (murine
melanoma, 1.18 lM), despite absence of selectivity.20


As the electrophilic character of quinones has been proved to
be relevant for several biological activities7,8,18,21 and considering
that the presence of a nitro substituent certainly makes the electron
capture by the quinone moiety easier, this paper intends to consider
the mutual influence of the redox groups on the electron transfer
processes of 1 and the structural properties of the radical anions
electrochemically generated.


2. Experimental


Cyclic voltammetry experiments were performed using a PG-
STAT 100 AUTOLAB electrochemical analyzer interfaced with
a personal computer. Cyclic voltammetry experiments at several
scan rates within the interval: 0.1 ≤ v ≤ 10 Vs−1, were performed,
applying IR drop compensation with Ru values determined from
positive feedback measurements (Ru: 154 X).22,23 This value
leads to a variation lower than 1.5 mV dec−1 for the anodic
peak potential of ferrocene and for the cathodic peak potential
of anthracene (from 0.01 to 10 V s−1). A glassy carbon disk
electrode (0.07 cm2) was used as a working electrode, polished
with 0.05 lm alumina powder (Buehler), and rinsed with acetone
before each voltammetric run. A platinum wire and a commercial
saturated calomel electrode (SCE), this last being separated
from the medium with a salt bridge filled with the supporting
electrolyte solution, were used as the auxiliary and reference
electrodes, respectively. The potential values obtained are referred
to the ferrocenium/ferrocene (Fc+/Fc) couple, as recommended
by IUPAC.24 The potential for this redox couple, determined from
voltammetric studies, was 0.41 V vs. SCE. The studies were carried
out in an inert atmosphere by saturation with high purity argon
(Praxair grade 5.0) at room temperature (∼22 ◦C).


2,2-Dimethyl-3-(3-nitro-phenylamino)-2,3-dihydronaphtho[1,2-
b]furan-4,5-dione (1) was synthesized according to a procedure
described earlier.21 Acetonitrile (CH3CN), Merck R© spectroscopic
grade, distilled from P2O5 and kept under molecular sieves
(3 Å, Merck R©) was used as solvent. Tetrabutylammonium
hexafluorophosphate (n-Bu4NPF6, Aldrich R©), recrystallized from
hexane–ethyl acetate mixtures, was used as supporting electrolyte.
All the solutions were purged with high purity argon (Praxair,
Grade 5.0) for 25 minutes before each series of experiments.


ESR spectra were recorded in the X band (9.85 GHz), using a
Brucker ELEXSYS 500 instrument with a rectangular TE102 cavity.
A commercially available spectroelectrochemical cell (Wilmad)


was used. A platinum mesh (∼0.2 cm2) was introduced in the flat
path of the cell and used as a working electrode. Another platinum
wire was used as a counter electrode (2.5 cm2). Ag/0.01 mol L−1


AgNO3 + 0.1 mol L−1 tetrabutylammonium perchlorate reference
in acetonitrile (BAS) was employed as the reference electrode.
Potential control was performed with a 263 Princeton Applied
Research potentiostat/galvanostat. The employed solutions were
prepared in the same fashion as the ones used for the electrochem-
ical studies. PEST WinSim free software, version 0.96 (National
Institute of Environmental Health Sciences), was used to perform
ESR spectra simulation, from the hyperfine coupling constant
values (HFCC, a) measured, to compare with the experimental
ones. This program was also used to evaluate a values in the case
when a direct measurement would be difficult under the spectra
acquisition conditions.


3. Calculations


Electronic structure calculations were performed using the De-
Mon2k code25 using the TZVP basis set26,27 and the functional of
Lee, Yang and Parr28,29 to account for electronic correlation. Full
geometry optimization was performed (no geometry constrains)
for the neutral, radical and biradical structures experimentally
detected, employing RHF and UHF (restricted and unrestricted
Hartree–Fock) calculations as required. Vibrational analysis was
performed to check that the obtained structures were indeed the
minimum energy conformers, characterized by the lack of negative
vibrational frequencies. These structures were used as inputs for
single point energy calculations at the same theory level. From this
data, spin density values were evaluated as the difference between
a and b spin densities (from s type orbitals in the case of H atoms
and from the mean value obtained from px, py and pz orbitals for
N atoms).30


4. Results and discussion


4.1. Electrochemical characterization


Cyclic voltammograms for a solution of 1 were obtained in the
potential region between the open circuit potential (−0.26) and
−2.7 V vs. Fc+/Fc (Fig. 1).


From the obtained voltammograms, three main reduction
signals [Ic (EpIc = −1.15 V vs. Fc+/Fc), IIc (EpIIc = −1.66 V vs.
Fc+/Fc) and IIIc (EpIIIc =−2.33 V vs. Fc+/Fc)] can be observed. At
the scan rate employed, the first one (Ic) is associated to oxidation
signal Ia in a quasi-reversible process (EpIa − EpIc = 71 mV), and
the second one corresponds to another quasi-reversible couple
consisting of signals IIc and IIa (EpIIa − EpIIc = 81 mV). However,
peak IIIc shows a chemically irreversible behavior, characterized
by the presence of the anodic peak (IIIa), which appears at
potential values between peaks Ia and IIa. The intensity of this
signal increases by setting increasingly more negative potential
values at the inversion of the scan direction.


Considering the fact that reduction of nitro compounds
could occur at potential values in the region where signal IIc
appears,11,19,31 the structural nature of the radical anion formed in
the first electron transfer step is difficult to establish directly, as it
occurs for single quinones or nitrocompounds. Representing com-
pound 1 as [Q]-PhNO2, this species could be either [Q•−]-PhNO2 or
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Fig. 1 Cyclic voltammograms of 1.2 × 10−3 mol L−1 1 in 0.1 mol L−1


n-Bu4NPF6–CH3CN. Voltammograms at different inversion potential
conditions are shown. v: 100 mV s−1. WE: glassy carbon (0.07 cm2).


[Q]-PhNO2
•−. Consequently, and in order to discriminate between


both possibilities, ESR-electrochemical experiments were carried
out.


4.2. ESR spectro-electrochemical characterization


Upon reduction of a 1.2 mM solution of compound 1, at a
constant potential between peaks Ic and IIc, an in situ ESR spectral
structure was detected (Fig. 2).


Fig. 2 ESR spectra for the electrogenerated radical species of 1.2 ×
10−3 mol L−1 1 in 0.1 mol l−1 n-But4NBF4–CH3CN at Eappl = −1.25 V
vs. Fc+/Fc. Modulation amplitude: 0.05 G. The solid upper line indicates
the experimental spectrum, while the dotted lower line indicates simulated
spectra from calculated HFCC values. The spin density structure evaluated
from the analysis of the experimental data is shown in the figure.


The ESR spectrum observed consists of 6 different hyperfine
coupling constant values (HFCC) (Table 1), all assigned to the
interaction between the nuclear spin of H atoms with the unpaired
electron of the electrogenerated radical anion. Considering the
number of these interactions, the observed radical structure
is related to the generation of the semiquinone radical upon
reduction of the o-quinone functionality at positions C-4 and C-
5. This result indicates that signals Ic-Ia are related to the redox
reaction depicted by eqn (1), which is consistent with the proposal
presented earlier for the reduction of this type of compound
bearing both a nitro and an o-quinone function in the same
molecule.19


[Q]-PhNO2 + e− � [Q•−]-PhNO2 (1)


Still, as already depicted, the nature of the second reduction
step is more difficult to discern, as in the molecule there are
two remaining groups capable of being reduced: the generated
semiquinone from the previous electrochemical uptake,19 or the
nitroaromatic group at position C-3′. This competition is interest-
ing, as in the former case (eqn (2a)), the system would behave as a
typical two consecutive one-electron reduction process of quinones
in aprotic media affording a quinone dianion [Q2−]-PhNO2


32–34 but
in the latter (eqn (2b)), it would be possible to generate another
independent radical species, associated to the nitro radical anion
[Q•−]-PhNO2


•−.19


[Q•−]-PhNO2 + e− � [Q2−]-PhNO2 (2a)


[Q•−]-PhNO2 + e− � [Q•−]-PhNO2
•− (2b)


In order to discriminate the nature of both independent
electron transfer steps, the spectroelectrochemical-electron spin
resonance (ESR) was also performed to analyze the nature of
the electrogenerated products from reduction process IIc. Upon
setting the applied potential at values near the potential region
of signal IIc, a second radical structure appears (Fig. 3A) besides
that observed in Fig. 2.


The observed spectrum indicates the presence of a second
radical structure (Fig. 3B), which presents a larger HFCC value
associated to the interaction of the unpaired electron with an
N atom from a nitro functionality (Table 1).35 Another set of
HFCC values are also obtained, arising from the interaction of
this unpaired electron with the H atoms present in the aromatic
ring that bears the NO2 group (C-2′, C-4′, C-5′ and C-6′, Table 1).
Therefore, the second reduction process observed experimentally
is assigned to the reduction of the nitro function (eqn (2b)), thus
leading to the formation of a stable biradical dianion structure at
potential values higher than peak IIc (Fig. 3C), the spin density
of which is represented in Fig. 4.


Interestingly, no decrease of the intensity of the first radical
observed experimentally was detected and therefore, the reduction


Table 1 Hyperfine coupling constants and linewidths for the electrogenerated radical anion structures for compound 1a


Radical structures a1/G a2/G a3/G a4/G a5/G a6/G C/G g
First radical anionb 0.59 (H-3) 0.9 (H-6) 1.1 (H-7) 0.89 (H-8) 1.04 (H-9) 0.48 (NH) 0.32 2.0029
Second radical anionc 3.46 (H-2′) 3.02 (H-4′) 1.03 (H-5′) 3.43 (H-6′) 10.93 (N-3′) NA 0.16 2.0032


a Assignments for each hyperfine coupling constant with the corresponding hydrogen atom are indicated for each signal (see Fig. 1 for numbering).
b Radical obtained upon reduction at Eappl = −1.25 V vs. Fc+/Fc. c Radical obtained upon reduction at Eappl = −1.80 V vs. Fc+/Fc. NA: not applicable.
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Fig. 3 ESR spectra for the electrogenerated radical species of 1.2 ×
10−3 mol L−1 1 in 0.1 mol l−1 n-But4NBF4–CH3CN at Eappl = −1.80 V
vs. Fc+/Fc. Modulation amplitude: 0.05 G. (A) Experimental spectrum,
(B) simulated second radical structure from spectrum A, as obtained from
HFCC values, (C) simulated mixture of structures of the radical anions
from Fig. 4 and spectrum B.


Fig. 4 Spin density structure of the biradical dianion electrogenerated
at Eappl = −1.80 V vs. Fc+/Fc as evaluated from the analysis of the
experimental data. Spin densities were re-sized to reflect the relative
magnitude of each experimental HFCC value.


of the semiquinone structure into the quinone dianion species does
not occur at potential values near peak IIc. This suggests that the
stability of the biradical dianion structure detected experimentally
shifts the reduction potential value of the semiquinone/quinone
dianion formation to more negative potentials. However, upon
in situ reduction of species [Q•−]-PhNO2


•− at potential values
near peak IIIc (EpIIIc = −2.5 V vs. Fc+/Fc), the second radical
structure experimentally observed (Fig. 3B) begins to disappear,
leading us to only register again the semiquinone radical alone in
solution. This indicates that upon reduction at peak IIIc, the nitro
radical anion moiety transforms into a dianion structure [Q•−]-
PhNO2


2−, which undergoes a fast chemical process, in agreement
with the chemically irreversible character of signal IIIc. This
chemical process is proposed to be related to the formation of the
hydroxylamine, involving the uptake of three more electrons by the
nitro radical anion structure. The electrogenerated hydroxylamine
is oxidized at the level of signal IIIa.36 In this work, the processes
associated to peak IIIc will not be discussed further.


Linewidths (C) of both electrogenerated radicals indicate dif-
ferences in relaxation times for both participating species.30 For
the semiquinone radical anion, C attains a larger value (0.32 G),
than for the nitro radical anion (0.16 G, Table 1). This indicates
that spin exchange or homogeneous electron transfer between
the semiquinone radical anion fragment and neutral structures30


occurs at a faster rate than for the nitro radical anion fragment.
As the nature of these relaxation phenomena is strongly related to
the rate of electron transfer of the given structure, with broader
linewidths being related to faster electron exchange processes and


vice versa, these results confirm the difference in reorganization
energies found experimentally for the formation of both radical
species. We can deduce from the observations above that the
semiquinone radical anion would present a higher value for the
rate constant of electron transfer than the nitro radical anion, as
will be evaluated later.


4.3. Experimental evaluation of the reorganization energy (k)


Considering the reversible and quasireversible behavior observed
(Fig. 1) for the first (Ic/Ia) and second (IIc/IIa) reduction pro-
cesses, an electrochemical analysis was performed by evaluating
the separation in potential between the corresponding reduction
and oxidation peaks (DEpIc-Ia; DEpIIc-IIa) as a function of the scan
rate (Fig. 5). From this approach, the standard heterogeneous rate
constants of electron transfer k0(I) and k0(II) could be determined
using the methodology described by Nicholson.37 However, in
this model it appears as if both k◦ and a were independent
parameters, considering the Butler–Volmer formalism,38,39 and
therefore it is required to overrun this disadvantage. An alternative
way of dealing with this problem was carried out by simulating
the variations of DEpIc-Ia and DEpIIc-IIa in terms of the respective
reorganization energies k(I), and k(II), as occurs within the frame-
work of the Marcus–Hush–Levich theory.40–43 For this purpose,
a number of values for k(k), covering the transition between fast
and slow electron transfer behavior, were chosen (0.7 to 1.4 eV),
as had been tested earlier for analyzing the reduction of quinones
in acetonitrile.44 With these energy values, k0(I) and k0(II) can be
calculated employing eqn (3),


(3)


Fig. 5 Variations of the experimental DEp for the first (�) and second
(�) reduction processes for 1 as a function of the scan rate. Dotted lines
depict the calculated DEpIc-Ia variations at different reorganization energies
(Dmodel: 2 × 10−5 cm2). k values plotted: (a) 1.31; (b) 1.26; (c) 1.21; (d) 1.16;
(e) 1.12; (f) 1.07; (g) 1.02 eV.


considering


DG‡
(I or II) = k/4 (4)


The pre-exponential factor A can be estimated as the average
value of the component of velocity in the direction of the
electrode40


A = (RT/2pM)1/2 (5)


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3414–3420 | 3417







For the molecule studied, A was set as 5.5 × 103 cm s−1. Both
k(I or II) and k0(I or II), as well as the diffusion coefficient of the
molecule (D = 1.95±0.12×10−5 cm2 s−1) were inputted in a digital
simulation program (Digielch 4.0 R©)45–50 to obtain simulated cyclic
voltammograms. From these voltammograms, variations of both
DEpIc-Ia and DEpIIc-IIa values as a function of the reorganization
energy were obtained (Fig. 5). The diffusion coefficient was
evaluated by performing a potential step under Cottrell conditions
(between peaks Ic and IIc) and from the intercept of a plot of I ·t1/2


vs. t1/2, at times closer to 3 seconds, long enough to ensure diffusion
limited processes without involving convection.51


Experimental data obtained for compound 1 presented a fair
fit with the calculated curves (Fig. 5). The obtained values for
the reorganization energy for each signal (k(I) and k(II)) indicate a
significant difference in rates for the observed processes, the first
one being faster (1.07 < k(I) < 1.11 eV), than the second (1.21 <


k(II) < 1.3 eV). The difference between both k values indicates also
that the uptake of the first electron by the molecule influences the
nuclear reorganization energy required during the second electron
transfer step.


4.4. Contributions of outer and inner reorganization components
during the reduction processes


The chemical mechanism by which the structure presents these
differences in terms of rates of electron transfer remains to
be addressed. For this purpose, calculations were performed to
evaluate the influence of the inner [ki


(I or II)] and outer [ko
(I or II)]


components of the reorganization energy (k) for compound 1.
Typically, ko components are regarded as having the most influence
in the total reorganization energy k. These components can be
calculated by assuming a hard sphere solvation model considering
image force effects on the electrode,42,52–54


(6)


where NA is Avogadro’s number, e is the charge of an electron,
e0 is the permittivity of vacuum, aOx is the radius of the molecule
under electron transfer and r is the distance between the molecule
and the electrode surface, assumed as having an infinite value
for a pure outer sphere electron transfer process. eop and eS are
the optical and static dielectric constants of the medium, the first
being considered as the inverse of the square for the refractive
index and the second as the inverse of the dielectric constant both
for pure acetonitrile.55,56 aOx = 10.8 Å was evaluated from D, as
the hydrodynamic radius of the molecule, considering the Stokes–
Einstein relationship57


(7)


where jB is the Boltzmann constant, T is the absolute tem-
perature, g is the viscosity of the medium employed (approx.
0.00104 g cm−1 s−1)58 and DOx is the experimental diffusion coeffi-
cient of the species being reduced. Considering the experimental
data presented in this work, ko


(I or II) attains a value of nearly
0.35 eV. It should be noted that this value would be the same for
both reduction processes being considered (ko


(I) = ko
(II)), as long


as D does not change significantly (slight changes in molecular
volume‡)59 from the first electron uptake to the second.


The results of ko
(I) and ko


(II) account only partially for the total
values of k(I) (∼32%) and k(II) (∼28%) obtained experimentally, and
indicate that the inner components of ki


(I) and ki
(II) have a more


significant contribution. An estimate of the inner reorganization
energy can be calculated using a rather simple approach presented
earlier by Nelsen et al.,60 evaluating ki


(I or II) from the difference
in energy of the electron self-exchange reaction ki,exch


(I or II). This is
possible as, in this type of reaction, the nuclear configurations
of the reactants and products are adjusted to be the same
without effectively transferring the electron. Therefore, the inner
reorganization energy, ki,exch


(I) and ki, exch
(II), for the corresponding


self-exchange reactions, can be estimated with eqn (8) and eqn
(9) respectively. The two species participating during the first
electron transfer process are the neutral compound ([Q]-PhNO2:
N) and the semiquinone as a radical anion ([Q•−]-PhNO2: RA);
meanwhile, at the second electron transfer process, they would
be the semiquinone and the dianion biradical ([Q•−]-PhNO2


•−:
DB) species electrogenerated from the reduction of the nitro
group,


(8)


(9)


where E(X as Y) represents the energy of the species X within
the optimized molecular structure of species Y. The required
calculations were performed employing single point procedures for
the optimized structures of [Q]-PhNO2, [Q•−]-PhNO2 and [Q•−]-
PhNO2


•− for compound 1. In the case of a heterogeneous electron
transfer process with only one reactant participating, the inner
reorganization energy would be half the value calculated with eqn
(8) and (9).


The calculated inner reorganization values with this procedure,
employing the BLYP/TZVP method, for the first and second elec-
tron transfer processes were respectively 0.82 and 0.91 eV. These
values are significantly higher than ko and they are indicative
that changes in the nuclear configuration of the participating
species are the determining factor in the k(I or II) values obtained
experimentally. Also, the higher ki,exch


(II) value can explain the
quasi reversible voltammetric behavior of the second electron
transfer process (signals IIc-IIa, Fig. 2) compared to the more
reversible Ic-Ia couple (Fig. 2), bearing a lower ki,exch


(I) value.
Therefore, electron self-exchange processes, as referred above to
model inner reorganization, are useful to understand the observed
experimental difference in k values for both electron transfer
steps.


The source of this higher inner reorganization component
in relation to the total k value was rationalized by comparing


‡ Another independent estimate for aOx was also obtained employing the
calculated structures from quantum chemical procedures, from the volume
of the solvated particle using a solvent probe radius for acetonitrile of
2.16 Å.59 For the neutral and radical anion species, the respective radii
determined were close to 7.07 Å for both. This result confirms that the
molecule does not change its solvation radius significantly by modifying its
charge and spin state, as commented on during the experimental analysis.
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the structural differences between the participating species. The
geometric parameters involving bond distances and angles (con-
sidering also dihedral angles), did not show a significant change
between the calculated structures (see ESI†). However, the planes
formed by the ring bearing the o-quinone moiety (C-2a · · · C-
3a · · · C-4 · · · C-5 · · · C-5a · · · C-9a), with respect to the plane of
the aromatic ring supporting the nitro function (C-1′ to C-
6′), showed a shift in angle. A measure of this change in this
angle was obtained from the improper torsion angle between
bonds C-3a · · · C-4 and C-1′ · · · C-6′. This angle has a value of
139.6◦ in the neutral structure, almost the same value as for
the semiquinone structure (139.4◦). However, this angle changes
within the biradical dianion structure, presenting a value of
132.6◦. Considering the spin multiplicity and charge of the studied
structures, this comparison indicates that more detailed elec-
tronic structure calculations are required to evaluate this change.
However, the presented calculations allowed us to rationalize the
structural modifications during electron uptakes. It should also
be considered that such changes in torsion angles have already
been addressed in discussing changes of k for a series of nitro
compounds,61 although in that case, the most significant change
occurs in the pyramidal structure of the nitro compound being
reduced. This structural feature will be tested in a forthcoming
work to determine the influence of these interactions on the elec-
trochemistry of each reduced group, employing hydrogen-bonding
schemes.


5. Conclusions


In this work, the electrochemical behaviour of an antitumoral
nitroaromatic derivative obtained from nor-b-lapachone was
studied. Cyclic voltammetric experiments, in acetonitrile solution,
revealed that both quinone and nitro functions are reduced
independently as quasi-reversible processes and afford different
ion radical species. This fact was confirmed by performing in
situ electrochemical-electron spin resonance (E-ESR) experiments,
where the presence of a radical anion and a biradical dianion
was established. The analysis of the kinetics of electron transfer
associated to those electron uptake processes in terms of the
Marcus–Hush–Levich model, revealed differences in the reor-
ganization energy for both steps (k(I): 1.07–1.11 eV; k(II): 1.21–
1.30 eV). By analyzing the conformations of the radical and
biradical systems by calculations at the BLYP//TZVP level of
theory, it was found that the inner component for the second
reduction process (ki


(II) was approximately 72% of k(II)), reflect-
ing modifications in the nuclear structure during the radical
anion–biradical dianion transition. This structural modification
occurring during this electron uptake is also reflected in the
differences presented by line widths of the ESR signals of both
electrogenerated radical species and indicates that electron self-
exchange processes have an important contribution to the stability
of the electrogenerated biradical dianion. This result may explain
the cytotoxicity of this dual-pharmacophoric compound. The
generation of this dianion-diradical, in the presence of oxygen,
is possibly related to an increase of oxidative burst that would
be responsible for the oxidation of important endobiotics, causing
disruption of redox homeostasis.8 Studies along this line are under
way and will be published elsewhere.
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Inovação em Fármacos/CNPq and FAPERJ are acknowledged
for grants and fellowships.


References


1 M. N. da Silva, V. F. Ferreira and M. C. B. S. de Souza, Quim. Nova,
2003, 26(3), 407.


2 C. Asche, Mini-Rev. Med. Chem., 2005, 5, 449.
3 P. J. O’Brien, Chem.-Biol. Interact., 1991, 80, 1.
4 T. J. Monks and D. C. Jones, Curr. Drug Metab., 2002, 3, 425.
5 T. J. Monks, P. Hanzlik, G. M. Cohen, D. Ross and D. G. Graham,


Toxicol. Appl. Pharmacol., 1992, 112, 2.
6 J. L. Bolton, M. Trush, T. Penning, G. Dryhurst and T. J. Monks, Chem.


Res. Toxicol., 2000, 13, 135.
7 F. C. de Abreu, P. A. M. Ferraz and M. O. F. Goulart, J. Braz. Chem.


Soc., 2002, 13, 19 and references cited therein.
8 E. A. Hillard, F. C. de Abreu, D. C. M. Ferreira, G. Jaouen,


M. O. F. Goulart and C. Amatore, Chem. Commun., 2008,
DOI: 10.1039/b718116g.


9 G. Roura-Perez, B. Quiroz, A. Aguilar-Martınez, C. Frontana, A.
Solano, I. Gonzalez, J. A. Bautista-Martınez, J. Jimenez-Barbero and
G. Cuevas, J. Org. Chem., 2007, 72, 1883.


10 M. Aguilar-Martı́nez, N. A. Macı́as-Ruvalcaba, J. A. Bautista-
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Treatment of the acetylenic bromoamide 42c, derived from the enantiopure a-amino alcohol 40, with
Bu3SnH–AlBN results in an efficient 5-exo dig radical cyclisation to the 4-methylenepyrrolidinone
43/44 (2 : 1). Cleavage of the alkene bond in 43/44, using O3–Me2S, next gave the corresponding
4-ketopyrrolidinone 45/46. a-Phenylsulfanylation of 45/46, using S-methyl-p-
toluenethiosulfonate–Et3N, proceeded in a stereoselective manner and led to the methylsulfanyl
derivative 48 (ca. 9 : 1 selectivity). Manipulation of the functionality in 48, using two separate
sequences, then led to the substituted pyrrolidinones 49b, 50 and 53 which are advanced intermediates
in a previous synthesis of (+)-lactacystin 1. In related studies, the acetylenic bromoamide 28a
containing all the carbon atoms in lactacystin was synthesised, but this substrate failed to undergo an
anticipated radical cyclisation to the 4-methylenepyrrolidinone 30, analogous to 43/44. Instead, only
the product of reduction of 28a, i.e. 28b, was produced, possibly resulting from adventitious
intramolecular hydrogen-abstraction processes from the carbon centred radical intermediate 29,
i.e. 32 to 33 and/or 31 to 34.


1. Introduction


Lactacystin 1 is one of the most important biologically active
pyrrolidinone-based natural products yet to be found in nature. It
was isolated from the culture broth of a Streptomyces in 1991,1


and since that time has generated an enormous interest as a
consequence of its highly selective and irreversible inhibition of the
20S proteasome.2 The 20S proteasome is involved in the turnover
of cellular proteins and in removing damaged, misfolded and
mistranslated proteins in cells.3 The b-lactone omuralide 2 (also
known as clasto-lactacystin b-lactone) is derived from lactacystin
in vivo, and is the actual biological agent that acts by acylation
of the amino terminal threonine residue of a proteasome unit.4


A more recently isolated pyrrolidinone-based inhibitor of the
20S proteasome is salinosporamide A (3) found in the marine
bacterium Salinospora tropica.5 The three natural products 1, 2
and 3, have become important compounds in studies of protein
biochemistry and cell biology, and to indicate that they have been
attractive targets for synthetic and medicinal chemists would be
an understatement! Indeed, the first synthesis of lactacystin 1 was
described by Corey et al.6 as early as 1992, and since then a range
of ingenious synthetic approaches have been developed towards
this exciting target.7–10


School of Chemistry, The University of Nottingham, University Park,
Nottingham, England NG7 2RD
† Electronic supplementary information (ESI) available: Additional ex-
perimental procedures and data. CCDC reference number 226290. For
ESI and crystallographic data in CIF or other electronic format see DOI:
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In this paper we describe a synthetic approach to lactacystin
which hinges on a radical cyclisation from a chiral a-ethynyl
substituted serine derivative, viz 4, as a key step to a functionalised
pyrrolidinone, i.e. 5.11 The pyrrolidinone 5 is then elaborated to
the derivative 6 from which the natural product can be obtained
in a few steps using a documented procedure.
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2. Results and discussions


2.1 Synthetic strategy


Our synthetic approach to the pyrrolidinone ring in lactacystin was
based on an initial 5-exo dig radical cyclisation of an acetylenic
amide radical, viz 7, leading to a 4-methylenepyrrolidinone, i.e.
8. We then envisaged an oxidative cleavage of the alkene bond
in 8, producing the corresponding 4-ketopyrrolidinone 9 for
subsequent elaboration to the 4-hydroxy derivative 10 and thence
onwards to lactacystin.


2.2 Radical approach to 4-methylenepyrrolidinones


The feasibility of the key radical cyclisation step 7 → 8 was
demonstrated several years ago in our laboratories using a number
of model acetylenic a-bromoamide substrates, i.e. 11, which
smoothly led to the corresponding 4-methylenepyrrolidinones 12
by way of 5-exo-dig radical cyclisations upon treatment with
Bu3SnH–AlBN in refluxing benzene.12 Furthermore, the reactions
and work-up procedures could be controlled such that only very
small amounts of the isomeric d-lactam products 14 were obtained
concurrently. Equally satisfying was the finding that careful
cleavage of the alkene bonds in the 4-methylenepyrrolidinones 12,
using ozone at −78 ◦C followed by reductive work-up at −78 ◦C to
room temperature with Ph3P or Me2S, allowed the isolation of the
corresponding 4-ketopyrrolidinones 13 with little contamination
by the isomeric tetramic acid derivatives 15.


2.3 Synthesis of a-ethynyl-a′-substituted a-amino acids and the
proposed lactacystin precursor 28a


With the model radical cyclisations studies complete we now
required a practical synthetic route to an enantiopure a-ethynyl-a-
substituted amino acid derivative, viz 16, for elaboration to the bro-


moamide 17 en route to 4, 5 and 6, and beyond. In fact, a plethora
of methods are available for the synthesis of a,a-disubstituted
amino acid derivatives akin to 16, and we evaluated the scope for
several of these procedures.13 In these investigations, which were
carried out in parallel with our contemporaneous studies towards
the natural products oxazolomycin and neooxazolomycin,14 we
found that the procedure of Schmidt and Hatakeyama15 involving
the ring-opening of 3,3-disubstituted 2-trichloromethyloxazolines
derived from enantiopure 2-substituted glycidols (i.e. 2,3-epoxy-
1-propanols) was particularly convenient for the synthesis of the
2-ethynyl serine derivatives 16.


In our first synthetic approach to lactacystin we decided
to prepare the acetylenic bromoamide radical precursor 28a
containing all the carbon atoms in the natural product. In turn,
the bromoamide 28a was to be made from the a,a-disubstituted
amino alcohol derivative 25a using the aforementioned Schmidt–
Hatakeyama protocol (Scheme 1).


Thus, 4-methylpent-2-yn-1-ol 1816 was first hydrostannylated in
a regio- and stereo-selective manner, under free radical conditions
(i.e. Bu3SnH–AlBN)17 leading to the Z-stannylpentenol 19 in 74%
yield. Exchange of tin for iodide in 19,18 followed by a coupling
reaction between the resulting iodide 20 and trimethylsilylacety-
lene under Sonogashira conditions19 next led to the Z-enynol
21a in excellent yield. Removal of the silyl protecting group in
21a, followed by epoxidation of the resulting 2-ethynylpropenol
21b using (+)-diethyl tartrate and tert-butyl hydroperoxide in the
presence of catalytic calcium hydride and silica gel at −40 ◦C
to −18 ◦C,20 next gave the corresponding epoxide 22 which was
obtained in 89% yield and with >95% ee (determined by 19F
NMR analysis of the corresponding Mosher ester derivative).
Acetamidation of the epoxy alcohol 22, using trichloroacetonitrile
in the presence of catalytic DBU then gave the acetamidate 23
which produced the corresponding oxazoline 24a on treatment
with diethylaluminium chloride at 0–25 ◦C.21 Protection of the
alcohol group in 24a as its silyl ether 24b followed by cleavage
of the oxazoline ring, using 1 M aqueous HCl now gave the a-
ethynyl amino alcohol 25a which was immediately converted into
its carbamate derivative 25b. Our plan now was to convert 25b
into the a-ethynyl amino acid ester 16b in readiness for elaboration
to 17b. However, although we were able to elaborate the primary
alcohol group in 25b to the corresponding methyl ester 26, we were
not able to remove the Boc protecting group in 26 leading to 16b.
We therefore altered our strategy at this point, and instead treated
the amino alcohol 25a with 2-bromopropionoyl chloride under
Schotten–Baumann22 conditions (i.e. NaHCO3–DCM) at pH 6.0–
6.5, which led to the substituted a-ethynyl bromoamide 27a in an
excellent 80% yield. Sequential oxidation of the primary alcohol
group in 27a, followed by esterification of the carboxylic acid
27c finally gave the methyl ester precursor 28a for our projected
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Scheme 1 Reagents and conditions: i) Bu3SnH, AIBN, 85 ◦C, 74%; ii) NIS,
DCM, 0 ◦C, 95%; iii) Me3SiC≡CH, Pd(PPh3)4, CuI, Et2NH, RT, 91%;
iv) K2CO3, MeOH, 0 ◦C, 89%; v) L-(+)-DET, Ti(OiPr)4, TBHP, DCM,
SiO2, CaH2,, −40 ◦C to −18 ◦C, 89%, >95% ee; vi) Cl3CCN, DBU, 0 ◦C,
85%; vii) Et2AlCl, DCM, 0 ◦C to RT, 79%; viii) TBSOTf, 2,6-lutidine,
DCM, 0 ◦C to RT, 93%; ix) 2 M HCl, THF, RT; x) (Boc)2O, NaHCO3,
DCM, 74% over 2 steps; xi) CH3CH(Br)COCl, NaHCO3, DCM, pH 6–6.5,
80% over 2 steps; xii) Dess–Martin periodinane, DCM, 0 ◦C; xiii) NaClO4,
NaH2PO4, t-BuOH, 2-methyl-2-butene, RT; xiv) Me3SiCHN2, MeO-
H–benzene, RT, 74% over 3 steps.


radical cyclisation to the substituted 4-methylenepyrrolidinone 30,
en route to lactacystin.


Much to our frustration, treatment of 28a under standard
radical cyclisations conditions (i.e. slow addition of Bu3SnH
and catalytic AlBN in toluene) did not lead to the anticipated
4-methylenepyrrolidinone 30. Instead, a complex mixture of
products resulted, from which only the product of reduction of the
carbon-to-bromide bond in 28a, i.e. 28b, could be characterised.


2.4 Synthesis of the 4-methylene and 4-keto pyrrolidinones 43/44
and 45/46 respectively


We reasoned that the failure of the radical intermediate 29
produced from the acetylenic bromoamide 28a to undergo the
anticipated 5-exo-dig radical cyclisation to 30 was due, in part, to
a competing intramolecular 1,5-H abstraction process involving
the same radical intermediate from its amide rotamer, viz 32 → 33.
Indeed, on this basis, we might expect the resulting radical centre
33 with its proximal oxy-centre to be quite stable (captodative ef-
fects). Interestingly, in contemporaneous studies23 we showed that
the substrate 35 which lacked the isopropyl appendage present in
28a underwent a smooth 5-exo dig radical cyclisation when treated
with Bu3SnH–AlBN leading to the 4-methylenepyrrolidinone 36
in an excellent 80% yield. This contrasting result suggested that the
isopropyl substituent in the substrate 28a plays a significant role
in inhibiting the desired cyclisation of 29 to 30. Whether this effect
is steric in nature, or due to an additional and competing 1,6-H
abstraction process from 31 leading to the tertiary radical centre
34 is not clear. Whatever the rationale, we decided to capitalise on
the difference and synthesise the enantiopure amino alcohol 40,
corresponding to the isopropyl-substituted compound 25a, in an
alternative approach to lactacystin.


Thus, a Sharpless epoxidation of 2-ethynylpropenol 3724 using
(+)-diisopropyl tartrate, titanium tetraisopropoxide and cumene
hydroperoxide25 at −35 ◦C to −10 ◦C first gave the chiral epoxide
38a in 66% yield and with 86% ee (Scheme 2). Interestingly, our
attempts to epoxidise 37 applying the protocol used in the conver-
sion of 21b into 22 met with failure; this outcome reinforces the
important differences in ease of epoxidation of gem-disubstituted
and tri-substituted allylic alcohols using Sharpless procedures.26


The epoxide 38a was next converted into the oxazoline 39a via the
acetimidate 38b, which was then protected as the crystalline TBS
ether 39b. X-Ray crystallographic analysis of 39b, confirmed its
absolute stereochemistry.27 When the oxazoline 39b was carefully
treated with dilute (1 M) hydrochloric acid it was converted into
the amino alcohol 40, as its hydrochloride salt, which was reacted
immediately with 2-bromopropionoyl chloride in the presence of
sodium bicarbonate, to give the amide 41 as a 1 : 1 mixture of
diastereoisomers.


The alcohol group in 41 was next converted into the correspond-
ing methyl ester 42c in three straightforward steps via the aldehyde
42a and the carboxylic acid 42b, in 62% overall yield. When a
solution of the bromoamide 42c in toluene under reflux was treated
over 30 min with a solution of Bu3SnH–AlBN, followed by heating
under reflux for a further 2 h, work-up and chromatography gave a
2 : 1 mixture of C3 methyl epimers of the 4-methylenepyrrolidinone
43/44 in a satisfying 60% yield. The stereochemistries of the
separated diastereoisomers 43 and 44 were established by NOE
enhancement experiments in their 1H NMR spectra. These data
ascertained that the major diastereoisomer resulting from the 5-
exo dig radical cyclisation of 42c was the C3 a-Me epimer 43.


The 2 : 1 mixture 43/44 was next treated with ozone at −78 ◦C
followed by a reductive work-up of the ozonide intermediate with
dimethyl sulfide. This procedure led to a 2 : 1 mixture of a- and
b-methyl epimers of the 4-ketopyrrolidinone 45/46, in 75% yield,
with no evidence for the co-formation of the tautomeric tetramic
acid 47 (Scheme 3).28 The diastereoisomer 46, with a b-methyl at
C3, has the correct stereochemistry for elaboration to lactacystin,
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Scheme 2 Reagents and conditions: i) L-(+)-DIPT, Ti(OiPr)4, cumene
hydroperoxide, DCM, −10 ◦C, 66%, 86% ee; ii) Cl3CCN, DBU, 0 ◦C, 66%;
iii) Et2AlCl, DCM, 0 ◦C to RT, 78%; iv) TBSOTf, 2,6-lutidine, DCM,
0 ◦C to RT, 97%; v) 1 M HCl, THF, RT; vi) CH3CH(Br)COCl, NaHCO3,
DCM, RT, 76% over 2 steps.


and we were disappointed not to be able to produce further
quantities of this diastereoisomer by selective epimerisation of
the a-methyl diastereoisomer 45 using a range of conditions.29


2.5 Elaboration of the 4-ketopyrrolidones 45/46 to the
3-methylsulfanyl derivatives 49 and 50, and completion of a formal
synthesis of (+)-lactacystin


With our failure to epimerise the C3 centre in 45 to the b-methyl
epimer 46 required for lactacystin, we decided to take advantage
of an observation made earlier by Corey et al. and first convert
45/46 into the corresponding C3 methylsulfanyl derivative, i.e. 48.


In one of their syntheses of lactacystin Corey et al.6d had prepared
the 3-methylsulfanyl derivative 53 as an advanced intermediate
and showed that it could be desulfurised in a selective manner,
using Raney nickel, producing the C3 b-methyl epimer of the
resulting pyrrolidinone 54 in an excellent 82% yield (Scheme 4). We
therefore treated the 2 : 1 mixture of diastereoisomers 45/46 with
S-methyl-p-toluenethiosulfonate30 in the presence of triethylamine
and we were pleased to find that this procedure led to largely one
diastereoisomer (ratio 87 : 13) of the C3 thiolated product 48 with
the methylsulfanyl group anti-to the bulky CH2OTBS group at
C5. After protection of the nitrogen centre in 48 with a PMB
group, deprotection of the primary alcohol group next led to the
pyrrolidinone 49b, which was found to undergo stereoselective
reduction6d to the corresponding C4 b-hydroxy compound 50
using sodium triacetoxyborohydride, in 88% yield.


In a separate sequence, reduction of the 4-ketopyrrolidinone 48
with zinc borohydride in THF was also found to be stereoselective
leading to the C4 b-alcohol 51 in 79% yield. Protection of the
secondary alcohol and amine groups in 51 as their TBS and
PMB groups respectively, followed by deprotection of the primary
alcohol group in the product 52, then led to the substituted
pyrrolidinone 53. The substituted pyrrolidinones 49b, 50 and
53, are all intermediates in one of Corey’s total synthesis of
lactacystin,6d and our synthetic 49b displayed 1H and 13C NMR
spectroscopic data which were identical to those reported in the
literature.


3. Summary


We have developed a new, formal, synthesis of (+)-lactacystin 1
which is distinguished from other syntheses by elaboration of the
pyrrolidinone ring system in the natural product via a novel 5-exo
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Scheme 3 Reagents and conditions: i) Dess–Martin periodinane, DCM, 0 ◦C; ii) NaClO4, NaH2PO4, t-BuOH, 2-methyl-2-butene, RT; iii) Me3SiCHN2,
MeOH–benzene, RT, 62% over 3 steps; iv) Bu3SnH, AIBN, toluene, reflux, 60%; v) O3, MeOH, −78 ◦C, 15 min then Me2S, −78 ◦C to RT, 75%.


Scheme 4 Reagents and conditions: i) p-MeC6H4SO2Me, Et3N, DCM, RT, 78%; ii) PMBBr, NaH, DMF, THF, 0 ◦C to RT; iii) HF–pyridine, THF, RT,
37% over 2 steps; iv) NaBH(OAc)3, AcOH, RT, 88%. v) Zn(BH4)2 (4.4 M in THF), THF, 0 ◦C, 79%; vi) TBSOTf, 2,6-lutidine, DCM, 0 ◦C → RT, 80%;
vii) PMBBr, NaH, DMF, 0 ◦C → RT, 73%; viii) HF–pyridine, pyridine, THF, RT → 40 ◦C, 89%.


dig radical cyclisation from the acetylenic bromoamide 42c,
produced from the enantiopure a-amino alcohol 40, leading to
43/44. Manipulation of the functionality in 43/44 ultimately led
to the C3 methylsulfanyl derivative 48 which, by separate routes,
could be converted into the pyrrolidinones 49b, 50 and 53 used by
Corey et al.6d in their total synthesis of (+)-lactacystin 1.


4. Experimental


For general experimental details see ref. 31.


((S)-2-Ethynyl-oxiranyl)-methanol (38a)


L-(+)-Diisopropyl tartrate (437 ll, 2.1 mmol) was added dropwise
over 1 min to a stirred solution of titanium tetraisopropoxide
(471 ll, 1.6 mmol) and activated 3 Å molecular sieves (650 mg)
in dry dichloromethane (26 ml) at −20 ◦C under an argon
atmosphere, and the mixture was then stirred at −20 ◦C for 30 min.
A solution of the allylic alcohol 3724 (650 mg, 7.9 mmol) in dry
dichloromethane (0.65 ml), which had been dried over a small
amount of activated 3 Å molecular sieves at room temperature


for 20 min, was added dropwise over 1 min to the mixture at
−20 ◦C. The mixture was stirred at −20 ◦C for a further 10 min
and then cooled to −35 ◦C. Cumene hydroperoxide (4.39 ml,
24 mmol), which had been dried over a small amount of activated
3 Å molecular sieves at room temperature for 20 min, was added
dropwise over 10 min. The mixture was stirred at −35 ◦C for
30 min and then at −10 ◦C overnight. The progress of the reaction
was followed by 1H NMR spectroscopy, and when complete, the
mixture was quenched at −20 ◦C with citric acid monohydrate
(333 mg, 1.6 mmol) in a 1 : 10 mixture of acetone and diethyl ether
(47 ml), then allowed to warm to room temperature, and stirred for
30 min. The mixture was filtered through a pad of Celite and the
filtrate was concentrated in vacuo at 0 ◦C. The residue was purified
by flash chromatography on silica, using pentane–diethyl ether (3 :
2 then 1 : 1) as eluent, to give the epoxy alcohol (513 mg, 66%)
as a colourless liquid; [a]23


D −24.2 (c 1.02, CHCl3); mmax/cm−1 (film)
3286, 1631; dH (360 MHz, CDCl3) 3.93 (1H, d, J 12.6, CHHO),
3.78 (1H, d, J 12.6, CHHO), 3.08 (1H, d, J 5.5, CHHOH), 3.05
(1H, d, J 5.5, CHHOH), 2.41 (1H, s, C≡CH), 2.01 (1H, br s,
CH2OH); dC (90 MHz, CDCl3) 79.8 (s), 73.3 (d), 62.9 (t), 51.1 (t),
50.7 (s); m/z (EI) 98.0365 (M+, C5H6O2 requires 98.0368).
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Mosher ester analysis of the epoxy alcohol (38a)


a) R-(+)-Methoxytrifluoromethylphenylacetic acid (6 ll,
0.030 mmol) was added in a single portion to a stirred solution of
the epoxy alcohol 38a (2.7 mg, 0.027 mmol), triethylamine (9 ll,
0.065 mmol) and DMAP (2.6 mg, 0.022 mmol) in chloroform
(270 ll) at room temperature under a nitrogen atmosphere.
The mixture was stirred at room temperature for 3 h and
then concentrated in vacuo. The residue was purified by flash
chromatography on silica, using pentane–diethyl ether (4 : 1)
as eluent, to give a 6 : 1 mixture of diastereoisomers of the (R)
Mosher ester (8 mg, 94%) as a colourless oil, which was not
separated; dH (360 MHz, CDCl3) 7.57 (2H, m, ArH), 7.44 (3H,
m, ArH), 4.75 (1H, d, J 12.1, CHHOCO), 4.35 (1H, d, J 12.1,
CHHOCO), 3.61 (3H, s, OCH3), 3.10 (1H, d, J 5.4, CHHO),
2.98 (1H, d, J 5.4, CHHO), 2.41 (1H, s, C≡CH); dF (376 MHz,
CDCl3) −72.17 (ee = 86%).


b) S-(−)-Methoxytrifluoromethylphenylacetic acid (4 ll,
0.021 mmol) was added in a single portion to a stirred solution
of the epoxy alcohol 38a (1.9 mg, 0.019 mmol), triethylamine
(6.3 ll, 0.046 mmol) and DMAP (1.85 mg, 0.015 mmol) in
chloroform (190 ll) at room temperature under a nitrogen
atmosphere. The mixture was stirred at room temperature for 3 h
and then concentrated in vacuo. The residue was purified by flash
chromatography on silica, using pentane–diethyl ether (4 : 1) as
eluent, to give a 6 : 1 mixture of diastereoisomers of the (S) Mosher
ester (5.7 mg, 95%) as a colourless oil, which was not separated;
dH (360 MHz, CDCl3) 7.55 (2H, m, ArH), 7.42 (3H, m, ArH),
4.64 (1H, d, J 12.0, CHHOCO), 4.39 (1H, d, J 12.0, CHHOCO),
3.58 (3H, s, OCH3), 3.06 (1H, d, J 5.4, CHHO), 2.90 (1H, d, J
5.4, CHHO), 2.35 (1H, s, C≡CH); dF (376 MHz, CDCl3) −72.24
(ee = 86%).


2′,2′,2′-Trichloro-acetimidic acid (R)-2-ethynyl-oxiranylmethyl
ester (38b)


Trichloroacetonitrile (1.25 ml, 12 mmol), followed by DBU
(187 ll, 1.2 mmol) were each added dropwise over 2 min to
a stirred solution of the epoxy alcohol 38a (1 g, 10 mmol) in
dichloromethane (59.5 ml) at 0 ◦C, and the mixture was then
stirred at 0 ◦C for 30 min. The mixture was diluted with diethyl
ether (60 ml) and then washed with water (45 ml). The separated
aqueous layer was extracted with diethyl ether (2 × 45 ml)
and the combined organic extracts were then dried (MgSO4)
and concentrated in vacuo. The residue was purified by flash
chromatography on silica, using petrol–diethyl ether (4 : 1) as
eluent, to give the trichloroacetimidate (1.60 g, 66%) as a colourless
liquid; [a]23


D −22.2 (c 1.10, CHCl3) (Found: C, 34.8; H, 2.4; N, 5.3;
C7H6Cl3NO2 requires C, 34.9; H, 2.5; N, 5.8%); mmax/cm−1 (film)
1670; dH (360 MHz, CDCl3) 8.46 (1H, br s, NH), 4.60 (1H, d, J
12.0, CHHOC(NH)), 4.44 (1H, d, J 12.0, CHHOC(NH)), 3.13
(1H, d, J 5.5, CHHO), 3.10 (1H, d, J 5.5, CHHO), 2.41 (1H, s,
C≡CH); dC (90 MHz, CDCl3) 162.3 (s), 90.8 (s), 79.1 (s), 73.2 (d),
68.8 (t), 52.2 (t), 48.2 (s); m/z (CI) 242 (M + H+, C7H7Cl3NO2


requires 242).


((S)-4-Ethynyl-2-trichloromethyl-4,5-dihydro-oxazol-4-yl)-
methanol (39a)


Diethylaluminium chloride (1 M in hexanes, 4.7 ml, 4.7 mmol)
was added dropwise over 10 min to a stirred solution of the epoxy


trichloroacetimidate 38b (2.29 g, 9.4 mmol) in dichloromethane
(75 ml) at 0 ◦C under nitrogen atmosphere, and the mixture was
then stirred at 0 ◦C for 20 min. The mixture was allowed to
warm to room temperature and then stirred for a further 12 h.
The solution was diluted with diethyl ether (150 ml) and then
quenched with saturated aqueous sodium bicarbonate (75 ml).
The separated aqueous layer was extracted with diethyl ether
(3 × 75 ml) and the combined organic extracts were then dried
(MgSO4) and concentrated in vacuo. The residue was purified by
flash chromatography on silica, using petrol–diethyl ether (4 : 1
then 7 : 3) as eluent, to give the oxazoline (1.77 g, 78%) as a
colourless solid; mp 136–138 ◦C (petrol–diethyl ether); [a]23


D 22.4
(c 1.00, CHCl3) (Found: C, 34.7; H, 2.5; N, 5.55; C7H6Cl3NO2


requires C, 34.7; H, 2.5; N, 5.8%); mmax/cm−1 (film) 3377, 3300,
1656; dH (360 MHz, CDCl3) 4.82 (1H, d, J 8.4, CHHO), 4.70 (1H,
d, J 8.4, CHHO), 3.97 (1H, dd, J 11.7, 6.0, CHHOH), 3.70 (1H,
dd, J 11.7, 8.4, CHHOH), 2.63 (1H, s, C≡CH), 2.45 (1H, dd, J
8.4, 6.0, CH2OH); dC (90 MHz, CDCl3) 165.2 (s), 85.9 (s), 81.0 (s),
77.9 (t), 75.7 (d), 70.0 (s), 66.7 (t); m/z (ES) 241.9537 (M + H+,
C7H7Cl3NO2 requires 241.9542).


Mosher ester analysis of the oxazoline alcohol (39a)


a) R-(+)-Methoxytrifluoromethylphenylacetic acid (3.2 ll,
0.017 mmol) was added in a single portion to a stirred solution
of the oxazoline 39a (3.7 mg, 0.015 mmol), triethylamine (5 ll,
0.036 mmol) and DMAP (1.5 mg, 0.012 mmol) in chloroform
(150 ll) at room temperature under a nitrogen atmosphere.
The mixture was stirred at room temperature for 3 h and
then concentrated in vacuo. The residue was purified by flash
chromatography on silica, using pentane–diethyl ether (9 : 1 then
4 : 1) as eluent, to give a 6 : 1 mixture of diastereoisomers of the
(R) Mosher ester (6.6 mg, 96%) as a colourless oil, which was not
separated; dH (360 MHz, CDCl3) 7.49 (2H, m, ArH), 7.41 (3H, m,
ArH), 4.68 (1H, d, J 8.7, CHHO), 4.61 (1H, d, J 11.4, CHHOCO),
4.53 (1H, d, J 8.7, CHHO), 4.49 (1H, d, J 11.4, CHHOCO), 3.54
(3H, s, OCH3), 2.66 (1H, s, C≡CH); dF (376 MHz, CDCl3) −72.00
(ee = 86%).


b) S-(−)-Methoxytrifluoromethylphenylacetic acid (3.2 ll,
0.017 mmol, 0.015 mmol) was added in a single portion to
a stirred solution of the oxazoline 39a (3.7 mg, 0.015 mmol),
triethylamine (5 ll, 0.036 mmol) and DMAP (1.5 mg, 0.012 mmol)
in chloroform (150 ll) at room temperature under a nitrogen
atmosphere. The mixture was stirred at room temperature for 3 h
and then concentrated in vacuo. The residue was purified by flash
chromatography on silica, using pentane–diethyl ether (9 : 1 then
4 : 1) as eluent, to give a 6 : 1 mixture of diastereoisomers of the
(S) Mosher ester (6.5 mg, 94%) as a colourless oil, which was not
separated; dH (360 MHz, CDCl3) 7.51 (2H, m, ArH), 7.41 (3H, m,
ArH), 4.70 (1H, d, J 8.9, CHHO), 4.64 (1H, d, J 8.9, CHHO),
4.56 (1H, d, J 11.3, CHHOCO), 4.53 (1H, d, J 11.3, CHHOCO),
3.54 (3H, s, OCH3), 2.66 (1H, s, C≡CH); dF (376 MHz, CDCl3)
−72.12 (ee = 86%).


(R)-4-(tert-Butyl-dimethyl-silanyloxymethyl)-4-ethynyl-2-
trichloromethyl-4,5-dihydro-oxazole (39b)


tert-Butyldimethylsilyl trifluoromethanesulfonate (1.13 ml,
4.95 mmol) was added dropwise over 2 min to a stirred solution
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of the oxazoline alcohol 39a (0.8 g, 3.3 mmol) and 2,6-lutidine
(0.8 ml, 6.6 mmol) in dichloromethane (3.3 ml) at 0 ◦C under a
nitrogen atmosphere. The mixture was stirred at 0 ◦C for 30 min,
then allowed to warm to room temperature and stirred for a
further 4 h. The solution was diluted with dichloromethane
(10 ml) and then quenched with saturated aqueous sodium
bicarbonate (8 ml). The separated aqueous layer was extracted
with dichloromethane (2 × 10 ml), and the combined organic
extracts were then dried (MgSO4) and concentrated in vacuo.
The residue was purified by flash chromatography on silica,
using petrol–diethyl ether (9 : 1 then 4 : 1) as eluent, to give
the silyl ether (1.14 g, 97%) as a colourless solid; mp 56–58 ◦C
(petrol–diethyl ether); [a]23


D −1.81 (c 0.95, CHCl3) (Found: C,
43.5; H, 5.6; N, 3.8; C13H20Cl3NO2Si requires C, 43.8; H, 5.65; N,
3.9%); mmax (film)/cm−1 2126, 1660; dH (360 MHz, CDCl3) 4.85
(1H, d, J 8.1, CHHO), 4.61 (1H, d, J 8.1, CHHO), 3.94 (1H, d, J
10.4, CHHOTBS), 3.75 (1H, d, J 10.4, CHHOTBS), 2.56 (1H, s,
C≡CH), 0.89 (9H, s, SiC(CH3)3), 0.10 (3H, s, SiCH3), 0.08 (3H, s,
SiCH3); dC (90 MHz, CDCl3) 164.2 (s), 86.2 (s), 81.6 (d), 77.5 (t),
75.0 (s), 70.1 (s), 67.1 (t), 25.9 (3 × q), 18.3 (s), −5.1 (q), −5.5 (q);
m/z (ES) 356.0393 (M + H+, C13H21Cl3NO2Si requires 356.0407).
The absolute stereochemistry of this protected oxazoline was
determined by X-ray crystallography.


2-Bromo-N-[(R)-1′-(tert-butyl-dimethyl-silanyloxymethyl)-1′-
hydroxymethyl-prop-2′-ynyl]-propionamide (41)


Aqueous hydrochloric acid (1 M, 2.35 ml, 2.35 mmol) was added
in a single portion to a stirred solution of the oxazoline 39b
(840 mg, 2.35 mmol) in THF (13.6 ml) at room temperature.
The mixture was stirred at room temperature for 4 h and then
saturated aqueous sodium bicarbonate (∼ 2.83 ml) was carefully
added at room temperature until the pH = 7. The mixture
was evaporated to dryness in vacuo and the residue, which
consisted of the amino alcohol 40, was then diluted with water
(2.83 ml) and dichloromethane (1.49 ml). Saturated aqueous
sodium bicarbonate (10 ml) was added in a single portion at
room temperature and then 2-bromopropionyl chloride (242 ll,
2.35 mmol) was added dropwise over 1 min. The mixture was
stirred at room temperature for 2 h and then the separated aqueous
layer was extracted with dichloromethane (2 × 12 ml). The
combined organic extracts were dried (MgSO4) and concentrated
in vacuo. The residue was purified by flash chromatography on
silica, using petrol–diethyl ether (polarity increasing from 3 : 2
to 2 : 3) as eluent, to give a 1 : 1 mixture of diastereoisomers of
the acetylenic bromoamide (651 mg, 76%) as a colourless solid;
mp 66–68 ◦C (petrol–diethyl ether) (Found: C, 46.3; H, 7.0; N,
3.7; C14H26BrNO3Si requires C, 46.15; H, 7.2; N, 3.8%); mmax


(film)/cm−1 3327, 3307, 1663; dH (400 MHz, CDCl3) 7.14/7.14
(1H, br s, NH), 4.42/4.41 (1H, q, J 7.1/7.1, CH(Br)CH3),
4.02/3.99 (1H, d, J 9.8/9.8, CHHOTBS), 3.93/3.93 (1H, dd,
J 11.5/11.5, 4.9/4.9, CHHOH), 3.89/3.87 (1H, d, J 9.9/9.9,
CHHOTBS), 3.83/3.82 (1H, dd, J 11.5/11.5, 9.0/9.0, CHHOH),
3.31/3.28 (1H, dd, J 9.0/9.0, 4.9/4.9, CH2OH), 2.43/2.43 (1H, s,
C≡CH), 1.90/1.90 (3H, d, J 7.1/7.1, CH(Br)CH3), 0.94/0.94
(9H, s, SiC(CH3)3), 0.14/0.13 (3H, s, SiCH3), 0.13/0.13 (3H, s,
SiCH3); dC (100 MHz, CDCl3) 169.4/169.3 (s), 80.5/80.5 (s),
73.8/73.8 (d), 66.5/66.5 (t), 66.3/66.1 (t), 56.9/56.9 (s), 45.1/45.0
(d), 25.9/25.9 (3 × q), 23.0/23.0 (q), 18.3/18.3 (s), −5.3/−5.3


(q), −5.4/−5.4 (q); m/z (ES) 364.0940 (M + H+, C14H27BrNO3Si
requires 364.0944).


2-Bromo-N-[(S)-1′-(tert-butyl-dimethyl-silanyloxymethyl)-1′-
formyl-prop-2′-ynyl]-propionamide (42a)


Dess–Martin periodinane (550 mg, 1.3 mmol) was added portion-
wise over 5 min to a stirred solution of the alcohol 41 (400 mg,
1.1 mmol) in dry dichloromethane (5.65 ml) at 0 ◦C under a
nitrogen atmosphere, and the mixture was then stirred at 0 ◦C for
20 min. The mixture was allowed to warm to room temperature
and then stirred at this temperature for a further 3 h. The mixture
was quenched with saturated aqueous sodium bicarbonate (44 ml)
followed by a saturated solution sodium bisulfite (44 ml), then
diluted with diethyl ether (85 ml) and stirred at room temperature
for 30 min. The separated aqueous layer was extracted with diethyl
ether (2 × 90 ml) and the combined organic extracts were then
washed with saturated aqueous sodium bicarbonate (130 ml) and
brine (130 ml), dried (MgSO4) and concentrated in vacuo to leave a
1 : 1 mixture of diastereoisomers of the aldehyde (396 mg, 99%) as
a colourless solid (Found: C, 46.5; H, 6.5; N, 3.75; C14H24BrNO3Si
requires C, 46.4; H, 6.7; N, 3.9%); mmax (film)/cm−1 1734, 1688;
dH (400 MHz, CDCl3) 9.38/9.38 (1H, s, CHO), 7.32/7.32 (1H,
br s, NH), 4.45/4.43 (1H, q, J 7.1/7.1, CH(Br)CH3), 4.19/4.17
(1H, d, J 10.2/10.2, CHHOTBS), 4.09/4.08 (1H, d, J 10.2/10.2,
CHHOTBS), 2.60/2.59 (1H, s, C≡CH), 1.90/1.89 (3H, d, J
7.1/7.1, CH(Br)CH3), 0.88/0.88 (9H, s, SiC(CH3)3), 0.08/0.08
(3H, s, SiCH3), 0.07/0.07 (3H, s, SiCH3); dC (100 MHz, CDCl3)
191.5/191.4 (d), 168.9/168.8 (s), 76.5/76.5 (d), 76.4/76.4 (s),
64.4/64.3 (t), 62.2/62.2 (s), 44.1/44.0 (d), 25.7/25.7 (3 × q),
22.9/22.8 (q), 18.2/18.2 (s), −5.4/−5.4 (q), −5.5/−5.5 (q); m/z
(ES) 362.0793 (M + H+, C14H25BrNO3Si requires 362.0787), and
was used without further purification.


(S)-2-(2′-Bromo-propionylamino)-2-(tert-butyl-dimethyl-
silanyloxymethyl)-but-3-ynoic acid (42b)


A freshly prepared solution of sodium chlorite (1.22 g, 11 mmol)
in aqueous sodium dihydrogen orthophosphate (20% w/v, 6.5 ml)
was added dropwise over 5 min to a stirred solution of the
aldehyde 42a (390 mg, 1.1 mmol) in tBuOH (11.5 ml) and 2-
methyl-2-butene (6.5 ml) at room temperature. The mixture was
stirred vigorously at room temperature for 3 h and then diluted
with ethyl acetate (43 ml). The separated aqueous layer was
extracted with ethyl acetate (30 ml) and the combined organic
extracts were then dried (MgSO4) and concentrated in vacuo. The
oily residue was taken up in ethyl acetate (16 ml), washed with
aqueous sodium dihydrogen orthophosphate (8% w/v, 1.6 ml)
and the aqueous layer was extracted with ethyl acetate (2 ×
16 ml). The combined organic extracts were dried (MgSO4), and
concentrated in vacuo to leave a 1 : 1 mixture of diastereoisomers
of the acid (363 mg, 87%) as a colourless solid; mmax (film)/cm−1


3385, 3308, 1733, 1628; dH (400 MHz, CDCl3) 7.53/7.50 (1H,
br s, NH), 4.47/4.46 (1H, q, J 7.1/7.1, CH(Br)CH3), 3.82–
3.74 (2H, m, CHHOTBS), 2.54/2.54 (1H, s, C≡CH), 1.91/1.90
(3H, d, J 7.1/7.1, CH(Br)CH3), 0.90/0.90 (9H, s, SiC(CH3)3),
0.12/0.11 (3H, s, SiCH3), 0.11/0.11 (3H, s, SiCH3); dC (100 MHz,
CDCl3) 170.1/170.0 (s), 169.7/169.7 (s), 77.3/77.3 (s), 74.4/74.4
(d), 66.1/66.0 (t), 58.4/58.3 (s), 44.4/44.2 (d), 25.7/25.7 (3 × q),
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23.0/22.8 (q), 18.2/18.2 (s), −5.4/−5.4 (q), −5.5/−5.5 (q); m/z
(ES) 378.0771 (M + H+, C14H25BrNO4Si requires 378.0736), and
was used without further purification.


(S)-2-(2′-Bromo-propionylamino)-2-(tert-butyl-dimethyl-
silanyloxymethyl)-but-3-ynoic acid methyl ester (42c)


Trimethylsilyl diazomethane (2 M in hexanes, 380 ll, 0.76 mmol)
was added dropwise over 2 min to a stirred solution of the
acid 42b (263 mg, 0.69 mmol) in dry methanol (330 ll) and
anhydrous benzene (600 ll) at room temperature. The mixture
was stirred at room temperature for 20 min and then concentrated
in vacuo. The residue was purified by flash chromatography on
silica, using petrol–diethyl ether (polarity increasing from 9 : 1 to
7 : 3) as eluent, to give a 1 : 1 mixture of diastereoisomers of the
ester (194 mg, 72%) as a colourless solid; mp 57–59 ◦C (petrol-
diethyl ether) (Found: C, 46.0; H, 6.5; N, 3.4; C15H26BrNO4Si
requires C, 45.9; H, 6.7; N, 3.6%); mmax (film)/cm−1 1735, 1693;
dH (400 MHz, CDCl3) 7.44/7.42 (1H, br s, NH), 4.43/4.41
(1H, q, J 7.1/7.1, CH(Br)CH3), 4.25/4.22 (1H, d, J 9.7/9.7,
CHHOTBS), 4.04/4.03 (1H, d, J 9.7/9.7, CHHOTBS), 3.84/3.83
(3H, s, OCH3), 2.50/2.49 (1H, s, C≡CH), 1.89/1.88 (3H, d, J
7.1/7.1, CH(Br)CH3), 0.86/0.86 (9H, s, SiC(CH3)3), 0.05/0.04
(3H, s, SiCH3), 0.03/0.03 (3H, s, SiCH3); dC (100 MHz, CDCl3)
168.5/168.4 (s), 168.2/168.1 (s), 77.5/77.5 (s), 73.7/73.7 (d),
66.3/66.1 (t), 58.8/58.8 (s), 53.8/53.8 (q), 44.6/44.4 (d), 25.6/25.6
(3 × q), 22.9/22.8 (q), 18.1/18.1 (s), −5.4/−5.5 (q), −5.6/−5.6 (q);
m/z (ES) 392.0916 (M + H+, C15H27BrNO4Si requires 392.0893).


(5S,3S)-5-(tert-Butyl-dimethyl-silanyloxymethyl)-3-methyl-4-
methylene-2-oxo-pyrrolidine-5-carboxylic acid methyl ester (43)
and (5S,3R)-5-(tert-butyl-dimethyl-silanyloxymethyl)-3-methyl-4-
methylene-2-oxo-pyrrolidine-5-carboxylic acid methyl ester (44)


A solution of tri-butyltin hydride (291 ll, 0.98 mmol) and AIBN
(29 mg, 20 mol%) in anhydrous degassed toluene (30 ml) was
added dropwise over 30 min to a stirred solution of the ester 42c
(350 mg, 0.89 mmol) in anhydrous degassed toluene (280 ml) under
reflux, and the mixture was then stirred under reflux for 2.5 h.
The mixture was cooled and then evaporated to dryness in vacuo.
The residue was partitioned between acetonitrile (118 ml) and
hexane (82 ml), and the separated hexane layer was then extracted
with acetonitrile (41 ml). The combined acetonitrile extracts were
concentrated in vacuo to leave an oily residue which was purified
by flash chromatography on silica, using petrol–diethyl ether (1 :
1 then 1 : 4) as eluent, to give: i, the C3 b-methyl epimer (70 mg,
22%) (eluted first) as a colourless oil (C, 57.8; H, 8.5; N, 4.3;
C15H27NO4Si requires C, 57.5; H, 8.7; N, 4.5%) [a]23


D +16.8 (c 0.15,
CHCl3), mmax (film)/cm−1 1715, 1662; dH (400 MHz, CDCl3) 6.18
(1H, br s, NH), 5.51 (1H, app. d, J 2.9, C=CHH), 5.21 (1H,
app. d, J 2.4, C=CHH), 4.16 (1H, d, J 9.4, CHHOTBS), 3.76
(3H, s, OCH3), 3.55 (1H, d, J 9.4, CHHOTBS), 3.06–3.00 (1H, m,
CHCH3), 1.32 (3H, d, J 7.4, CHCH3), 0.86 (9H, s, SiC(CH3)3),
0.05 (3H, s, Si CH3), 0.04 (3H, s, SiCH3); dC (100 MHz, CDCl3)
177.1 (s), 171.2 (s), 145.2 (s), 111.7 (t), 70.1 (s), 69.6 (t), 53.0 (q),
40.5 (d), 25.7 (3 × q), 18.2 (s), 16.5 (q), −5.4 (q), −5.6 (q); m/z (ES)
355.2018 (M + H+ + CH3CN, C17H31N2O4Si requires 355.2053);
In an NOE experiment (400 MHz, CDCl3) irradiation at dH 3.55
gave an enhancement at dH 3.03 (0.41%) and irradiation at dH


3.03 gave an enhancement at dH 3.55 (0.28%); and ii, C3 a-methyl
epimer (120 mg, 38%) (eluted second) as a colourless oil; [a]23


D


−19.0 (c 0.19, CHCl3), mmax (film)/cm−1 3230, 2954, 1714, 1662; dH


(400 MHz, CDCl3) 6.22 (1H, br s, NH), 5.45 (1H, app. d, J 2.9,
C=CHH), 5.20 (1H, app. d, J 2.5, C=CHH), 4.23 (1H, d, J 9.4,
CHHOTBS), 3.78 (3H, s, OCH3), 3.47 (1H, d, J 9.4, CHHOTBS),
3.08–3.02 (1H, m, CHCH3), 1.32 (3H, d, J 7.4, CHCH3), 0.86
(9H, s, SiC(CH3)3), 0.05 (6H, s, Si(CH3)2); dC (100 MHz, CDCl3)
177.0 (s), 171.3 (s), 145.3 (s), 111.5 (t), 70.0 (s), 69.7 (t), 53.1 (q),
40.3 (d), 25.7 (3 × q), 18.2 (s), 15.8 (q), −5.4 (q), −5.6 (q); m/z (ES)
355.2081 (M + H+ + CH3CN, C17H31N2O4Si requires 355.2053);
In an NOE experiment (400 MHz, CDCl3) irradiation at dH 3.47
gave an enhancement at dH 1.32 (0.40%) and irradiation at dH 1.32
gave an enhancement at dH 3.47 (0.14%).


(5R,3S)-5-(tert-Butyl-dimethyl-silanyloxymethyl)-3-methyl-2,4-
dioxo-pyrrolidine -5-carboxylic acid methyl ester (45) and
(5R,3R)-5-(tert-butyl-dimethyl-silanyloxymethyl)-3-methyl-2,4-
dioxo-pyrrolidine-5-carboxylic acid methyl ester (46)


A stream of ozone was bubbled through a stirred solution of the
2 : 1 mixture of pyrrolidinone diastereoisomers 43 and 44 (189 mg,
0.60 mmol) in dry methanol (8.5 ml) at −78 ◦C until a persistent
blue colour appeared (usually between 10 and 20 min). The
mixture was purged with oxygen to remove the excess of ozone and
then dimethyl sulfide was added. The mixture was stirred at −78 ◦C
for 1 h, then at room temperature for 1 h and evaporated to dryness
in vacuo. The oily residue was taken up in dichloromethane (5 ml)
and the solution was washed with water (4 ml). The separated
aqueous layer was extracted with dichloromethane (2 × 4 ml)
and the combined organic extracts were then washed with brine
(6 ml), dried (MgSO4) and concentrated in vacuo. The residue was
purified by flash chromatography on silica, using petrol–diethyl
ether (polarity increasing from 1 : 1 to 1 : 4) as eluent, to give
a 2 : 1 mixture of diastereoisomers of the corresponding ketone
(142 mg, 75%) as a colourless oil which was not separated; mmax


(film)/cm−1 1784, 1741, 1666; dH (360 MHz, CDCl3) (b-methyl
epimer) 6.61 (1H, br s, NH), 4.15 (1H, d, J 10.2, CHHOTBS),
3.95 (1H, d, J 10.2, CHHOTBS), 3.80 (3H, s, OCH3), 2.80 (1H, q, J
7.8, CHCH3), 1.35 (3H, d, J 7.8, CHCH3), 0.83 (9H, s, SiC(CH3)3),
0.03 (6H, 2 s, SiCH3); (a-methyl epimer) 6.67 (1H, br s, NH), 4.05
(1H, d, J 10.2, CHHOTBS), 4.02 (1H, d, J 10.2, CHHOTBS),
3.80 (3H, s, OCH3), 2.96 (1H, q, J 7.6, CHCH3), 1.31 (3H, d,
J 7.6, CHCH3), 0.85 (9H, s, SiC(CH3)3), 0.04 (6H, s, SiCH3); dC


(90 MHz, CDCl3) (b-methyl epimer) 203.8 (s), 174.1 (s), 166.5 (s),
75.1 (s), 65.6 (t), 53.6 (q), 44.6 (d), 25.7 (3 × q), 18.2 (s), 11.0 (q),
−5.6 (2 × q); (a-methyl epimer) 203.0 (s), 173.7 (s), 166.5 (s), 75.3
(s), 65.1 (t), 53.6 (q), 44.3 (d), 25.7 (3 × q), 18.3 (s), 9.6 (q), −5.5
(q), −5.6 (q); m/z (ES) 316.1604 (M + H+, C14H26NO5Si requires
316.1580).


(5R,3R)-5-(tert-Butyl-dimethyl-silanyloxymethyl)-3-methyl-3-
methylsulfanyl-2,4-dioxo-pyrrolidine-5-carboxylic acid methyl
ester (48)


Triethylamine (66 ll, 0.48 mmol) and S-methyl-p-
toluenethiosulfonate (80 mg, 0.40 mmol) were added successively
to a stirred solution of a 2 : 1 mixture of C3-Me epimers of 45
and 46 (125 mg, 0.40 mmol) in dichloromethane (1.24 ml) at
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room temperature under a nitrogen atmosphere. The mixture
was stirred at room temperature overnight and then concentrated
in vacuo. The residue was purified by flash chromatography on
silica, using petrol–diethyl ether (polarity increasing from 4 : 1
to 2 : 3) as eluent, to give a 7 : 1 mixture of diastereoisomers
of the methylsulfanyl derivative (113 mg, 78%) as a colourless
oil (Found: C, 49.85; H, 7.35; N, 3.4; C15H27NO5SSi requires C,
49.8; H, 7.5; N, 3.9%); mmax (film)/cm−1 1731, 1713; dH (360 MHz,
CDCl3) (major a-methyl epimer) 6.54 (1H, br s, NH), 4.11 (1H,
d, J 10.0, CHHOTBS), 3.97 (1H, d, J 10.0, CHHOTBS), 3.82
(3H, s, OCH3), 2.08 (3H, s, SCH3), 1.50 (3H, s, CH3), 0.86 (9H, s,
SiC(CH3)3), 0.05 (6H, s, Si(CH3)2); (minor b-methyl epimer) 6.62
(1H, br s, NH), 4.35 (1H, d, J 9.6, CHHOTBS), 4.00 (1H, d, J
9.6, CHHOTBS), 3.83 (3H, s, OCH3), 2.16 (3H, s, SCH3), 1.53
(3H, s, CH3), 0.87 (9H, s, SiC(CH3)3), 0.08 (3H, s, SiCH3), 0.06
(3H, s, SiCH3); dC (90 MHz, CDCl3) (major a-methyl epimer)
195.7 (s), 171.0 (s), 166.5 (s), 73.5 (s), 66.3 (t), 53.6 (q), 50.4 (s),
25.7 (3 × q), 18.2 (s), 15.0 (q), 12.0 (q), −5.5 (q), −5.6 (q); m/z
(ES) 362.1461 (M + H+, C15H28NO5SSi requires 362.1457).


(5R,3R)-5-Hydroxymethyl-1-(4-methoxybenzyl)-3-methyl-3-
methylsulfanyl-2,4-dioxo-pyrrolidine-5-carboxylic acid methyl
ester (49)


A solution containing a 7 : 1 mixture of diastereoisomers of the
methylsulfanyl derivative 48 (10.2 mg, 0.028 mmol) in anhydrous
DMF (45 ll) was added dropwise to a stirred dispersion of
sodium hydride (60% in mineral oil, 1.4 mg, 0.034 mmol) in
anhydrous DMF (105 ll) at 0 ◦C under an argon atmosphere. The
mixture was stirred at 0 ◦C for 15 min and then p-methoxybenzyl
bromide (9 mg, 0.045 mmol) in anhydrous DMF (60 ll) was
added dropwise. The mixture was stirred at 0 ◦C for 1.5 h, then
allowed to warm to room temperature and stirred overnight. The
mixture was quenched with glacial acetic acid (30 ll) and ice
water (0.25 ml), and then diluted with diethyl ether (0.4 ml).
The separated aqueous layer was extracted with diethyl ether
(3 × 0.4 ml) and the combined organic extracts were then dried
(MgSO4) and concentrated in vacuo. The residue was purified by
flash chromatography on silica, using pentane and then pentane–
diethyl ether (polarity increasing from 9 : 1 to 7 : 3) as eluent, to
give the N-PMB derivative (5.4 mg, 40%) as a colourless oil; [a]22


D


+21.0 (c 0.21, CHCl3); mmax (film)/cm−1 1738, 1704; dH (500 MHz,
CDCl3) 7.27 (2H, d, J 8.5, ArH), 6.83 (2H, d, J 8.5, ArH), 4.83
(1H, d, J 15.1, PhCHH), 4.41 (1H, d, J 15.1, PhCHH), 4.23 (1H,
d, J 10.8, CHHOTBS), 4.03 (1H, d, J 10.8, CHHOTBS), 3.79
(3H, s, PhOCH3), 3.48 (3H, s, OCH3), 2.16 (3H, s, SCH3), 1.55
(3H, s, CH3), 0.82 (9H, s, SiC(CH3)3), 0.00 (3H, s, SiCH3), −0.03
(3H, s, SiCH3); dC (125 MHz, CDCl3) 200.3 (s), 172.2 (s), 166.0
(s), 159.2 (s), 130.1 (2 × d), 128.3 (s), 113.9 (2 × d), 76.9 (s), 62.0
(t), 55.4 (q), 52.9 (q), 49.4 (s), 44.3 (t), 25.9 (3 × q), 18.4 (s), 17.2
(q), 12.5 (q), −5.6 (q), −5.7 (q); m/z (ES) Found 504.1834 (M +
Na+, C23H35NO6SSiNa requires 504.1852).


Pyridine (0.2 ml) was added to a stirred solution of HF·pyridine
(0.12 ml) in anhydrous THF (0.49 ml) under a nitrogen atmosphere
and the mixture was then added to a stirred solution of the
above N-PMB derivative (8 mg, 0.016 mmol) in anhydrous THF
(0.79 ml) at room temperature under a nitrogen atmosphere. The
mixture was stirred overnight at room temperature, then carefully
quenched with saturated aqueous sodium carbonate (2.7 ml) and


diluted with dichloromethane (3.5 ml). The separated aqueous
layer was extracted with dichloromethane (2 × 3.5 ml), and the
combined organic extracts were then washed with brine (5 ml),
dried (MgSO4) and concentrated in vacuo. The residue was purified
by flash chromatography on silica, using pentane–diethyl ether
(polarity increasing from 3 : 2 to 2 : 3) as eluent, to give the alcohol
(5.4 mg, 92%) as a colourless oil; [a]21


D +76.2 (c 0.15, EtOAc) (Lit.6d


[a]23
D +94 (c 0.40, EtOAc)); dH (500 MHz, CDCl3) 7.36 (2H, d, J


8.6, ArH), 6.88 (2H, d, J 8.6, ArH), 5.20 (1H, d, J 15.2, PhCHH),
4.28 (1H, d, J 15.2, PhCHH), 4.19 (1H, dd, J 12.2, 9.1, CHHOH),
3.80 (3H, s, PhOCH3), 3.77 (1H, dd, J 12.2, 5.0, CHHOH), 3.73
(3H, s, OCH3), 2.14 (3H, s, SCH3), 1.56 (3H, s, CH3), 1.03 (1H,
dd, J 9.1, 5.0, CH2OH); dC (125 MHz, CDCl3) 198.8 (s), 172.1 (s),
165.7 (s), 159.7 (s), 129.8 (2 × d), 128.9 (s), 114.7 (2 × d), 77.7
(s), 61.9 (t), 55.4 (q), 53.4 (q), 49.6 (s), 44.3 (t), 16.8 (q), 12.4 (q);
m/z (ES) 390.0979 (M + Na+, C17H21NO6SNa requires 390.0987);
In an NOE experiment (400 MHz, CDCl3) irradiation at dH 4.19
gave an enhancement at dH 1.56 (1.57%) and irradiation at dH 3.73
gave an enhancement at dH 2.14 (0.11%).


(5R,4S,3R)-4-Hydroxy-5-hydroxymethyl-1-(4-methoxybenzyl)-3-
methyl-3-methylsulfanyl-2-oxo-pyrrolidine-5-carboxylic acid
methyl ester (50)


Sodium triacetoxyborohydride (1.8 mg, 0.008 mmol) was added in
a single portion to a stirred solution of the 4-ketopyrrolidinone 49
(1.5 mg, 0.004 mmol) in acetic acid (100 ll) at room temperature.
The mixture was stirred at room temperature for 1 h and
then concentrated in vacuo. The residue was purified by flash
chromatography on silica, using pentane–diethyl ether (polarity
increasing from 2 : 3 to 1 : 9) as eluent, to give the corresponding
alcohol (1.3 mg, 88%) as a colourless solid; [a]22


D −42.0 (c 0.13,
CHCl3) (Lit.6d [a]23


D −41.8 (c 0.10, CHCl3)); dH (500 MHz, CDCl3)
7.31 (2H, d, J 8.6, ArH), 6.87 (2H, d, J 8.6, ArH), 5.16 (1H, d, J
15.3, PhCHH), 4.15 (1H, d, J 8.1, CHOH), 4.03 (1H, d, J 15.3,
PhCHH), 3.82–3.80 (2H, m, CHHOH), 3.80 (3H, s, PhOCH3),
3.79 (3H, s, OCH3), 3.63 (1H, d, J 8.1, CHOH), 2.16 (3H, s,
SCH3), 1.63 (3H, s, CH3), 1.06 (1H, dd, J 8.5, 5.7, CH2OH);
dC (125 MHz, CDCl3) 173.5 (s), 171.6 (s), 159.5 (s), 129.7 (s),
129.5 (2 × d), 114.6 (2 × d), 76.7 (d), 72.4 (s), 62.5 (t), 55.4 (q),
53.4 (s), 52.9 (q), 44.8 (t), 22.9 (q), 12.4 (q); m/z (ES) 370.1310
(M + H+, C17H24NO6S requires 370.1324); In an NOE experiment
(400 MHz, CDCl3) irradiation at dH 4.15 gave an enhancement at
dH 1.63 (3.47%), and irradiation at dH 1.63 gave an enhancement
at dH 4.15 (3.31%).


(5R,4R,3R)-5-(tert-Butyl-dimethyl-silanyloxymethyl)-4-hydroxy-
3-methyl-3-methylsulfanyl-2-oxo-pyrrolidine-5-carboxylic acid
methyl ester (51)


Zinc borohydride (4.4 M in THF, 14 ll, 0.062 mmol) was added
dropwise to a stirred solution of a 7 : 1 mixture of diastereoisomers
of the methylsulfanyl derivative 48 (22 mg, 0.061 mmol) in THF
(0.6 ml) at 0 ◦C under a nitrogen atmosphere. The mixture was
stirred at 0 ◦C for 40 min, and then quenched with water (60 ll).
The mixture was stirred for a further 40 min at 0 ◦C, then warmed
to room temperature and diluted with dichloromethane (1.2 ml)
and water (0.2 ml). The separated aqueous layer was extracted
with dichloromethane (3 × 0.5 ml) and the combined organic
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extracts were then washed with brine (1.5 ml), dried (MgSO4)
and concentrated in vacuo. The residue was purified by flash
chromatography on silica, using pentane–diethyl ether (polarity
increasing from 3 : 2 to 2 : 3) as eluent, to give: i, the secondary
alcohol (17.6 mg, 79%) (eluted first) as a colourless solid, mp
147–149 ◦C (petrol–diethyl ether); [a]23


D +30.1 (c 0.23, CHCl3); mmax


(film)/cm−1 3454, 3200, 1715, 1700; dH (400 MHz, CDCl3) 6.23
(1H, br s, NH), 4.22 (1H, d, J 9.7, CHHOTBS), 4.17 (1H, d, J
8.2, CHOH), 3.97 (1H, d, J 8.2, CHOH), 3.80 (3H, s, OCH3),
3.60 (1H, d, J 9.7, CHHOTBS), 2.13 (3H, s, SCH3), 1.56 (3H, s,
CH3), 0.86 (9H, s, SiC(CH3)3), 0.05 (3H, s, SiCH3), 0.03 (3H, s,
SiCH3); dC (100 MHz, CDCl3) 173.3 (s), 172.9 (s), 79.2 (d), 68.4 (t),
66.3 (s), 53.4 (s), 53.0 (q), 25.6 (3 × q), 21.1 (q), 18.1 (s), 11.7 (q),
−5.5 (q), −5.7 (q); m/z (ES) 364.1636 (M + H+, C15H30NO5SSi
requires 364.1614); In an NOE experiment (400 MHz, CDCl3)
irradiation at dH 3.97 gave enhancements at dH 3.60 (4.90%) and
dH 1.56 (3.77%), irradiation at dH 3.60 gave an enhancement at dH


3.97 (6.14%), and irradiation at dH 1.56 gave an enhancement at
dH 3.97 (2.29%); and ii, the minor b-methyl epimer (2.7 mg, 12%)
(eluted second) as a colourless solid; [a]23


D +23.4 (c 0.14, CHCl3);
mmax (film)/cm−1 3479, 3300, 1735, 1689; dH (400 MHz, CDCl3) 6.11
(1H, br s, NH), 4.30 (1H, d, J 4.4, CHOH), 4.26 (1H, d, J 9.9,
CHHOTBS), 4.07 (1H, d, J 9.9, CHHOTBS), 3.80 (3H, s, OCH3),
3.02 (1H, d, J 4.4, CHOH), 2.19 (3H, s, SCH3), 1.53 (3H, s, CH3),
0.86 (9H, s, SiC(CH3)3), 0.06 (3H, s, SiCH3), 0.04 (3H, s, SiCH3);
dC (100 MHz, CDCl3) 173.3 (s), 172.6 (s), 78.4 (d), 68.4 (s), 65.7
(t), 54.9 (s), 53.0 (q), 25.7 (3 × q), 22.2 (q), 18.1 (s), 12.3 (q), −5.5
(q), −5.6 (q); m/z (ES) 364.1640 (M + H+, C15H30NO5SSi requires
364.1614); In an NOE experiment (400 MHz, CDCl3) irradiation
at dH 4.30 gave an enhancement at dH 1.53 (3.52%), irradiation at
dH 4.07 gave an enhancement at dH 2.19 (0.39%) and irradiation at
dH 1.53 gave an enhancement at dH 4.30 (3.20%).


(5R,4R,3R)-4-(tert-Butyl-dimethyl-silanyloxy)-5-(tert-butyl-
dimethyl-silanyloxymethyl)-1-(4-methoxybenzyl)-3-methyl-3-
methylsulfanyl-2-oxo-pyrrolidine-5-carboxylic acid methyl
ester (52)


tert-Butyldimethylsilyl trifluoromethanesulfonate (16.5 ll,
0.072 mmol) was added dropwise to a stirred solution of the
secondary alcohol 51 (6.7 mg, 0.018 mmol) and 2,6-lutidine
(17.5 ll, 0.144 mmol) in dichloromethane (70 ll) at 0 ◦C under a
nitrogen atmosphere, and the mixture was then stirred at 0 ◦C for
30 min. The mixture was allowed to warm to room temperature
and then stirred at this temperature for a further 18 h. The
solution was diluted with dichloromethane (0.5 ml) and then
quenched with saturated aqueous sodium bicarbonate (0.3 ml).
The separated aqueous layer was extracted with dichloromethane
(3 × 0.5 ml), and the combined organic extracts were then
washed with saturated copper sulfate (2 × 2 ml) and water (4 ×
1 ml), dried (MgSO4) and concentrated in vacuo. The residue was
purified by flash chromatography on silica, using petrol–diethyl
ether (polarity increasing from 7 : 3 to 1 : 1) as eluent, to give the
corresponding TBS-ether (6.9 mg, 80%) as a colourless oil; [a]22


D


+6.5 (c 0.62, CHCl3); mmax (film)/cm−1 1738, 1706; dH (360 MHz,
CDCl3) 6.01 (1H, br s, NH), 4.18 (1H, d, J 9.4, CHHOTBS),
4.07 (1H, s, CHOTBS), 3.73 (3H, s, OCH3), 3.53 (1H, d, J 9.4,
CHHOTBS), 2.12 (3H, s, SCH3), 1.51 (3H, s, CH3), 0.95 (9H, s,
SiC(CH3)3), 0.86 (9H, s, SiC(CH3)3), 0.15 (6H, s, Si(CH3)2), 0.06


(3H, s, SiCH3), 0.04 (3H, s, SiCH3); dC (90 MHz, CDCl3) 174.0
(s), 169.9 (s), 79.6 (d), 69.1 (s), 67.9 (t), 53.0 (s), 52.3 (q), 25.7
(6 × q), 22.7 (q), 18.2 (2 s), 12.0 (q), −4.3 (q), −4.4 (q), −5.5 (q),
−5.6 (q); m/z (ES) 478.2504 (M + H+, C21H44NO5SSi2 requires
478.2479).


A solution of the TBS-ether (6.2 mg, 0.014 mmol) in anhydrous
DMF (22 ll) was added dropwise to a stirred dispersion of
sodium hydride (60% in mineral oil, 0.6 mg, 0.016 mmol) in
anhydrous DMF (53 ll) at 0 ◦C under an argon atmosphere. The
mixture was stirred at 0 ◦C for 15 min and then p-methoxybenzyl
bromide (4.2 mg, 0.021 mmol) in anhydrous DMF (30 ll) was
added dropwise. The mixture was stirred at 0 ◦C for 1.5 h, then
allowed to warm to room temperature and stirred overnight.
The mixture was quenched with glacial acetic acid (15 ll) and
ice water (0.2 ml), and then diluted with diethyl ether (0.3 ml).
The separated aqueous layer was extracted with diethyl ether
(3 × 0.3 ml) and the combined organic extracts were then dried
(MgSO4) and concentrated in vacuo. The residue was purified by
flash chromatography on silica, using pentane and then pentane–
diethyl ether (polarity increasing from 9 : 1 to 4 : 1) as eluent, to
give the N-benzyl derivative (6.1 mg, 73%) as a colourless oil; [a]22


D


+12.0 (c 0.43, CHCl3); mmax (film)/cm−1 2954, 1737, 1694, 1523;
dH (400 MHz, CDCl3) 7.23 (2H, d, J 8.7, ArH), 6.80 (2H, d, J
8.7, ArH), 4.60 (1H, d, J 15.2, PhCHH), 4.29 (1H, s, CHOTBS),
4.24 (1H, d, J 15.2, PhCHH), 4.03 (1H, d, J 11.1, CHHOTBS),
3.90 (1H, d, J 11.1, CHHOTBS), 3.78 (3H, s, PhOCH3), 3.41
(3H, s, OCH3), 2.18 (3H, s, SCH3), 1.56 (3H, s, CH3), 0.90 (9H, s,
SiC(CH3)3), 0.86 (9H, s, SiC(CH3)3), 0.15 (3H, s, SiCH3), 0.10
(3H, s, SiCH3), 0.03 (3H, s, SiCH3), 0.00 (3H, s, SiCH3); dC


(100 MHz, CDCl3) 174.8 (s), 169.3 (s), 158.8 (s), 130.0 (2 × d),
129.3 (s), 113.7 (2 × d), 78.2 (d), 73.1 (s), 61.7 (t), 55.4 (q), 51.9 (s),
51.5 (q), 44.6 (t), 25.9 (3 × q), 25.8 (3 × q), 24.0 (q), 18.2 (2 × s),
12.3 (q), −4.0 (q), −4.4 (q), −5.5 (q), −5.6 (q); m/z (ES) Found
598.3051 (M + H+, C29H52NO6SSi2 requires 598.3054).


(5R,4R,3R)-4-(tert-Butyl-dimethyl-silanyloxy)-5-hydroxymethyl-
1-(4-methoxybenzyl)-3-methyl-3-methylsulfanyl-2-oxo-
pyrrolidine-5-carboxylic acid methyl ester (53)


Pyridine (80 ll) was added to a stirred solution of HF·pyridine
(50 ll) in anhydrous THF (0.2 ml) under a nitrogen atmosphere,
and the resulting mixture was then added to a stirred solution of
the N-protected derivative 52 (4.3 mg, 0.007 mmol) in anhydrous
THF (0.31 ml) at room temperature under a nitrogen atmosphere.
The mixture was stirred at room temperature overnight, and
then pyridine (40 ll), followed by a solution of HF·pyridine
(25 ll) were each added dropwise and the mixture was stirred
at 40 ◦C for 4 h. The mixture was quenched carefully with
saturated aqueous sodium carbonate (2.6 ml) and then diluted
with dichloromethane (3.4 ml). The separated aqueous layer was
extracted with dichloromethane (2 × 3.4 ml), and the combined
organic extracts were then washed with brine (5 ml), dried
(MgSO4) and concentrated in vacuo. The residue was purified
by flash chromatography on silica, using pentane–diethyl ether
(polarity increasing from 7 : 3 to 1 : 1) as eluent, to give the
alcohol6d (3.0 mg, 89%) as a colourless oil; [a]23


D −24.6 (c 0.28,
CHCl3); mmax (film)/cm−1 3410, 1737, 1674; dH (500 MHz, CDCl3)
7.31 (2H, d, J 8.5, ArH), 6.87 (2H, d, J 8.5, ArH), 5.20 (1H,
d, J 15.3, PhCHH), 4.36 (1H, s, CHOTBS), 3.83–3.76 (1H, m,
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CHHOH), 3.79 (3H, s, PhOCH3), 3.74 (1H, d, J 15.3, PhCHH),
3.72 (3H, s, OCH3), 3.67 (1H, dd, J 13.0, 4.8, CHHOH), 2.19
(3H, s, SCH3), 1.59 (3H, s, CH3), 0.93 (9H, s, SiC(CH3)3), 0.80
(1H, dd, J 10.6, 4.8, CH2OH), 0.15 (3H, s, SiCH3), 0.11 (3H, s,
SiCH3); dC (125 MHz, CDCl3) 174.9 (s), 169.5 (s), 159.5 (s), 129.9
(s), 129.5 (2 × d), 114.7 (2 × d), 77.7 (d), 74.3 (s), 61.4 (t), 55.4 (q),
55.2 (q), 51.7 (s), 44.8 (t), 25.8 (3 × q), 23.7 (q), 18.2 (s), 12.1 (q),
−4.2 (q), −4.5 (q); m/z (ES) 484.2203 (M + H+, C23H38NO6SSi
requires 484.2189).
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Quinoid inhibitors of Cdc25B were designed based on the Linear Combination of Atomic Potentials
(LCAP) methodology. In contrast to a published hypothesis, the biological activities and hydrogen
peroxide generation in reducing media of three synthetic models did not correlate with the quinone
half-wave potential, E1/2.


Introduction


Cyclin-dependent kinases (Cdk) are central regulators of the
eukaryotic cell cycle that phosphorylate proteins responsible for
the activation of structural and regulatory genes in G1, S, G2
and M cell phase transitions. Cdc25A, B, and C are members of
the dual specificity protein phosphatase family, regulating Cdk by
removing two inhibitory phosphate groups on adjacent Thr and
Tyr residues near the amino terminus. The Cdc25 phosphatases
control cell entry into all phases of the cell cycle,1 transform
cells in culture, and harbor oncogenic potential.2 Many of the
more potent Cdc25 phosphatase inhibitors reported to date are
quinones,1,3–5 which can regulate phosphatase activity through a
redox mechanism of reactive oxygen species (ROS) generation and
irreversible oxidation of the catalytic cysteine of Cdc25.6–8


Ham, Carr and coworkers have postulated that the biological
activity of quinone-derived inhibitors of Cdc25 and their ability to
generate ROS can be modeled based on their reduction potential,
and that the half-wave potential, E1/2, for the first reduction step
of quinones is correlated with the energy of the lowest unoccupied
molecular orbital (ELUMO), as calculated by AM1 semiempirical
methods:5,9,10


E1/2[mV] = −936.34 × ELUMO[AM1,eV] − 1550.2 (1)


Related correlations have been applied to other systems; for ex-
ample, quinoxaline derivatives inhibit the growth of Trypanosoma
cruzi in vitro, and this biological effect can be correlated with the
LUMO energy of the agent.11 The LUMO energy of bispyridinium
compounds also appears to correlate to their inhibition of choline
kinase.12


The quinone pharmacophore is well represented in the clin-
ically validated anticancer pharmacopoeia, with mitomycin C,
daunorubicin, doxorubicin, idarubicin, epirubicin, geldanamycin,
valrubicin and mitoxantrone providing representative examples.
However, the in vivo use of quinones poses a major challenge


aDepartment of Chemistry, Duke University, Durham, NC, USA
bDepartment of Chemistry & Center for Chemical Methodologies and
Library Development, University of Pittsburgh, Pittsburgh, PA, USA
cDrug Discovery Institute, University of Pittsburgh, Pittsburgh, PA, USA


since they can also cause acute toxicity.13,14 Off-target mechanisms
include glutathione (GSH) depletion due to nucleophilic Michael
additions of GSH and other protein thiols; as well as depletion
of ATP due to redox cycling. Quinone radicals can also damage
DNA and mitochondria through the formation of H2O2 and
reactive oxygen/nitrogen species (ROS/RNS).15,16 A strategy for
overcoming the intrinsic toxicity of quinones might be to utilize
derivatives that are more stable in their reduced states, and thus
are less likely to nucleate radicals and indiscriminately damage
cells. Accordingly, we were interested in testing the hypothesis
of Ham and Carr,5,9,10 by designing quinone based inhibitors
of Cdc25 with half-wave potentials E1/2∼105 mV – above the
range necessary for spontaneous generation of superoxide radical
anion, but not high enough to lead to fast, irreversible reduction
by common organic and biological building blocks. While the
highly fluorinated naphthoquinone reported by Ham and Carr
was thought to represent a pure arylator of cysteine-containing
proteins, without generating ROS, alternative explanations than
an E1/2 effect could be responsible for this property, such as
preferential protein binding affinities.


The systematic identification of diverse quinone-based in-
hibitors with specific half-wave potentials requires scanning large
portions of chemical space.17 Some of us recently developed
a linear combination of atomic potentials (LCAP) approach
that transforms a molecular optimization into a continuous
optimization problem,18–21 which enables an efficient survey of
chemical space. Others have applied related ideas to drug design22


and protein folding.23 Herein we describe a modified version of
the LCAP approach, where the gradient (which directs the next
step of the optimization) is approximated by finite differences. It
is a general algorithmic method for finding optimal solutions of
various optimization problems, by keeping the best intermediate
solution found. This method is a limiting case of the LCAP ap-
proach that resembles the “branch and bound” algorithm,24,25 and
is especially useful in discrete and combinatorial optimizations.


A medium-sized quinone-based virtual library (1000 com-
pounds) was designed for the computational search with the LCAP
method. The goal of the search was to find diverse quinones
with E1/2 close to ∼105 mV. We also report here the synthesis
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and enzyme inhibition measurements of three new quinone-based
inhibitors for Cdc25B, whose analysis of half-wave potentials
provides a valid test case for the underlying hypothesis that E1/2


correlates with quinone toxicity (as measured by H2O2 generation
and cytotoxicity analyses).


Methods


Computational studies


Fig. 1 shows the framework of the molecular library to be
searched: A quinone scaffold, with four variable positions (X1,
X2, Y and Z). The Y group determines the ring size as either five-
or six-membered. The amine moiety serves to attach solubilizing
substituents and to decrease the electrophile-accepting properties
of the quinones. The total size of the library is 8 × 5 × 5 × 5 =
1000 possible targets (Fig. 2 and 3).


Fig. 1 Molecular library used in designing inhibitors for Cdc25B.


All geometries of sample molecules were optimized with the
AM1 semiempirical method,26 as implemented in the DYNAMO27


code. For each optimized geometry, ELUMO was computed, and E1/2


was calculated using eqn (1). In order to locate molecules with E1/2


∼105 mV in the library, a penalty function was constructed, and
the optimization target was changed to identify molecules with the
highest t value:


(2)


In eqn (2), the denominator of the exponent changes the
magnitude of the penalty, and the numerator determines where
the maximum is located.


The optimization algorithm is:
1. Begin with a molecule A (by random selection of chemical


groups for each of the j = 1. . .4 positions)
2. Calculate property PA of molecule A


• Do AM1 geometry optimization for molecule A
• Calculate AM1 ELUMO in the new geometry
• Use eqn (1) to calculate E1/2


• Use eqn (2) to calculate t
3. Determine for each position which chemical group will give


more desirable properties. There are j = 1. . .4 positions, and nR
i


possible groups for each Rj position. For each position Rj, freeze
all other R, and alternate all possible groups for this position:


• Build molecule B by changing only group nj
i at position Rj,


keeping all other groups as in A
• Calculate property PB of molecule B
• Do AM1 geometry optimization for molecule A, calculate


ELUMO in the new geometry, use eqn (1) to calculate E1/2 and use
eqn (2) to calculate t


• Find the group nj
i that has the largest t for each position Rj


4. Build the next molecule Anew, containing all nj
i groups (one


per Rj position) that have the largest property


5. Test to see if the new molecule, Anew, was previously visited.
If no – go to step 2 for another cycle. If yes – end optimization.


Fig. 2 Two typical optimization paths were found in the optimization,
one long (Path 1), and one short (Path 2).


Fig. 3 Results of enumeration of all 1000 library molecules, including
(for each molecule) AM1 geometry optimization, calculating ELUMO, and
evaluating E1/2 and the penalty function t, according to eqn (1). The
molecule with largest t (Q1) is shown: E1/2 = 107.1 mV, t = 0.9995.


Synthesis


Construction of quinones WDP1079 and WDP1149 began from
commercially available 2,5-dimethoxyaniline 1, which, upon treat-
ment with Meldrum’s acid in the presence of trimethyl ortho-
formate, afforded the known arylamino-methylene derivative 2
(Scheme 1).28 Bromination of the arene followed by thermal
cyclization generated the desired quinolone 3.29 Exposure of 3
to POCl3


30 provided the 4-chloroquinoline derivative 4,29 which
served as the common intermediate for the synthesis of quinone
target molecules. Oxidative demethylation of 4 using cerium(IV)
ammonium nitrate provided access to the quinone that was
subsequently exposed to 4-(2-aminoethyl)morpholine to afford the
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Scheme 1 Synthesis of the quinoline-5,8-dione WDP1079.


functionalized quinone 5.31 The desired product, WDP1079, was
obtained by treatment of 5 with N-chlorosuccinimide (NCS).32


Starting from 4-chloroquinoline 4, treatment with NaOMe
in MeOH resulted in formation of the trimethoxyquinoline 6
(Scheme 2). Analogous to the synthetic sequence shown in
Scheme 1, substituted quinone 7 was readily obtained. Installation
of a fluorine substituent was conducted utilizing Selectfluor R© to
afford WDP1149.33


Scheme 2 Extension of the synthetic approach to WDP1149.


The synthesis of WDP1263 started from commercially available
2-amino-3-nitrophenol 8 (Scheme 3). Hydrogenation of the nitro
group afforded the diamine derivative 9,34 which was then con-
densed with a glyoxal equivalent to access quinoxaline 10 in 82%
yield over the two steps.35 Oxidation of the arene with hypervalent
iodine reagent36 generated the known quinone 11.37 This step was
followed by oxidative addition of 4-(2-aminoethyl)morpholine to
the quinone scaffold to afford 12. Chlorination of the vinylogous
amide with NCS completed the synthesis of WDP1263.


Biological assays


The generic tyrosine phosphatase substrate O-methylfluorescein
phosphate (OMFP) was used with the catalytic domain of
Cdc25B to determine the inhibitory properties of inverse de-
signed quinoids. The in vitro Cdc25B assay has been previously
described.38 Briefly, recombinant human Cdc25B catalytic domain
was incubated with test compounds and OMFP for 60 min,


Scheme 3 Synthesis of the quinoline-5,8-dione WDP1263.


and the change in fluorescence intensity was measured (485 nm
excitation/525 nm emission) using a Spectromax M5 microtiter
plate reader (Molecular Devices). Percent inhibition was cal-
culated relative to maximum and minimum controls and IC50


values were determined from a 10-point concentration curve from
25 lM to 0.2 lM fit to a four-parameter non-linear logistic model
(also called the sigmoidal dose-response model) using GraphPad
Prism 4.0 in two independent experiments performed in triplicate.
Growth inhibition assays were conducted as previously described40


with minor modifications using human A549 lung cancer cells
cultured in the presence of compounds for 48 h and CellTiter blue
as described by the manufacturer (Promega, Madison, WI).


Hydrogen peroxide generation was quantified as previously
described.39


Results and discussion


For the LCAP approach, 25 optimization runs were performed
(each beginning with a different, random seed structure) with an
average of 4.6 steps per optimization, and during each step the
properties of 20 molecules were calculated. In 24 of these runs,
Q1 (E1/2= 107.1 mV) was found among the optimization targets.
Two other interesting molecules were also identified in the same
optimizations, in the penultimate step, Q2 (E1/2= 118.1 mV) and
the step before it (in only 12 runs), Q3 (E1/2= 89.8 mV). One
optimization found a different quinone product from Q1 as the
optimization target (E1/2 = 125.8 mV). Fig. 2 shows two typical
optimization paths.


To validate that the optimization strategy used here indeed
found the optimal compounds in the library (the molecules with
highest t), we calculated the t value of all 1000 molecules in the
library using direct enumeration. Table 1 shows the top 8 molecules
(out of 1000) in the library ranked according to t values, and Q1
(the compound found in the optimization), was indeed the quinone
with highest t, thus confirming the validity of the optimization
algorithm. Fig. 3 shows the values of all calculated molecules
versus t.


The inverse design optimization found three molecules (Q1, Q2
and Q3) as candidates based on the computed redox properties.
Before embarking on a large scale application of this method-
ology, three structurally related, synthetically readily accessible
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Table 1 The eight highest calculated t values from a library of 1000
quinones


Z X1 X2 Y ELUMO/eV E1/2 (mV) t Name


OH N N C2H2 −1.770 107.1 0.9995 Q1
H N N O −1.771 108.5 0.9988
F N N C2H2 −1.782 118.1 0.9830 Q2
F N COH C2H2 −1.752 89.8 0.9772 Q3
F N CF O −1.790 125.9 0.9574
F CF COH C2H2 −1.741 79.9 0.9391
F CF N O −1.795 130.8 0.9356
F CF COH C2H2 −1.741 78.5 0.9324


Table 2 IC50 values for Cdc25B inhibition of quinone-based inhibitors,
compared to their respective calculated properties


Compound
IC50 ± SEM/lM
(N = 6)


ELUMO/eV,
calculated


E1/2/mV,
calculated


WDP1149 5.3 ± 0.6 −1.57 −84
WDP1079 1.1 ± 0.1 −1.75 86
WDP1263 0.5 ± 0.1 −1.86 186


molecules (WDP1263, WDP1079 and WDP1149) were prepared.
The measured Cdc25 inhibitory activities as well as the calculated
AM1 ELUMO and half-wave potentials of these molecules are shown
in Table 2. The IC50 values of WDP1263, WDP1079 and WDP1149
against the Cdc25B catalytic domain were 0.5 ± 0.1 lM, 1.1 ±
0.1 lM and 5.3 ± 0.6 lM (± SEM; N = 6), respectively. Subsequent
cytotoxicity assays in the Cdc25B-expressing lung cancer cell line
A549 positioned WDP1079 as the most active derivative, with
an IC50 value of 2.7 lM (Table 3). WDP1149 and WDP1263
ranked closely behind with IC50 values of 9.5 and 22.3 lM. The
cytotoxicity of the control quinones DA3003-1 and NSC95397
was in agreement with earlier measurements.40 This seemed to
indicate that an optimal half-wave potential of E1/2 ∼105 mV
indeed provided some advantages at the cellular level, even though
arguably both the enzyme inhibition data as well as the cellular
activities of all three test compounds were within a relatively small
single order of magnitude. A larger difference had been expected
since their E1/2 covered a significant range of 270 mV from negative
to positive values.


Furthermore, while WDP1263, for which the lowest ELUMO and
the highest half-wave potential were calculated, was the most
potent Cdc25B inhibitor with an IC50 of 500 nM, this compound
also produced very significant levels of H2O2 at 25 and 50 lM
when incubated in the presence of 0.8 mM DTT (EC50 = 1.4 lM,
Table 4). The E1/2 = 186 mV of WDP1263 should have prevented
redox cycling through its reduced state. WDP1079 was also quite
active in this assay with an EC50 value of 14 lM. Remarkably,
WDP1149 in contrast was significantly less potent and only


Table 3 A549 cytotoxicity assays


Compound IC50 ± SEM/lM (N = 6)


WDP1149 9.52 ± 0.33
WDP1079 2.69 ± 0.08
WDP1263 22.28 ± 0.62
DA3003-1 1.48 ± 0.04
NSC95397 7.59 ± 0.44


Table 4 H2O2 generation as a measure for redox cycling potential


Quinone EC50/lM (N = 2)


WDP1149 180 ± 15
WDP1079 14.0 ± 0.1
WDP1263 1.4 ± 0.02
NSC95397 5.6 ± 0.9
DA3003-1 1.7 ± 0.04


produced detectable levels of H2O2 at 50 lM (EC50 = 180 lM).
Accordingly, no straightforward correlation can be drawn between
a low E1/2 and the ability of quinones to engage in redox cycling
and generate hydrogen peroxide in the presence of DTT. While the
E1/2 remains likely to influence the overall reactivity of the quinone
scaffold and determine relative rates in the reaction with charged
species and nucleophiles, enzyme inhibition, redox cycling, and
overall cytotoxicity are apparently more strongly influenced by
other, less readily tractable structural features.


It is possible that the relative inability of WDP1149 to gen-
erate hydrogen peroxide is due to the high level of captodative
stabilization41 of the quinone radical anion. Classical resonance
structures show the unpaired electron positioned a to the donor
methoxy group as well as the strong fluoride acceptor substituent
(Fig. 4).


Fig. 4 Resonance structures illustrating the captodative stabilization of
the radical anion of WDP1149 (right).


Conclusions


Redox cycling and ROS formation by quinones are potentially
unselective pathways for enzyme inhibition and can mediate a high
level of undesirable toxicity. Computational methods are capable
of fine-tuning the electronic properties of the quinone scaffold.
The inverse design approach was applied to expedite quinone
modification and structure–property correlations. Three probe
molecules were synthesized to test the correlation between half-
wave potential E1/2, Cdc25 inhibition, cellular toxicities, and redox
cycling. Attractive Cdc25B inhibitory values and antitumor cell
activities were accomplished. However, in contrast to a previously
reported hypothesis, a correlation between redox cycling and E1/2


was not established. More likely, captodative stabilization of the
quinone radical anion is responsible for a significant decrease in
hydrogen peroxide formation in a DTT coupled redox cycling
assay.
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Experimental


General


All reactions were performed under a nitrogen or argon atmo-
sphere unless otherwise noted. All reagents and solvents were
used as received. Analytical thin layer chromatography (TLC)
was performed on SiO2 60 F-254 plates available from Merck.
Visualization was accomplished by UV irradiation at 254 nm
and/or by staining with para-anisaldehyde (7.5 mL of para-
anisaldehyde, 25 mL of conc. H2SO4, and 7.5 mL of acetic acid
in 675 mL of 95% ethanol. Flash column chromatography was
performed using SiO2 60 (particle size 0.040–0.055 mm, 230–
400 mesh).


Melting points were obtained on a Meltemp capillary melting
point apparatus fitted with a Fluke 51 II digital thermometer.
Infrared spectral data were obtained from a Perkin Elmer Spec-
trum 100 FT-IR spectrometer using the Universal ATR Sampling
Accessory for both oil and solid compounds. Proton and carbon
NMR spectra were recorded at 300 MHz/75 MHz (1H NMR/13C
NMR) and 600 MHz/150 MHz (1H NMR/13C NMR) in CDCl3


unless otherwise noted. Chemical shifts are reported as d values in
parts per million (ppm) as referenced to residual solvent. 1H NMR
spectra are reported as follows: chemical shift, multiplicity (s =
singlet, bs = broad singlet, d = doublet, dd = doublet of doublets,
ddd = doublet of doublet of doublets, m = multiplet), number of
protons, and coupling constant(s). Mass spectra were obtained at
the University of Pittsburgh Mass Spectrometry facility.


5-[(2,5-Dimethoxyphenylamino)methylene]-2,2-dimethyl-
[1,3]dioxane-4,6-dione (2)


This compound was prepared according to the literature procedure
by Valderrama.42 Mp 164–165 ◦C; IR (neat, cm−1) 3245.7, 2995.4,
2836.9, 1726.4, 1674.8, 1636.4, 1593.6, 1451.1, 1275.5; 1H NMR
(CDCl3, 300 MHz) d 11.56 (d, 1H, J = 14.4 Hz), 8.64 (d, 1H, J =
14.7 Hz), 6.93–6.88 (m, 2H), 6.75 (dd, 1H, J = 2.7, 9.0 Hz), 3.92
(s, 3H), 3.82 (s, 3H), 1.76 (s, 6H); 13C NMR (CDCl3, 150 MHz) d
165.2, 163.9, 154.3, 150.8, 143.6, 127.5, 112.6, 111.7, 105.0, 101.7,
87.4, 56.5, 55.97, 27.05; HRMS (ESI) m/z calc for C15H17NO6Na
(M + Na) 330.0954, found 330.0959.


5-[(4-Bromo-2,5-dimethoxyphenylamino)methylene]-2,2-dimethyl-
[1,3]dioxane-4,6-dione


This compound was prepared according to the literature procedure
by Echavarren.43 1H NMR (CDCl3, 300 MHz) d 11.56 (d, 1H, J =
14.7 Hz), 8.63 (d, 1H, J = 14.4 Hz), 7.20 (s, 1H), 6.87 (s, 1H),


3.93 (s, 3H), 3.92 (s, 3H), 1.77 (s, 6H); HRMS (ESI) m/z calc for
C15H16BrNO6Na (M + Na) 408.0059, found 408.0072.


6-Bromo-5,8-dimethoxy-1H-quinolin-4-one (3)


This compound was prepared according to the literature procedure
by Echavarren.43 Mp 244–245 ◦C; 1H NMR (DMSO-d6, 300 MHz)
d 11.3 (bs, 1H), 7.68–7.64 (m, 1H), 7.40 (s, 1H), 6.01 (d, 1H,
J = 7.2 Hz), 3.97 (s, 3H), 3.70 (s, 3H); HRMS (EI) m/z calc for
C11H10BrNO3 282.9844, found 282.9845.


6-Bromo-4-chloro-5,8-dimethoxyquinoline (4)43


Compound 3 (5.3 g, 18.7 mmol) was dissolved in POCl3 (70 mL)
and heated at reflux for 30 min. After the reaction mixture
was cooled to room temperature, it was carefully added to an
Erlenmeyer flask containing ice–water (100 mL). Note: Large scale
production of 4 required extreme caution in the addition to the
ice water due to the highly exothermic nature of the process. The
acidic aqueous solution was then neutralized with 5 N NaOH
and extracted with CH2Cl2 (3 × 150 mL). The combined organic
extracts were washed with H2O (100 mL), dried (MgSO4), and
concentrated. The crude residue was purified by chromatography
on SiO2 (50% EtOAc–hexanes → 100% EtOAc) to yield 4 (5.37 g,
17.7 mmol, 95%) as a pale yellow solid: Mp 91–92 ◦C; IR
(neat, cm−1) 2938.1, 2838.5, 1574.6, 1490.7, 1231.7; 1H NMR
(CDCl3, 300 MHz) d 8.70 (d, 1H, J = 4.8 Hz), 7.50 (d, 1H,
J = 4.8 Hz), 7.18 (s, 1H), 4.03 (s, 3H), 3.85 (s, 3H); 13C NMR
(CDCl3, 75 MHz) d 152.2, 148.4, 145.4, 141.6, 139.6, 125.1, 122.5,
116.5, 112.6, 62.1, 56.4; HRMS (EI) m/z calc for C11H9BrClNO2


300.9505, found 300.9507.


4-Chloro-6-(2-morpholin-4-yl-ethylamino)quinoline-5,8-dione (5)


Compound 4 (217 mg, 0.72 mmol) was dissolved in CH3CN
(10 mL) and cooled in an ice bath. Cerium(IV) ammonium nitrate
(CAN) (1.6 g, 2.9 mmol) in H2O (5 mL) was then added and the
reaction mixture was allowed to stir for 4 hours with slow warming
to room temperature. It was diluted with H2O (15 mL) and the
solution was extracted with CHCl3 (3 × 50 mL). The combined
organic extracts were dried (MgSO4) and concentrated. The crude
material was taken onto the next step without further purification.
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The crude quinone was dissolved in EtOH (12 mL),
and CeCl3·7H2O (294 mg, 0.79 mmol) followed by 4-(2-
aminoethyl)morpholine (0.103 mL 0.79 mmol) were added at room
temperature. The resulting dark red reaction mixture was allowed
to stir overnight at room temperature, concentrated and diluted
with CH2Cl2 (20 mL). The CH2Cl2 solution was washed with H2O
(10 mL), dried (MgSO4), filtered and concentrated to yield a red
residue. The crude material was purified by chromatography on
SiO2 (50% EtOAc–hexanes → 100% EtOAc → 100% CHCl3 →
10% MeOH–CHCl3) to yield 5 (103.2 mg, 0.32 mmol, 44%
(2 steps)) as a red solid: Mp 179–181 ◦C; IR (neat, cm−1) 3325.6,
2960.2, 2835.7, 1672.3, 1610.9, 1548.3, 1344.5, 1108.5; 1H NMR
(CDCl3, 300 MHz) d 8.84 (d, 1H, J = 5.1 Hz), 7.59 (d, 1H, J =
5.1 Hz), 6.71 (bs, 1H), 5.92 (s, 1H), 3.76 (dd, 4H, J = 4.5, 4.8 Hz),
3.25 (ddd, 2H, J = 5.4, 5.4, 5.7 Hz), 2.71 (dd, 2H, J = 5.7,
6.0 Hz), 2.51 (dd, 4H, J = 4.5, 4.5 Hz); 13C NMR (CDCl3, 75 MHz)
d 179.7, 179.3, 153.9, 151.5, 148.0, 144.7, 129.2, 124.1, 101.1, 66.9,
55.4, 53.2, 38.4; HRMS (ESI) m/z calc for C15H17ClN3O3 (M +
H) 322.0958, found 322.0934.


4,7-Dichloro-6-(2-morpholin-4-yl-ethylamino)quinoline-5,8-dione
(WDP1079)


N-Chlorosuccinimide (18.7 mg, 0.14 mmol) was added to a
solution of quinone 5 (45 mg, 0.14 mmol) in MeOH (14 mL).
The reaction mixture was allowed to stir overnight at room
temperature, concentrated and purified by chromatography on
SiO2 (50% EtOAc–hexanes → 100% EtOAc → 10% MeOH–
CH2Cl2) to yield WDP1079 as a red solid (32.4 mg, 0.09 mmol,
65%): Mp 152–154 ◦C; IR (neat, cm−1) 3211.4, 2959.8, 2850.8,
2828.9, 1674.6, 1602.5, 1553.3, 1324.5, 1200.8; 1H NMR (CDCl3,
300 MHz) d 8.82 (d, 1H, J = 5.1 Hz), 7.58 (d, 1H, J = 5.4 Hz),
7.1 (bs, 1H), 3.98 (ddd, 2H, J = 5.4, 5.7, 5.7 Hz), 3.77 (dd, 4H,
J = 4.5, 4.5 Hz), 2.68 (dd, 2H, J = 6.0, 6.0 Hz), 2.53 (dd, 4H,
J = 4.5, 4.5 Hz); 13C NMR (CDCl3, 75 MHz) d 178.3, 173.6, 153.8
(2C), 150.6, 144.8, 129.3 (2C), 123.7, 66.9, 56.6, 52.9, 40.9; HRMS
(ESI) m/z calc for C15H16Cl2N3O3 (M + H) 356.0569, found
356.0546.


6-Bromo-4,5,8-trimethoxyquinoline (6)44


A 25 wt% NaOMe solution in MeOH (150 mL) was added to
compound 4 (3.78 g, 12.5 mmol) in a round-bottomed flask
and heated to 65 ◦C for 35 minutes. After cooling the reaction
mixture, H2O (100 mL) was added and the resulting aqueous
solution was neutralized with 2 N HCl. The aqueous layer was
extracted with CH2Cl2 (3 × 150 mL) and the organic extracts were
washed with H2O (100 mL), dried (MgSO4), and concentrated.
The resulting residue was purified by chromatography on SiO2 (5%


MeOH–CH2Cl2) to yield 6 as a yellow solid (2.53 g, 8.49 mmol,
68%): Mp 140–142 ◦C; IR (neat, cm−1) 3068.4, 2966.3, 2937.1,
1578, 1504.9, 1395.9, 1063; 1H NMR (CDCl3, 300 MHz) d 8.71
(d, 1H, J = 5.1 Hz), 7.14 (s, 1H), 6.82 (d, 1H, J = 5.4 Hz), 4.03
(s, 3H), 4.01 (s, 3H), 3.81 (s, 3H); 13C NMR (CDCl3, 75 MHz) d
163.5, 151.0, 149.6, 145.8, 140.0, 129.3, 117.4, 114.9, 112.8, 102.7,
61.7, 56.5, 56.4; HRMS (EI) m/z calc for C12H11BrNO3 (M − H)
295.9922, found 295.9919.


4-Methoxy-6-(2-morpholin-4-yl-ethylamino)quinoline-5,8-
dione (7)


Quinoline 6 (1.7 g, 5.7 mmol) was dissolved in CH3CN (70 mL)
and cooled in an ice bath. In a separate Erlenmeyer flask, CAN
(12.5 g, 22.8 mmol) was dissolved in H2O (30 mL) then transferred
to an addition funnel. The CAN solution was added dropwise to
the CH3CN solution, and the mixture was allowed to stir for 4 h
with slow warming to room temperature. The reaction mixture
was then diluted with H2O (100 mL) and extracted with CH2Cl2


(3 × 100 mL). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo to yield the crude quinone, which
was taken on to the next step without further purification.


The crude quinone (1.5 g) was dissolved in EtOH (120 mL)
and CeCl3·7H2O (2.3 g, 6.27 mmol) was then added. The reaction
mixture was allowed to stir until dissolution was obtained. 4-(2-
Aminoethyl)morpholine (0.82 mL, 6.27 mmol) was then added at
room temperature, which quickly turned the reaction mixture to a
dark red color, and stirred overnight. The solvent was evaporated
and the resulting residue was diluted with H2O (50 mL) and
extracted with CH2Cl2 (3 × 100 mL). The combined organic layers
were dried (MgSO4), filtered and concentrated in vacuo to yield a
red residue. The crude material was purified by chromatography
on SiO2 (10% MeOH–EtOAc → 10% MeOH–CH2Cl2) to yield 7
as an orange oil (633 mg, 2.0 mmol, 35% (2 steps)): IR (neat, cm−1)
3359.2, 2922.5, 2852.1, 1740.5, 1673.9, 1603.7, 1572.3, 1200.5; 1H
NMR (CDCl3, 300 MHz) d 8.83 (d, 1H, J = 6.0 Hz), 7.08 (d, 1H,
J = 6.0 Hz), 6.69 (bs, 1H), 5.82 (s, 1H), 4.08 (s, 3H), 3.74 (dd, 4H,
J = 4.5, 4.5 Hz), 3.22 (ddd, 2H, J = 5.4, 5.7, 5.7 Hz), 2.70 (dd,
2H, J = 6.0, 6.0 Hz), 2.50 (dd, 4H, J = 4.5, 4.5 Hz); 13C NMR
(CDCl3, 75 MHz) d 180.7, 180.2, 165.7, 155.7, 151.8, 148.1, 116.4,
109.8, 100.1, 66.8, 56.7, 55.3, 53.1, 38.2; HRMS (ESI) m/z calc
for C16H20N3O4 (M + H) 318.1454, found 318.1439.


7-Fluoro-4-methoxy-6-(2-morpholin-4-yl-ethylamino)quinoline-
5,8-dione (WDP1149)


Quinone 7 (47.5 mg, 0.15 mmol) was dissolved in CH3CN (3 mL)
followed by the addition of 4 Å molecular sieves. Selectfluor R©


(106.3 mg, 0.3 mmol) was then added and the reaction mixture was
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stirred for 18 h at room temperature, transferred to a separatory
funnel and diluted with H2O (5 mL). The aqueous layer was
extracted with CHCl3 (3 × 5 mL) and the combined organic
extracts were dried (MgSO4), filtered and concentrated in vacuo
to yield an orange/red residue. The crude material was purified by
chromatography on SiO2 (5% MeOH–CH2Cl2) to yield WDP1149
as an orange amorphous solid (10 mg, 0.03 mmol, 20%): IR
(neat, cm−1) 3348.5, 2923.1, 2852.3, 1674.7, 1605.5, 1569.4, 1474.2,
1196.8; 1H NMR (CDCl3, 300 MHz) d 8.82 (d, 1H, J = 6.0 Hz),
7.08 (d, 1H, J = 6.0 Hz), 6.39 (bs, 1H), 4.08 (s, 3H), 3.76 (dd, 4H,
J = 4.5, 4.8 Hz), 3.72–3.66 (m, 2H), 2.66 (dd, 2H, J = 5.7, 6.0 Hz),
2.52 (dd, 4H, J = 4.5, 4.5 Hz); 13C NMR (CDCl3, 75 MHz) d 179.8
(d, J = 12.75 Hz), 172.9 (d, J = 15.75 Hz), 165.5, 155.8, 150.2 (d,
J = 6.75 Hz), 141.3 (d, J = 247.5 Hz), 133.9, 115.5, 110.2, 66.8,
56.8, 53.1 (2C), 40.0 (d, J = 7.5 Hz); HRMS (ESI) m/z calc for
C16H19FN3O4 (M + H) 336.1360, found 336.1366.


2,3-Diaminophenol (9)


2-Amino-3-nitrophenol 8 (2 g, 12.98 mmol) was dissolved in
MeOH (100 mL) and 10% Pd/C (200 mg) in MeOH (5 mL),
prepared in a separate flask, was added via pipette. The reaction
mixture was allowed to stir under H2 (1 atm) for 5 h, upon which
the starting material was consumed as observed by TLC. The
reaction mixture was filtered through Celite and concentrated in
vacuo to yield a brown solid (1.57 g). This product was taken on
to the next step without further purification.


Quinoxalin-5-ol (10)45


2,3-Diaminophenol 9 (1.57 g, 12.6 mmol) was dissolved in a
mixture of 4 M NaOAc (16 mL) and 2 M AcOH (24 mL) and
heated to 60 ◦C. In a separate flask, sodium glyoxal bisulfite
(3.5 g, 13.2 mmol) was dissolved in H2O (90 mL) and also
heated to 60 ◦C. When both solutions reached ∼60 ◦C, the
2,3-diaminophenol solution was then transferred by pipette to
the sodium glyoxal bisulfite solution. The reaction mixture was
allowed to stir at 60 ◦C for 1 h. After cooling the mixture
to room temperature, the pH was adjusted to ∼8 using 1 N
NaOH. The resulting aqueous solution was extracted with EtOAc
(8 × 100 mL), dried (MgSO4), filtered, and concentrated in vacuo
to afford a brown solid. The crude material was purified by
chromatography on SiO2 (10% EtOAc–hexanes → 50% EtOAc–
hexanes) to yield 10 as a yellow solid (1.57 g, 10.7 mmol, 82%
(2 steps)): Mp 100–102 ◦C; IR (neat, cm−1) 3300.4, 1620.7, 1577.9,
1498.4, 1258.4; 1H NMR (CDCl3, 600 MHz) d 8.92 (d, 1H, J =
1.2 Hz), 8.74 (d, 1H, J = 1.8 Hz), 7.72 (d, 1H, J = 7.2 Hz),
7.68 (dd, 1H, J = 1.2, 8.4 Hz), 7.27 (dd, 1H, J = 1.2, 7.8 Hz); 13C
NMR (CDCl3, 150 MHz) d 152.0, 145.6, 143.2, 142.2, 132.9, 131.4,
119.7, 111.0; HRMS (EI) m/z calc for C8H6N2O (M) 146.0480,
found 146.0483.


Quinoxaline-5,8-dione (11)46


Quinoxalin-5-ol 10 (49.5 mg, 0.34 mmol) was dissolved in
CH3CN–H2O (1 mL/0.5 mL) and cooled in an ice bath. In a
separate flask, [bis(trifluoroacetoxy)iodo]benzene (PIFA, 322 mg,
0.75 mmol) was dissolved in CH3CN–H2O (1 mL/0.5 mL) and
added dropwise to the solution containing 10 at 0 ◦C. The reaction
mixture was allowed to stir for 4 h, then diluted with H2O (5 mL).
The aqueous solution was extracted with EtOAc (3 × 10 mL), dried
(MgSO4), filtered, and concentrated in vacuo to afford a brownish
solid. The crude material was purified by chromatography on SiO2


(20% EtOAc–hexanes → 50% EtOAc–hexanes → 100% EtOAc)
to afford 11 as a yellow solid (25 mg, 0.16 mmol, 46%): Mp 171.7–
172.5 ◦C; IR (neat, cm−1) 3044.4, 1673, 1603.1, 1313.9, 1086.6; 1H
NMR (CDCl3, 600 MHz) d 9.08 (s, 2H), 7.27 (s, 2H); 13C NMR
(CDCl3, 150 MHz) d 182.6, 149.1, 143.7, 138.7; HRMS (EI) m/z
calc for C8H4N2O2 (M) 160.0273, found 160.0273.


6-(2-Morpholin-4-yl-ethylamino)quinoxaline-5,8-dione (12)


Quinone 11 (109 mg, 0.68 mmol) was dissolved in EtOH
(17 mL) and CeCl3·7H2O (279 mg, 0.75 mmol) was added. The
reaction mixture was stirred until dissolution was achieved. 4-(2-
Aminoethyl)morpholine (0.098 mL, 0.75 mmol) was then added at
room temperature upon which the mixture became dark (greenish)
in color. The solution was stirred overnight, diluted with H2O
(30 mL) and extracted with CHCl3 (3 × 75 mL). The resulting
organic layers were dried (MgSO4), filtered and concentrated in
vacuo to yield a crude residue. The crude material was purified by
chromatography on SiO2 (5% MeOH–CH2Cl2) to yield 12 as a red
solid (122 mg, 0.42 mmol, 62%): Mp 150–153 ◦C; IR (neat, cm−1)
3345.1, 2915.5, 2852.1, 1698.4, 1600.2, 1558.2, 1465.5; 1H NMR
(CDCl3, 300 MHz) d 8.99 (d, 1H, J = 2.4 Hz), 8.92 (d, 1H,
J = 2.1 Hz), 6.74 (bs, 1H), 5.99 (s, 1H), 3.75 (dd, 4H, J = 4.5,
4.8 Hz), 3.29 (ddd, 2H, J = 5.7, 5.7, 5.7 Hz), 2.73 (dd, 2H, J = 6.0,
6.3 Hz), 2.52 (dd, 4H, J = 4.5, 4.8 Hz); 13C NMR (CDCl3, 75
MHz) d 179.7, 179.6, 149.1, 148.0, 147.3, 145.6, 142.9, 102.0, 66.8,
55.3, 53.1, 38.6; HRMS (ESI) m/z calc for C14H17N4O3 (M + 1)
289.1301, found 289.1300.


6-Chloro-7-(2-morpholin-4-yl-ethylamino)quinoxaline-5,8-dione
(WDP1263)


A solution of quinone 12 (42.8 mg, 0.15 mmol) in MeOH (15 mL)
was treated with N-chlorosuccinimide (20.0 mg, 0.15 mmol).
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The reaction mixture was allowed to stir overnight at room
temperature. The solvent was evaporated and the residue was
purified by chromatography on SiO2 (50% EtOAc–hexanes →
100% EtOAc → 10% MeOH–CH2Cl2) to yield WDP1263 as a dark
red amorphous solid (33.5 mg, 0.104 mmol, 69%): IR (neat, cm−1)
3270, 2957.6, 2853.3, 1703.5, 1648.2, 1593.4, 1557.7, 1325.7; 1H
NMR (CDCl3, 300 MHz) d 9.0 (d, 1H, J = 2.1 Hz), 8.92 (d, 1H,
J = 2.1 Hz), 7.22 (bs, 1H), 4.02 (ddd, 2H, J = 5.4, 5.7, 5.7 Hz),
3.76 (dd, 4H, J = 4.5, 4.5 Hz), 2.72 (dd, 2H, J = 5.7, 6.0 Hz), 2.55
(dd, 4H, J = 4.5, 4.8 Hz); 13C NMR (CDCl3, 75 MHz) d 178.3
(2C), 149.1, 147.5 (2C), 145.1, 144.7, 142.3, 66.9, 56.4, 52.9, 40.97;
HRMS (ESI) m/z calc for C14H16ClN4O3 (M + H) 323.0911, found
323.0883.
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Tandemly activated tRNAs, bearing amino acid moieties at both the 2′- and 3′-positions of the
3′-terminal adenosine moiety (A76), have been shown to participate efficiently in protein synthesis
[B. Wang, J. Zhou, M. Lodder, R. D. Anderson, III and S. M. Hecht, J. Biol. Chem., 2006, 281, 13865].
The mechanism by which such activated tRNAs are able to donate both amino acids to the growing
polypeptide chain is not well understood. Here we report the chemical behavior and participation in
protein synthesis of new bisaminoacyl derivatives of pdCpA and tRNA. Both amino moieties of the
aminoacyl groups are shown to be important to enable participation in protein synthesis; paradoxically,
they also confer an unanticipated chemical stability toward different nucleophiles. The results obtained
suggest a model for participation of bisaminoacylated tRNAs in protein synthesis.


Introduction


While ribosomal protein synthesis ordinarily involves
(mono)aminoacylated tRNAs, Stepanov et al. have described the
formation of bis-(2′,3′-O-phenylalanyl)-tRNAs by phenylalanyl-
tRNA synthetase from Thermus thermophilus.1,2 This enzyme was
shown to form a tandemly activated tRNA using T. thermophilus
tRNAPhe as substrate, as well as Escherichia coli tRNAPhe.
Recently, we reported that it is possible to use such tandemly
activated tRNAs as participants in protein synthesis in spite of
the fact that they exhibit surprising chemical stability.3,4


The steps involved in protein synthesis with bisaminoacylated
tRNAs are outlined in Fig. 1. The bisaminoacylated tRNA is
capable of binding with the prokaryotic elongation factor complex
EF-TuGTP, which enables its introduction to the ribosomal
A (aminoacyl) site. It has been demonstrated that transfer of
the peptidyl moiety from the tRNA bound in the P (peptidyl)
site involves the aminoacyl moiety at the 3′-position of the
bisaminoacylated tRNA in the A- site; this was demonstrated
by analysis of the amino acid incorporated into firefly luciferase in
the presence of a bisaminoacylated tRNA having different amino
acids at the 2′- and 3′-positions.3,5


The steps outlined in Fig. 1 suggest that following peptide
acceptance and donation, the bisaminoacylated tRNA utilized
initially must be lost from the ribosome as a monoacylated
tRNA. Consistent with this interpretation is the finding that
under protein synthesis conditions limiting for bisaminocylated
tRNA, twice as much full-length protein was formed in the
presence of a bisaminoacylated tRNA as the corresponding
monoaminoacylated tRNA.3


An alternative mechanism, involving initial hydrolysis to a
monoacylated tRNA, was also excluded by the finding that the
yield of full-length protein doubled in the presence of bisaminoa-
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cylated tRNA.3 Also excluded by this finding was the possible
rearrangement of a bisaminoacylated tRNA to a dipeptidyl-
tRNA, the latter of which inserted two amino acids simultaneously
into the growing polypeptide chain. In fact, authentic dipeptidyl-
tRNAs were shown not to function in protein synthesis.3


Earlier studies of protein synthesis have documented the
requirement for a free 2′-OH group on peptidyl-tRNAs to support
their function as peptide donors.6–9 The absence of a 2′-OH group
in bisaminoacylated tRNAs does not preclude their participation
in protein synthesis, suggesting that the 2′-O-aminoacyl moiety
must somehow function in lieu of the 2′-OH group normally
present. To define the nature of the involvement of the 2′-O-
aminoacyl group in protein synthesis, this functionality has been
modified to permit identification of the functional groups required
to support protein biosynthesis.


Transfer RNAs modified at the 3′-end are accessible by T4
RNA ligase-mediated condensation of aminoacylated pCpA or
pdCpA derivatives with tRNAs or tRNA transcripts lacking the 3′-
terminal dinucleotide pCpA (Fig. 2).10–13 While mainly employed
for the elaboration of proteins containing non-natural amino acids
at predetermined sites,14,15 they have also been used to study the
mechanism of peptide bond formation.11,12,16,17 In the present study,
this strategy was employed to prepare modified bisaminoacyl-
tRNAs.


Presently, we describe the preparation and evaluation of bisacy-
lated 3′-O-alanyl-tRNACUAs bearing alanine (I), N-acetylalanine
(II) or desaminoalanine (propionic acid) (III) at the 2′-position of
A76 in the tRNAs (Fig. 3). The effects of these 2′-substituents on
the ability of 3′-O-alanyl-tRNA to function in protein synthesis are
discussed, as are the effects of the 2′-substituents on the chemical
reactivity of the alanine moiety. These findings support a model
which enables the participation of bisaminoacylated tRNAs in
protein biosynthesis.


Results and discussion


Synthesis of bisaminoacylated pdCpA derivatives and tRNAs


Aminoacylated pdCpA derivatives 1–6 were prepared as outlined
in the ESI†. They were used to study the relative reactivities of
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Fig. 1 Participation of bisaminoacylated tRNAs in the partial reactions of protein synthesis.


Fig. 2 Preparation of misacylated tRNAs by “chemical aminoacylation”.


these species toward representative N nucleophiles, and also to
prepare bisaminoacylated tRNAs (Fig. 3). All pdCpA derivatives
were purified by C18 reversed phase HPLC using a gradient of
0→63% acetonitrile in 50 mM NH4OAc, pH 4.5.


The N-pentenoyl protected bisaminoacylated pdCpA deriva-
tives were each ligated to abbreviated suppressor tRNACUA


transcripts lacking the cytidine and adenosine moieties normally
present at the 3′-terminus of all tRNAs (Fig. 2).13,18 The tRNA
transcript was obtained by in vitro run-off transcription of a Fok1-


linearized plasmid encoding the abbreviated tRNACUA (Fig. 2).19


The ligation reaction was catalyzed by T4 RNA ligase.10–13 The
completion of the ligation reaction was verified by polyacrylamide
gel electrophoresis at pH 4.5.20 The formed N-pentenoyl bisacy-
lated tRNAs were deprotected by treatment with aqueous iodine
as described.21–23


The ability of the bisacylated tRNAs to participate in protein
synthesis was investigated in a prokaryotic protein biosynthesizing
system programmed with the mRNA for a dihydrofolate reductase
construct in which a nonapeptide was fused at the N-terminus of
wild-type DHFR. A stop codon (UAG) was introduced in lieu
of the codon for Val10.19 As shown (Fig. 4), in the presence of
the deprotected monoalanyl- and bisalanyl-tRNACUAs, full length
fusion protein was obtained by suppression of the UAG codon at
position 10 of dihydrofolate reductase. The suppression yields for
monoalanyl- and bisalanyl-tRNAs were 22 and 26%, respectively.
In contrast, the bisaminoacylated tRNAs bearing one modified
amino acid instead of alanine (N-acetyl-S-alanine or propionic
acid) were not able to effect suppression of the UAG codon to a
significant extent.


Stability of bisacylated pdCpA derivatives in the presence of
nucleophiles


For the investigation of the chemical stability of bisacylated-
pdCpAs, the susceptibility of compounds 1 and 2 to two different
nucleophiles, namely n-butylamine and imidazole, was studied.
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Fig. 3 Aminoacyl-pdCpAs used for this study. Compound 1 is bis-alanyl-pdCpA, compound 2 is 2-O-(N-acetylalanyl)-3-O-(alanyl)-pdCpA and
compound 3 is 2-O-propionyl-3-O-alanyl-pdCpA. The latter two compounds lack one free amino group normally present in tandemly substituted
pdCpAs. Also shown are the tRNAs (I–III) derived from these bisaminoacylated pdCpAs. Additionally, aminoacylated pdCpA derivatives 4–6 were used
to study the time course of deacylation by imidazole and n-butylamine.


Initially, pdCpA was tested as a substrate to determine whether
any reaction with the nucleobases, phosphate groups or sugar
moieties would occur. No reaction with pdCpA was observed, even
after 24 h or with a large molar excess of nucleophile. Accordingly,
the reactivities of mono-2′(3′)-O-alanyl-pdCpA (4) and bis-2′,3′-
O-alanyl-pdCpA (1) to n-butylamine and imidazole were studied.
The kinetics of the hydrolysis of these compounds over 2 h is
shown (Fig. 5). As expected, compound 4 was completely absent
after 120 min in the presence of n-butylamine or imidazole.
The only product was pdCpA, as confirmed by HPLC retention
time and molecular weight analysis by mass spectrometry. When
compound 1 was treated with the same two nucleophiles under


the same conditions, the majority of the starting material was still
present.


The appearance of a peak in the HPLC trace corresponding
to pdCpA was observed in 10–20% yield after 2 h. Thus, the
bisacylated dinucleotide was clearly more stable than its analogous
monoacylated derivative toward nucleophiles. To better under-
stand the increased and unanticipated stability of the bisalanyl-
pdCpA, compound 2 (2′-O-(N-acetylalanyl)-3′-O-alanyl-pdCpA)
was studied under the same conditions. In this case, mono-2′(3′)-O-
(N-acetylalanyl)-pdCpA (5) was used for comparison. As shown
(Fig. 6), compound 2 was much less stable than 5 in the presence
of the nucleophiles, undergoing 90% conversion to pdCpA after
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Fig. 4 Incorporation of alanine into position 10 of DHFR from mono-
and bisalanyl-tRNAs (by suppression of a UAG codon). Lane 1, wild-
type DHFR; lane 2, no tRNA; lane 3, alanyl-tRNACUA; lane 4,
bisalanyl-tRNACUA (I); lane 5, 2-O-(N-acetylalanyl)-3-O-(alanyl)-tRNACUA


(II); lane 6, 2-O-propionyl-3-O-alanyl-tRNACUA (III).


120 min incubation with n-butylamine and 40% conversion to
pdCpA after treatment with imidazole. In contrast, compound 5
underwent less than 20% conversion to pdCpA after treatment
with the nucleophiles. The behavior of 5 was expected since the
presence of the acetyl group should diminish the electrophilicity
of the ester moiety. In contrast, the greater lability of 2 to
nucleophiles, as compared with 5 (and 1), was unanticipated. The
conversion of 2 to pdCpA presumably involves the intermediacy of
a monoacylated pdCpA (i.e., either 4 or 5). As is clear from Fig. 6,
aminoacylated dinucleotide 5 is converted to pdCpA less quickly
than 2, and is thus not kinetically competent to be the intermediate
on the pathway from 2 to pdCpA. In contrast, initial conversion
of 2 to alanyl-pdCpA (4) would afford a species whose subsequent
conversion to pdCpA is faster than the overall rate of conversion
of 2 to pdCpA. The presumed conversion 2 → 4 → pdCpA is


fully consistent with the absence of any observed intermediate
during the conversion of 2 to pdCpA. An analogous observation
was made for compound 3, which underwent 65% conversion
to pdCpA after 2 h of treatment with n-butylamine, and 43%
conversion after treatment with imidazole for 2 h (data not shown).
Finally, the pdCpA derivative containing two N-acetylalanine
moieties (6) was subjected to n-butylamine and imidazole under
the same conditions. As shown (Fig. 7), this compound underwent
conversion to pdCpA very slowly.


Bisaminoacylated tRNAs as participants in protein synthesis


Our first study of bisacylated tRNAs demonstrated that these
compounds are able to participate efficiently in protein synthesis.3


It was established that bisacylated tRNAs bound to the ribosomal
A-site must act as peptide acceptors at the 3′-position and
then donate the extended peptide chain from this same position
following translocation (Fig. 1). Both amino acid moieties of
bisacylated tRNAs can be incorporated into protein. Thus, it is
logical to conclude that the tRNA dissociated from the ribosome
after the initial utilization of a bisacylated tRNA must be a
monoaminoacylated tRNA able to participate in a subsequent
round of peptide bond formation. Interestingly, in contrast to
their obvious reactivity in prokaryotic and eukaryotic protein-
synthesizing systems these bisacylated tRNAs, as well as the
corresponding pdCpAs, exhibited unusual and unanticipated
chemical stability when incubated under different conditions
(pH 3.0–7.0, 25 ◦C, 3–12 h). Thus, the chemical structure and
behavior of these compounds seemed worthy of study to define


Fig. 5 Time course of the deacylation of alanyl-pdCpA (4) (0.2 mg, left) and bis-2,3-O-alanyl-pdCpA (1) (0.2 mg, right) in the presence of 2 eq. of
n-butylamine (red) or imidazole (blue). The percent formation of pdCpA after treatment is shown over a period of 120 min as judged by analytical C18


reversed phase HPLC (250 × 4.6 mm, 5 lm column). The column was washed with 0→63% CH3CN in 50 mM NH4OAc, pH 4.5, over a period of 35 min
at a flow rate of 1 mL min−1 (monitoring at 260 nm). HPLC analyses were made after 15, 30, 60 and 120 min.
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Fig. 6 Time course of the deacylation of 2′(3′)-O-(N-acetylalanyl)-pdCpA (5) (0.2 mg, left) and 2-O-(N-acetylalanyl)-3-O-alanylpdCpA (2) (0.2 mg
right) in the presence 2 eq. of n-butylamine (red) and imidazole (blue). The percent formation of pdCpA after treatment is shown over a period of 120 min
as judged by analytical C18 reversed phase HPLC (250 × 4.6 mm, 5 lm column). The column was washed with 0→63% CH3CN in 50 mM NH4OAc,
pH 4.5, over a period of 35 min at a flow rate of 1 mL min−1 (monitoring at 260 nm). HPLC analyses were made after 15, 30, 60 and 120 min.


how their intrinsic stability could be compatible with their ability
to participate in protein synthesis.


Transfer tRNAs are key participants in the translation process.24


Each of them is initially recognized by the cognate aminoacyl-
tRNA synthetase, which attaches the corresponding amino acid to
the 3′-end of its cognate tRNA species. In prokaryotic systems, the
aminoacyl-tRNA is then presented to the ribosomal A-site by EF-
TuGTP, where the aminoacyl-tRNA subsequently acts as a peptide
acceptor. The formed peptidyl-tRNA is translocated by EF-G to
the ribosomal P-site, where it serves as a peptide donor before
finally moving to the E-site and being released.24 The A76 ribose
sugar at the 3′-terminus of tRNA has two free hydroxyl groups
on adjacent carbons which are available for the formation of an
ester linkage to an amino acid, namely the 2′-OH and the 3′-OH
groups.7,25,26 This 2′,3′ cis-diol has important functions in every step
of translation. An amino acid is activated for translation by ester
linkage to the 2′ or the 3′-OH group, and each regioisomer is readily
converted to the other via a 2′,3′-transacylation reaction. However,
there is now a significant body of data indicating that peptide bond
formation involves tRNAs in both the A-site and P-site containing
exclusively 3′-O-aminoacyl (peptidyl) moieties.3,6–9,27–31


Further, for monoaminoacylated tRNAs, the remaining 2′-OH
group is essential during the peptidyltransferase reaction: it has
been suggested that this hydroxyl group is directly involved in
proton transfer by serving as a “proton shuttle” and mediating
concerted proton transfers from the A-site a-amino group (the
nucleophile) and to the P-site 3′-OH (the leaving group).27,32,33 It
has been shown that the absence of 2′-OH or its substitution with


other residues precludes the tRNA from being able to act as a
P-site donor.6–9


The requirement for a free 2′-OH group on A76 of aminoacyl-
tRNAs to enable their participation in protein synthesis argues
that the 2′-O-aminoacyl moiety in bisaminoacylated tRNAs must
be able to function in lieu of the 2′-OH group. The present
study was intended to define those structural features in the 2′-
O-aminoacyl group essential to support protein synthesis, and
also to develop an understanding of the chemical behavior of
such bisacylated pCpAs and tRNAs. To permit this study, new
bisacylated pdCpA derivatives were prepared for the study of
their chemical properties, and for incorporation into modified
bisaminoacylated tRNAs whose function in protein synthesizing
systems could be studied. The simple bis-2′,3′-O-alanyl-pdCpA
derivative (1) had been already synthesized and described3,4 and
was chosen for the present study. Since it seemed likely that the
amino group of the second aminoacyl residue was involved in the
biochemical mechanism, enabling participation in protein synthe-
sis, other analogues were prepared in which this amino group
was protected or absent. For this reason 2′-O-(N-acetylalanyl)-
3′-O-alanyl-pdCpA (2) and 2′-O-propionyl-3′-O-alanyl-pdCpA
(3) were synthesized. The synthetic methodology used to pre-
pare these compounds is analogous to that reported previously
reported.4,5 In particular, the monoacylated pdCpA derivative
was isolated and converted to its tetra-n-butylammonium salt in
order to perform a second coupling with the desired amino acid
derivative, different from the one already present. As reference
compounds, we used pdCpA as well as dinucleotides 4 and 5,
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Fig. 7 Time course of the deacylation of bis-2,3-O-(N-acetylalanyl)-
pdCpA (6) in the presence of 2 eq. of n-butylamine (red) or imidazole
blue). The percent formation of pdCpA after treatment is shown over a
period of 120 min as judged by analytical C18 reversed phase HPLC (250 ×
4.6 mm, 5 lm column). The column was washed with 0→63% CH3CN
in 50 mM NH4OAc, pH 4.5, over a period of 35 min at a flow rate of
1 mL min−1 (monitoring at 260 nm). HPLC analyses were made after 15,
30, 60 and 120 min.


both of which were synthesized using the methodology described
previously.4


Bisaminoacylated tRNAs I, II and III (Fig. 3) were prepared by
T4 RNA ligase-mediated condensation of the appropriate dinu-
cleotides with tRNACUA-COH, and then employed in a prokaryotic
protein synthesizing system. Unmodified alanyl-tRNACUA was
also tested in comparison. Only tRNA I and alanyl-tRNACUA were
able to participate in protein synthesis (lanes 3 and 4, Fig. 4), while
tRNAs II and III, in which no free amino group was available on
the “second” amino acid, failed to support the synthesis of full
length protein (lanes 5 and 6, Fig. 4). This result indicates that this
amino group is required to support the chemical reactions that
lead to peptide transfer from the bisaminoacylated tRNA in the
ribosomal P-site, as was the 2′-OH group present in monoacylated
tRNAs. While tRNA I was at least as efficient as “wild-type”
alanyl-tRNA, tRNAs II and III, lacking the second amino group,
were incapable of supporting protein synthesis.


In an effort to understand the role played by the amino group
of the 2′-O-aminoacyl moiety in protein synthesis, dinucleotide
derivatives 1 and 2 were subjected to treatment with the N
nucleophiles n-butylamine and imidazole, in order to model the
nucleophilic Na group of the aminoacyl moiety in the A-site
tRNA during the peptidyltransferase reaction. Initially, we sought
to confirm our earlier finding that bisacyl-pdCpAs, as well as


their corresponding tRNAs, have much greater stability in vitro
(pdCpAs) and in cell-free protein-synthesizing systems (tRNAs)
than the corresponding monoacylated derivatives.3 This result was
confirmed when the deprotected mono-2′(3′)-O-alanyl-pdCpA (4)
and bis-2′,3′-O-alanyl-pdCpA (1) were treated with n-butylamine
and imidazole (red and blue respectively, Fig. 5). While compound
4 was converted to pdCpA within 2 h at 25 ◦C, compound 1 was
only modestly affected. The degradation product was identified as
pdCpA both by HPLC retention time and by mass spectrometry.
Only 10–20% pdCpA was observed after treatment of compound
1 for 2 h and 30–50% after 24 h treatment (data not shown).


From the perspective of protein synthesis, a key step is the
transformation that results in formation of the new (peptide)
bond. This step involves one aminoacyl-tRNA (in the A-site) and
one peptidyl-tRNA (in the P-site). Studies with tRNAs lacking
a 2′-OH group on A76 suggest that it is the peptidyl-tRNA that
critically requires activation by the 2′-OH group.6–9,27 Thus the
experiment summarized in Fig. 6 represents a simple chemical
model comparing the effects of vicinal O-alanine and OH groups
on the electrophilicity of the O-(N-acetylalanyl) ester (i.e. on the
ability to “donate” this group to a N-nucleophile. As shown in
Fig. 6, the “peptidyl” (i.e. N-acetylalanyl) moiety was dramatically
more labile when adjacent to an alanine ester than when adjacent
to an OH group. Thus, unlike aminoacyl-tRNA, which is rendered
less electrophilic when acetylated on Na of the amino acid (cf. 4
and 5, Figs. 5 and 6),34 acetylation of one (but not both, cf. 2
and 6, Figs. 6 and 7) of the aminoacyl moieties of a bisalanyl-
pdCpA significantly increases its ability to react with nucleophiles.
It seems highly likely that this activation forms the basis for the
unanticipated ability of bisaminoacylated tRNAs to participate in
protein synthesis.3


The model suggested in the literature for the peptidyltransferase
reaction is reported in Fig. 8A.27,35 The amino group in the 3′-
position of the A-site tRNA acts as a nucleophile toward the
carbonyl group of the amino acid in the 3′-position of the P-site
tRNA. The 2′-OH group of the latter tRNA is essential in acting
as a “proton shuttle” and coordinating the 3′-carboxylate oxygen,
thus activating the 3′-carboxyl group toward nucleophilic attack.
Further, it also coordinates the amino group which acts as a nucle-
ophile, following addition of the amino group to the carboxylate
of the P-site tRNA.27 Fig. 8B shows the model that arises from the
data for bisaminoacyl-tRNA. In this case the amino group in the
2′-position of A76 of the P-site tRNA probably acts similarly to the
2′-OH of the monoacyl-tRNA by coordinating the 3′-carboxylate
oxygen attached to the 3′-position of the P-site tRNA.


Not yet resolved by the present experiments is the molecular
basis for the exceptional chemical stability of bisaminoacylated
pdCpA derivatives and tRNAs (cf. Figs. 5 and 6). It seems
likely that specific interactions of the second (2′-O-) aminoacyl
moiety with the 3′-O-aminoacyl group will be found to contribute
importantly to the observed chemical behavior.


Conclusion


Bisaminoacylated tRNAs bearing amino acid esters at both the
2′- and 3′-OH groups of the 3′-terminal adenosine moiety of
tRNA were shown to participate in ribosomally mediated protein
synthesis. Their ability to participate in protein synthesis was
shown to be absolutely dependent on the presence of a free
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Fig. 8 Proposed model for participation of bisaminoacyl-tRNAs in protein synthesis. A) “Proton shuttle” model previously reported to explain the
essential role of 2-OH in P-site tRNA. Shown here is the step leading to the formation of the putative tetrahedral intermediate formed during the
peptidyltransferase reaction. B) Suggested model for the peptidyltransferase reaction involving a bisaminoacylated tRNA in the P-site.


amino group on each of the aminoacyl moieties. In contrast
with monoacylated tRNAs and nucleotides, which exhibit lower
reactivity toward nucleophiles when N-acylated, bisaminoacylated
pdCpA esters were found to exhibit much greater reactivity toward
nucleophiles when Na was acylated. These effects are suggested to
be due to H-bonding between the two attached aminoacyl esters
in the bisaminoacylated pdCpAs and tRNAs.


Experimental


General methods and materials


E. coli competent cells BL21 (DE3) were obtained from Novagen
(Madison, WI). Recombinant RNasin ribonuclease inhibitor and
amino acid mixture (complete) were purchased from Promega
Corporation (Madison, WI). [35S]-methionine (1000 Ci mmol−1,
10 lCi lL−1) was purchased from Amersham Corporation (Piscat-
away, NJ). Protease inhibitor (complete, EDTA-free) was obtained
from Boehringer Mannheim Corp. (Indianapolis, IN). T4 RNA
ligase was purchased from New England Biolabs (Beverly, MA).
Trizma base, potassium glutamate, ammonium acetate, dithio-
threitol, magnesium acetate, phosphoenolpyruvate, isopropyl-b-
D-thiogalactopyranoside and E. coli tRNA were obtained from
Sigma Chemicals (St. Louis, MO).


Phosphorimager analysis was performed using an Amersham
Biosciences Storm 820 equipped with ImageQuant version 5.2
software from Molecular Dynamics. UV spectral measurements
were made using a Perkin-Elmer Lambda 20 UV/vis spectrometer.


Gels were visualized and quantified by phosphorimager anal-
ysis, which was carried out using an Amersham Biosciences
Storm 820 equipped with ImageQuant version 5.0 software. The
pixel density of the image was directly related to the amount
of radioactivity present in the sample by using a calibrated
phosphorimager screen.


General procedure for the treatment of pdCpA and pdCpA
derivatives 1–6 with nucleophiles


Compounds 1–6 (0.2 mg each) were dissolved in 30 lL of water.‡
To this stirred solution was added 30 lL of DMF containing 2 eq.
of n-butylamine or imidazole; the reaction mixture was stirred for
24 h. After 2 and 24 h, 20 lL aliquots were analyzed by HPLC
using a reversed phase column (Alltima RPC18 4.6 × 250 mm, 5
lm). The column was washed with 0→63% CH3CN in 50 mM
NH4OAc, pH 4.5, over a period of 35 min at a flow rate of
1 mL min−1 (monitoring at 260 nm).


Preparation of mono and bis-aminoacyl-tRNAs


Mono and bis-aminoacyl-tRNAs were prepared by a T4 RNA
ligase-mediated ligation of the protected, chemically synthesized
pdCpA derivatives (8, 9, 14 and 15, ESI†), with the abbreviated
suppressor tRNA-COH.13,18,19 The ligation reaction was carried out
in 100 lL (total volume) of 100 mM HEPES, pH 7.5, containing
0.5 mM ATP, 15 mM MgCl2, 100 lg of suppressor tRNA-COH,
2.0 A260 units of N-pentenoyl-protected mono- or bis-aminoacyl-
pdCpA derivatives (5- to 10-fold molar excess), 15% DMSO and
200 units of T4 RNA ligase. After incubation at 37 ◦C for 30 min,
the reactions were quenched by the addition of 10 lL of 3 M
NaOAc, pH 5.2, followed by 300 lL of ethanol. The reaction
mixtures were incubated at −20 ◦C for 30 min and centrifuged at 14
000 × g (30 min, 4 ◦C). The supernatants were carefully decanted.
The pellets were washed with 50 lL of 70% ethanol and dissolved
in 50 lL of H2O. The efficiencies of ligation were estimated by gel
electrophoresis, pH 5.2 (100 V, 2 h).20 To a solution containing


‡ Because the deacylation reactions were found not to be especially pH-
sensitive, unless extreme pH conditions were employed, we purposefully
chose to avoid the use of buffer to preclude the presence of any additional
species that could confound the interpretation of our data.
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100 lg of aminoacyl-tRNA in 50 lL of water was added 12 lL of
25 mM I2 (6.3 mg iodine was dissolved in 1 mL of 1 : 1 H2O–THF).
The reaction mixtures were incubated for 10 min at 25 ◦C, then
6 lL of 3 M NaOAc was added. The tRNAs were precipitated by
the addition of 200 lL of ethanol, then centrifuged at 14000 × g
(30 min, 4 ◦C) and the supernatants were carefully decanted. The
pellets were washed with 50 lL of 70% ethanol and then dissolved
in 30 lL of water.


In vitro protein translation reactions


In vitro translation was performed using a bacterial S-30 ex-
tract from E. coli strain BL21(DE3).3 The reaction mixture
(100 lL total volume) containing 15 lg of mutant DHFR
(Asp10) plasmid,19 40 lL of premix (35 mM Tris-acetate, pH 7.0,
190 mM potassium glutamate, 30 mM ammonium acetate, 2.0 mM
dithiothreitol, 11 mM maganesium acetate, 20 mM phospho-
enolpyruvate, 0.8 mg mL−1 of E. coli tRNA, 0.8 mM isopropyl
b-D-thiogalactopyranoside, 20 mM ATP and GTP, 5 mM CTP
and UTP, 4 mM cAMP),36 250 lM of each of the 20 amino
acids, 30 lCi of [35S]-methionine, 10 lg lL−1 rifampicin, 30 lL
of bacterial S-30 extract from E. coli strain BL21(DE3) and 30 lg
of aminoacyl-tRNACUA was incubated at 37 ◦C for 45 min.37 As a
control, the in vitro translation was also carried out in the presence
of mono-aminoacyl-tRNACUA. Aliquots (2 lL) of each reaction
mixture were taken for analysis by 10% SDS-PAGE (50 V, 3
h).38 Autoradiography of the gels was carried out to determine
the location of 35S-labeled modified DHFR. Quantification of
the bands was carried out using a phosphorimager. Suppression
efficiency was calculated as the percentage of the protein produced
via nonsense codon suppression relative to the production of wild-
type protein.
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The intramolecular kinetic isotope effect (KIE) for hydride transfer from
10-methyl-9,10-dihydroacridine to 1-benzyl-3-cyanoquinolinium ion has been found to be 5–6 by both
1H NMR and mass spectrometry. This KIE is consistent with other hydride transfers. It is inconsistent
with the high intermolecular KIEs derived by fitting to a two-step mechanism with a kinetically
significant intermediate complex, and it is inconsistent with the strong temperature dependence of those
KIEs. We therefore reject the two-step mechanism for this reaction, and we suggest that other cases
proposed to follow this mechanism are in error.


Introduction


In recent years, Vernon D. Parker and his coworkers have
published a series of papers that reinterpret some fundamental
reactions of organic chemistry. The data from stopped-flow or
cyclic-voltammetry experiments deviate from the simple second-
order mechanism that has long been accepted [eqn (1)]. The
data could be fitted much better to a two-step mechanism with
a kinetically significant intermediate complex, A·B [eqn (2)]. A
cogent summary of his analysis is based on a plenary lecture
presented at the 2004 IUPAC Conference on Physical-Organic
Chemistry.1 Among the reactions that show this mechanistic
behavior are nucleophilic substitutions,2 E2 eliminations,3 a [4 + 2]
cycloaddition,4 proton-transfers from radical cations,5 hydrogen-
atom abstractions,6 hydrolysis of p-nitrophenyl acetate,7 and
nucleophilic capture of (p-CH3OC6H4)3C+ by acetate.8


A B product+ æ Ææk 2 (1)


A B A B product
f


b


p+ ∑ æ Ææk


k
k� ⇀��↽ ��� (2)


This analysis has significant consequences for kinetic isotope
effects (KIEs), because the observed KIE is reduced if the first
step, which is isotope-independent, is partially rate-limiting. The
KIE for the hydrogen transfer itself, in the second step, is then
considerably larger than the apparent KIE, measured on the
assumption of a simple second-order mechanism. Unusually large
KIEs were thus deduced for deprotonation of radical cations by
pyridines,9 and also for proton transfers from nitroalkanes to
hydroxide.10


These conclusions have been met with some scepticism. Alter-
native explanations for the deviation from simple second-order
kinetics were that reaction occurs via both ion pairs and free ions,
or that there are acidic impurities, such as CO2, that consume
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base, or that photosolvolysis intrudes.11 These explanations were
rejected because neither added salts nor CO2-containing water
affects the kinetics, and because the same results were obtained
from solutions stored in the dark.12 Moreover, other researchers
have tended to accept Parker’s conclusions.13


Of particular interest is the hydride transfer from 10-methyl-
9,10-dihydroacridine (1) to 1-benzyl-3-cyanoquinolinium ion (2).
KIEs generally between 4 and 6, depending on temperature,
solvent, and overall equilibrium constant, were observed for this
and related reactions by Kreevoy and coworkers.14 Similarly,
Table 1 lists rate constants and KIEs calculated according to
simple second-order kinetics [eqn (1)], as obtained by Parker
and coworkers.15 Table 2 lists Parker’s rate constants and KIEs,
derived from fitting to the two-step kinetic scheme of eqn (2).
The KIEs in Table 1 are quite ordinary, and in agreement with
Kreevoy’s, but those in Table 2 are unusually large, especially at
lower temperatures. Such large KIEs have been taken as evidence
for quantum-mechanical tunneling, which is consistent with the
activation parameters associated with the data of Table 2.


For reasons that are presented below, we too were sceptical
about the two-step mechanism [eqn (2)] and the derived KIEs. In


Table 1 Second-order rate constants (M-1 s-1) and KIEs for hydride
transfer from 1-h2 and 1-d2 to 2a


T/K k2
H2 k2


D2 k2
H2/k2


D2


291 0.00908 0.0016 5.675
299 0.0165 0.00339 4.87
308 0.0327 0.0066 4.95
316 0.0526 0.0112 4.70
325 0.0766 0.0186 4.12


a From Ref. 15.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3349–3353 | 3349







Table 2 Rate constants and KIEs for hydride transfer from 1-h2 and 1-d2


to 2, analyzed according to eqn (2)a


T/K kf/M-1 s-1 kb/s-1 kp
H2/s-1 kp


D2/s-1 kp
H2/kp


D2


291 0.01 0.0031 0.023 0.00058 40
299 0.019 0.0041 0.028 0.0009 31
308 0.047 0.0194 0.03 0.0021 14
316 0.09 0.0172 0.035 0.0035 10
325 0.135 0.033 0.044 0.0053 8.3


a From Ref. 15.


order to test this, we have measured the intramolecular KIE for
hydride transfer from 10-methyl-9,10-dihydroacridine-9-d (1-d) to
1-benzyl-3-cyanoquinolinium ion (2). Regardless of mechanism,
this KIE arises solely from the hydride-transfer step. Even if the
first step is partially rate-limiting, the second step is product-
determining. Therefore, even if eqn (2) is the mechanism, the
KIE measured is kp


H/kp
D, without the necessity of extracting


rate constants from two-step kinetics. Moreover, this KIE can
be obtained simply by measuring the deuterium content of the
1-benzyl-3-cyano-1,4-dihydroquinoline product (3), according to
eqn (3). We now report that this KIE is 5–6, consistent with
previous KIEs measured on the assumption of a simple second-
order reaction [eqn (1)] and providing no evidence for a two-step
mechanism with a kinetically significant intermediate complex
[eqn (2)].


k


k
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-


- ]
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3


3
2 (3)


Results


Fig. 1 shows the 1H NMR spectrum of 1-benzyl-3-cyano-
1,4-dihydroquinoline (3) obtained from hydride transfer
from 10-methyl-9,10-dihydroacridine-9-d (1-d) to 1-benzyl-3-
cyanoquinolinium ion (2). The spectrum shows that the CH2 and
CHD signals are well enough resolved to be integrated separately
in order to evaluate the deuterium content. The significant


Fig. 1 500-MHz 1H NMR spectrum of 3 in CD3CN, from reaction of 1-d
with 2. The inset is an expansion, with integration, of the CH2 and CHD
signals near d 3.7.


Table 3 Deuterium content of 3 from reaction of 1-d with 2


T/K telapsed/min [1-d]init/M [2]init/M [3-h2]/[3-d]a [3-h2]/[3-d]b


273 180 0.061 0.053 6.4 6.1
273 240 0.062 0.048 6.1 5.9
273 300 0.056 0.051 5.8 6.0c


299 31 0.056 0.05 5.35 5.3
299 32 0.059 0.049 5.2 5.4
299 53 0.059 0.043 5.02 5.0
299 1440 0.038 0.042 1.12 —


a By NMR analysis. b By MS analysis. c From [M + NH4
+] and [M +


NH4
++1].


intensity of the CHD signal is immediate evidence that deuterium
is transferred, and that the intramolecular KIE is not large.
Moreover, the 10.35 : 1 integration ratio corresponds to a [3-h2] :
[3-d] ratio of 5.2 : 1.


The deuterium content of 1-benzyl-3-cyano-1,4-dihydro-
quinoline (3) obtained from reaction of 10-methyl-9,10-
dihydroacridine-9-d (1-d) with 1-benzyl-3-cyanoquinolinium ion
(2) under various conditions is compiled in Table 3. There is good
agreement between the values obtained by NMR and those by
mass spectrometry, indicating that NMR integration is not overly
sensitive to the range of chemical shifts assigned to the CHD
signal.


The average ratio [3-h2]/[3-d] across the first six runs in Table 1
is 5.6 ± 0.5. There are small variations with time and temperature,
which are discussed below. The immediate conclusion though is
that this ratio, which measures kp


H/kp
D, agrees reasonably well


with the KIEs in Table 1 but is much smaller than the KIEs in
Table 2.


The ratio of 1.12 after 1440 minutes of reaction represents
complete scrambling of deuterium. After so many half-lives
both H and D have been transferred among 1, 2, 3, and 10-
methylacridinium ion.


According to the data in Table 3, the average ratio at 299 K is
5.2 ± 0.2. The average ratio at 273 K is 6.05 ± 0.2. The increase
at lower temperature is expected for KIEs, as seen in Tables 1 and
2, but the variation is small and barely beyond the experimental
error.


Discussion


Doubts about the two-step mechanism


Our scepticism about the two-step mechanism [eqn (2)] and the
derived KIEs was prompted by a perceived inconsistency regard-
ing the energetics of the intermediate complex. A representative
example is the reaction of 1 with 2. According to Parker’s data
in Table 2, kf at 299 K is 0.019 M-1s-1 and kb is 0.0041 s-1,
corresponding to an equilibrium constant, kf/kb, for formation of
the complex of 4.6 M-1. This is certainly weak binding, with a free
energy of complex formation of only -0.9 kcal mol-1. Nevertheless,
the rate constant kb for dissociation of the complex is small,
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corresponding to a DG‡ of 21 kcal mol-1. This is an unbelievably
high activation energy for the dissociation of a complex with such
weak binding. If there is hardly any energy holding the complex
together, why is so much activation energy required to take it apart?
Fig. 2 is an energy diagram representing these rate constants,
including both the intermediate complex and a weak encounter
complex or charge-transfer complex, but omitting such a complex
involving the products.


Fig. 2 Energy diagram, with energies to scale, corresponding to the
mechanism of eqn (2) with the rate constants at 299 K from Table 2
and including a weak encounter complex or charge-transfer complex.


The proposed intermediate of eqn (2) is recognized as dis-
tinct from the encounter complex that must be formed in any
bimolecular reaction.16 It is also distinct from the charge-transfer
complex that is often formed between electron-rich and electron-
poor reactants.17 Both of these complexes share the feature of
weak binding, but they are formed at nearly a diffusion-controlled
rate and they dissociate very quickly, with little activation bar-
rier. These aspects of the encounter complex or charge-transfer
complex are also illustrated in Fig. 2


Parker’s rationalization for a weakly bound intermediate com-
plex with high activation barrier to dissociation is not convincing.
He proposed that the intermediate complex differs from a charge-
transfer complex “by a shortening of the distances between the
reaction centers and by the extrusion of solvent, giving rise to a
significant reaction barrier”.1 Similarly, he proposed ion–dipole
complexes in proton transfers from nitroalkanes to hydroxide,
nucleophilic substitutions, and E2 eliminations. In no case did he
address the dilemma of weak binding and slow dissociation, except
to assert that the activation barrier to dissociation is high. For the
nucleophilic capture of (p-CH3OC6H4)3C+ by acetate he expanded
his rationalization by suggesting that the intermediate complex
is analogous to an intimate ion pair in solvolysis.8 However,
Winstein’s ion-pair intermediates are all very short-lived. Indeed,
Parker’s energy diagrams show the intermediate complex at high
energy and with a fairly low activation barrier to reaction. This is
inconsistent with the energetics of Fig. 2, which was constructed in
accord with the rate constants in Table 2. The unlikelihood of such
a complex is what led us to reinvestigate the KIE in the hydride
transfer from 1 to 2.


Comparison of intermolecular and intramolecular KIEs


A standard test of multistep reactions is the comparison of
intermolecular and intramolecular KIEs.18 Equality of the two
KIEs is good evidence that the rate-limiting step is also the
product-determining step. In contrast, inequality of the KIEs is
good evidence that these steps are distinct, thus indicating the
involvement of an intermediate following the rate-limiting step.
Examples of the first case are the ene reaction of methylenecyclo-
hexane with dimethyl dioxosuccinate and the reaction of ArNMe2


with diphenylpicrylhydrazyl.19 These are one-step hydrogen-atom
transfers. Unequal KIEs are seen in the dimerization of allene, the
Swern oxidation of benzyl alcohols with Me2SCl+, the reaction of
1O2 with tetramethylethylene, and the oxidation of ArNMe2 by an
iron porphyrin + PhIO, all of which proceed via an intermediate
that then partitions subject to an intramolecular KIE.20 One
cautionary exception that is similar to the study reported here
is the observation of an intermolecular KIE different from the
intramolecular KIE in the hydride transfer from a dihydropyridine
to PhCOCF3, but this is not due to an intermediate but rather to
the reversible formation of an adduct.21


To use this test, it is necessary to measure both intermolecular
and intramolecular KIEs. Parker measured only the intermolecu-
lar KIE, as in Table 1.15 His evidence for a kinetically significant
intermediate was the inadequacy of the fit of the data to simple
second-order kinetics. Thus the KIEs in Table 2 were not measured
directly, but only by adjusting the observed KIEs for the kinetic
complexity of eqn (2). We now have measured the intramolecular
KIE, to test whether it is the same as the KIEs in Table 2.


Evidence against the two-step mechanism


Our key result is that the intramolecular KIE, from the deuterium
content of the 1-benzyl-3-cyano-1,4-dihydroquinoline product (3)
is 5.6 ± 0.5. This value is inconsistent with the rate constants and
KIEs in Table 2, obtained by fitting to the two-step mechanism
[eqn (2)]. We therefore reject this mechanism, and the energy
diagram of Fig. 2


Attempts to salvage the two-step mechanism


Might reversibility of the reaction, equilibrating products with
reactants, lead to a lower apparent KIE than in Table 2? The
reaction is indeed reversible, with an equilibrium constant of
only 6.7 or 11.7 favoring products.14,15 Reversibility would then
equilibrate H and D among all species and increase the D content
of 3. Indeed, when the reaction was allowed to proceed for 24 h,
the ratio of [3-h2] to [3-d] was found to be 1.12, corresponding to
an apparent KIE near 1. It is necessary to measure the KIE for the
hydrogen transfer, rather than an apparent KIE that is reduced
by isotopic scrambling. Therefore the reaction must be carried
out only to low conversion. The reaction times in Table 3 were
chosen as a compromise, to permit sufficient product for isolation
and isotopic analysis while minimizing equilibration. Those times
correspond to approximately one or two half-lives. Simulation of
the kinetics, with the rate and equilibrium constants of Kreevoy
and Kotchevar,14 shows that even at two half-lives the observed
KIE is reduced by only 6% by isotopic scrambling. The lower
KIEs observed after longer reaction times is a reflection of this
scrambling. Correcting the values in Table 3 for the incursion of
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isotopic scrambling then leads to a KIE for hydrogen transfer
of 6.3 ± 0.2 at 273 K and 5.5 ± 0.2 at 296 K. The temperature
dependence is real but small, and the KIE of 5.9 ± 0.5 averaged
over both temperatures is less dependable than the 5.5 ± 0.2 at
296 K.


A further correction that must be applied is due to the 2.2%
undeuterated 10-methyl-9,10-dihydroacridine in the sample of
1-d. This leads to a greater proportion of [3-h2], so that kp


H/kp
D is


overestimated. To account for this, kp
H/kp


D from eqn (3) must be
reduced by 4.2%.


In comparing this intramolecular KIE that we measure with
Parker’s intermolecular KIE, it is further necessary to consider
secondary KIEs due to the hydrogen that is not transferred.
The observed intermolecular KIE in Table 1 or 2 is k2


H2/k2
D2,


the product of a primary and a secondary KIE. The observed
intramolecular KIE of eqn (3), kp


H/kp
D, is the ratio of the primary


and the secondary KIEs. The secondary KIE for hydride transfer
from NADH is 1.15.22 Therefore values in Tables 1 and 2 should
be decreased by 15% to obtain the primary KIE, and values in
Table 3 should be increased by 15%.


These three corrections are not all in the same direction.
Cumulatively they contribute an average increase of ~16% that
should be applied to the values in Table 3. Therefore we conclude
that the average KIE for hydride transfer from 1 to 2 is 6.6 ±
0.5. A more reliable measure is the KIE at 296 K of 6.1 ± 0.2.
However, the corrections probably generate more uncertainty than
the statistical errors. Nevertheless, this intramolecular KIE is in
reasonable agreement with the intermolecular KIEs measured
by Kreevoy and coworkers,14 and with the values in Table 1 for
the simple second-order mechanism [eqn (1)]. This KIE is very
much lower than the values in Table 2, from fitting to a two-step
mechanism with a kinetically significant intermediate complex
[eqn (2)]. Moreover, the KIE at 273 K is 7.0 ± 0.2, which is
very different from the extremely high KIE > 40 expected by
extrapolating the values in Table 2. No correction will bring the
intramolecular and intermolecular KIEs into agreement.


Significance of discrepancy between intermolecular and
intramolecular KIEs


Finally, we must address the question of whether the low in-
tramolecular KIE that we measure can be reconciled with the high
intermolecular KIEs that Parker derived.15 One possibility is that a
barrier to rotational diffusion within the postulated intermediate
complex decreases the intramolecular KIE. If that intermediate
complex has a high activation barrier for dissociation to separated
components, perhaps it also has a high activation barrier for one
component of the complex to rotate relative to the other. This
might be due to an attractive interaction between the p faces
of 1 and 2. Above we have disputed a high activation energy
for the dissociation of a complex with such weak binding, and
the same objection applies to the activation energy for internal
rotation. Despite those objections, we can consider the case of
slow rotation, where the selectivity for H or D transfer would be
partially determined by which face of 1-d is in proximity to 2.
However, according to a simulation of these kinetics, with the
rate constants for 299K in Table 2 and with a 21 kcal mol-1


barrier to internal rotation, equal to the barrier for dissociation,
the intramolecular KIE would be reduced only to 10. This is


certainly not observed. Therefore a high barrier to rotational
diffusion within an intermediate complex cannot account for the
discrepancy between the low intramolecular KIE that we measure
and the high KIEs of Table 2.


The substantial discrepancy between our observed intramolec-
ular KIE of 5.2 at 296 K, or a corrected KIE of 6.1, and KIEs
as high as 40 from analysis of stopped-flow data thus lead us to
reject the two-step mechanism of eqn (2). Measurement of the
intramolecular KIE is an independent method that avoids the
necessity for analysis of the deviations from simple second-order
kinetics in stopped-flow data. We therefore conclude that there
must be an error in that analysis, even though we admit that
we are unable to find it, and we are grateful to Vernon Parker
for his patience and cooperation in providing details and raw
data. Nevertheless, the key result is that the intramolecular KIE is
inconsistent with the KIEs derived from the two-step mechanism
of eqn (2), which corresponds to the energy diagram of Fig. 2


Whether there are errors in the other studies1–10 is uncertain. We
have no independent measurements to test those rate constants,
but all of those studies entailed a high activation energy for the
dissociation of a weakly bound complex, with an energy diagram
like Fig. 2. We therefore suggest that the error that must be present
in the analysis of stopped-flow kinetic data for the reaction of 1
with 2 may also be present in those other cases, which might
warrant reinvestigation.


Experimental


Instrumentation


1H NMR spectra were obtained on a 400-MHz Varian Mercury
or 500-MHz JEOL ECA spectrometer. Mass-spectral analyses
were obtained with electrospray ionization on a Thermo-Finnigan
LCQDECA instrument. Samples were injected as solutions in
methanol, and the total HPLC intensity at each of m/z 245, 246,
247, and 248 was integrated.23


Synthesis


10-Methylacridinium iodide was prepared by a standard
method and converted to 10-methyl-9,10-dihydroacridine-9-d
with NaBD4. Its 1H NMR spectrum shows 97.7% deuteration. 1-
Benzyl-3-cyanoquinolinium bromide was prepared by a standard
method and converted to the perchlorate salt. Details of all
procedures are provided in the Supporting Information†.


Measurement of kinetic isotope effect


The hydride transfer reaction between 10-methyl-9,10-dihydro-
acridine-9-d (1-d) and 1-benzyl-3-cyanoquinolinium (2) perchlo-
rate was carried out in acetonitrile under a narrow variety of condi-
tions. A temperature between 291 K and 299 K was chosen to test
the largest KIEs in Table 2, as well as a lower temperature, at which
the KIE would be extrapolated to even larger values. A 1.2–1.3-
fold excess of dihydroacridine over quinolinium ion was generally
used. The reaction was quenched after approximately one or two
half-lives. The product 1-benzyl-3-cyano-1,4-dihydroquinoline (3)
was purified by extraction, flash column chromatography, and
recrystallization.
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Isotopic analysis


Isotopic analyses of product (3) were performed by both 1H-NMR
in CD3CN or CDCl3 and mass spectrometry. An isotope shift leads
to distinct C4 signals for CH2 and CHD. The former appears as a
singlet at d 3.732, and the latter as a broadened 1 : 1 : 1 triplet at d
3.711, owing to spin–spin coupling to the D. The CHD intensity
can be compared to that of CH2 by integration. The deuterium
content of 3 was also obtained from the summed intensities of
[M + H+] = 247 and [M + H+ - 2] = 245 peaks, compared to
[M + H+ + 1] = 248 and [M + H+ - 1] = 246. In one case the
[M + NH4


+] and [M + NH4
+ + 1] intensities were found to be


more reliable. In order to correct for the natural abundance of
13C the mass spectrum of the 3-d sample was compared with that
of 3-h2 alone. From replicates the mass-spectroscopic [3-h2]/[3-d]
ratio has a precision of ±0.15, but there are slight disagreements
with the NMR analyses.


Conclusions


We have unambiguously measured an intramolecular KIE of 5–
6 for hydride transfer from 10-methyl-9,10-dihydroacridine (1)
to 1-benzyl-3-cyanoquinolinium ion (2). This KIE is consistent
with other hydride transfers. It is inconsistent with the high
intermolecular KIEs derived by fitting to the mechanism of eqn
(2). We therefore reject the two-step mechanism for the reaction
between 1 and 2, via a kinetically significant intermediate. Besides,
that intermediate is implausible, because it is bound only weakly
but has a high activation energy for dissociation, and an energy
diagram like Fig. 2. These results cast doubt on other cases
of the two-step mechanism of eqn (2), involving intermediates
with these same implausibilities, and those results might warrant
reinvestigation.
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Oligonucleotide microarray fabrication by chemical synthesis using photoacid generators in solid films
could have advantages over existing methods, but has not matched the accuracy of conventional
synthesis where detritylation is performed with acid solutions. To address this problem, we explored the
kinetics and equilibria of nucleoside detritylation in solid films, using trichloroacetic acid (TCA)
generated by photolysis from its esters with substituted 2-nitrobenzyl alcohols. We synthesised 25 such
esters, all a-phenyl substituted, and assessed their potential as solid film photoacid generators. They
included sets with (i) mono- or dimethoxy-, (ii) 5-halo-, (iii) alkyl- or aryl-substituted 5-amino-, or (iv)
5-aryl-substituents in the 2-nitro- or 2,6-dinitrobenzyl ring. Absorption maxima of their UV spectra
ranged from 230 to 410 nm, with quantum yields at 365 nm from < 0.01 to nearly 1.0. The esters
formed optically clear solid films on glass slides without added polymer. Kinetics of intrafilm photoacid
generation, proton activity changes and detritylation were measured in situ. The most effective esters
for light sensitivity and detritylation were 5-chloro-, 5-bromo-, 4,5-dimethoxy-, and 4- or
5-aryl-substituted 2,6-dinitrobenzyl esters. Photoacid-induced increases in proton activity and
detritylation were severely inhibited by polymers containing electronegative heteroatoms, but not by
polymers lacking them. In solid films, intrafilm detritylation with photogenerated TCA was fast, but
stopped at an equilibrium well short of completion. Both experiment and theory emphasise the
inadequacy of attempting to force detritylation with high intrafilm acid activity.


Introduction


The trityl group is widely used for acid-labile protection of hy-
droxyl groups during organic syntheses.1 It was introduced as the
dimethoxytrityl form (DMT2) for protection of the 5′-OH group
of nucleoside monomers in oligonucleotide synthesis,3–5 normally
carried out on a solid phase of glass or plastic beads. Removal
of the DMT group prior to each successive round of oligonu-
cleotide chain lengthening is achieved with acid: it is a reversible
reaction and goes to completion if released DMT+ is removed
by the fluid phase. Detritylation can also approach completion
if strong acids are used, but their ability to cause depurination
is unacceptable. High synthetic yields and oligonucleotide purity
require high deprotection yields, ideally 100%. This requirement
is critical when oligonucleotides are synthesised in situ at an array
surface.


Photosensitive protecting groups were introduced in place of
acid-removable DMT groups for fabrication of oligonucleotide
arrays on planar glass surfaces using patterned illumination.6


These had disadvantages of high cost and low light sensitivity, but
nevertheless successfully launched the use of photolithography in
this field.


Photolithographically generated acid-patterns must not be
degraded by subsequent diffusion if the acid is photogenerated in
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solution. This requirement can be met by a system of microwells7


and microfluidics.8 Such options for DMT+ removal are unavail-
able if photoacid generation is within a diffusion-restricting solid
film applied to the array surface.9 Although the detritylation
equilibrium position can be shifted further towards completion
by use of stronger photoacids, conflict occurs between the needs
for high stepwise yield and absent depurination. Stepwise yields
in these circumstances have not exceeded 94% in the absence of
unacceptable depurination,9 giving overall yields of ≤ 0.94N for an
N-mer, or ≤ 29% for a 20-mer. Such yields have attracted critical
comment.10


Nevertheless the use of solid films of photoacid generators for
oligonucleotide array fabrication offers potential advantages of
very high density of array elements and reduced costs. We had
demonstrated11 that TCA photogenerated from its substituted
2-nitrobenzyl ester in solution could achieve >99% stepwise yields
for oligonucleotide synthesis on glass beads, and decided to
explore the possibility of achieving similar yields when TCA is
generated in a solid film.


Our approach as described here was two-fold. We synthesised
and characterised a wider range of PAGs based on TCA esters of
substituted 2-nitrobenzyl alcohols. Their photochemical proper-
ties can be tailored by changes of substituents.12 Other advantages
include the ease with which they form solid films, and the absence
of chemically aggressive photoreaction intermediates. In parallel
we developed UV–vis spectrophotometric methods for directly
measuring within solid films the kinetics of photo-induced TCA
generation, acidification and detritylation. We were then able to
characterise some main factors affecting the equilibrium position
of detritylation within a solid film.
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Results and discussion


Strategy for synthesis of esters


Fig. 1 shows the general structure for the 25 photosensitive TCA
esters of substituted 2-nitrobenzyl alcohol that we have synthe-
sised. In 4 other related PAGs the acid was p-toluenesulfonic,
acetic, HCl or HBr.


Fig. 1 Photosensitive esters and precursors. R = OCOCCl3 or R = OH.
Table 1 and ESI describe R4–R6.† In all cases, R2 is NO2 and R3 is H. The
a-phenyl substituent was present in all esters listed in Table 1 below, except
for 26–29.


The TCA esters were all a-phenyl substituted to improve quan-
tum yields.12 They fall into four families defined by substituents
of the 2-nitro or 2,6-dinitrobenzyl ring. As shown in Table 1,
the families are (i) methoxy-substituted (1–4), (ii) halo-substituted
(5–10), (iii) alkylamino, arylamino, or phenylazo-substituted (11–
19) and (iv) aryl-substituted (20–25). Their general synthetic
pathway started with 5-bromo-, 5-iodo- 5-chloro- or 5-fluoro-2-
nitro-benzylaldehyde or their 2,6-dinitro versions, which are either
available commercially or made as described in the ESI.†


Introduction of the a-phenyl group was achieved by con-
densation of the aldehydes with phenyl magnesium bromide.
Various benzyl ring substitutions were explored as a means of
enhancing quantum yields and light absorption properties. A
second nitro-group at the 6-position enhances quantum yield.13,14


5-Halo-substituted precursors were used in further synthetic
transformations to introduce amino, aryl and phenylazo groups.


We anticipated that these conjugation-extending substituents
would usefully increase extinction coefficients and shift ab-
sorption maxima to higher wavelengths. We also prepared two
2,6-dinitrobenzyl esters with 4-aryl substitution (24, 28). The
precursors (Fig. 1, R = OH) were finally converted into the
corresponding trichloroacetate esters (Fig. 1, R = OCOCCl3) by
reaction with trichloroacetic anhydride.


Photochemical properties in solution


The structure, absorption spectra, and quantum yields of
trichloroacetate esters 1–25 in dilute solution (10–50 lM) in DCM
at ambient temperatures are summarised in Table 1. In all cases
photolysis, as measured by time dependent changes in the UV and
near visible absorption spectra during exposure to 365 nm light,
proceeded as a first order reaction with a rate constant dependent
on illumination intensity.


Compounds 1 and 2 are both 4,5-dimethoxy substituted 2-
nitrobenzyl esters: 2 has a 6-nitro substitution.15 They have
reasonable extinction coefficients and quantum yields at 365 nm.
The 5-halo-substituted esters 5–10 have their major absorption
peaks well below 365 nm, but higher quantum yields partially
compensated for lowered light sensitivity at 365 nm.


Substituted amino groups at the 5-position of the 2-nitrobenzyl
ring gave large increases of height and position of the main
absorption peak (esters 11–19). They could be photolysed at 365
or 405 nm to their nitroso-photoproducts.


The 5-phenylazo substituted ester 19 had a low absorption
shoulder extending to nearly 500 nm. On illumination at 365 nm
the main peak at 335 nm fell by 40% within a few seconds without
change in its position or shape. The quantum yield for this process
was 0.3, and was probably due to trans–cis isomerism at the
diazo double bond.16 A higher absorption with a maximum at
365 nm and anticipated to be typical of the expected photoproduct,
appeared on prolonged illumination, with a quantum yield of 0.02.


Compounds 20–25 possessed an additional aryl group. Photo-
chemical properties depended strongly on substituents of both
rings (Table 1). Because the bases of oligonucleotides can be
directly damaged by UV light <310 nm, preferred PAGs have
high extinction coefficients at longer wavelengths such as 365 nm
or 405 nm. However, substitutions that increased absorption at
higher wavelengths often lowered the quantum yields, and vice
versa. Esters 2, 15, 16 and 21–24 were the most promising at
365 nm.


We also synthesised four esters of other acids. The 4,5-
dimethoxy-2-nitrobenzyl tosylate 26 was stable and has already
been used as a PAG.14 Our attempts to make a-phenyl or a-
methyl substituted versions failed because of spontaneous decay
of the products: the former evolved to 4,5-dimethoxy-2-
nitrosobenzophenone and the latter to a cyclic product, 5,6-
dimethoxy-3-methyl-benzo[c]isoxazol-1(3H)-olate (ESI†). Insta-
bility of 2,6-dinitrobenzyl-p-toluenesulfonate has been described
previously.14 The 2,6-dinitrobenzyl chloride (27), bromide (28),
and acetate (29), like the TCA esters in Table 1, are solids that can
be stored in the dark at −20 ◦C for many months.


2,6-Dinitroesters: which nitro group becomes nitroso?


This question arises for unsymmetrical esters. We answered it by
characterisation of the nitroso-photoproducts of some relevant
esters and showed that the 2-nitro group was the one converted to
a nitroso-group (ESI†).


Photochemical properties in solid films


Solution studies were used to identify potentially useful PAGs.
Most of the esters listed in Table 1 formed optically clear films
when their 2% (w/v) solutions in DCM were allowed to spread
and dry on a flat glass surface. The exceptions were solutions of
the 4- or 5-aryl-substituted esters 20–25, which tended to round up
rather than spread, unless mechanically assisted or in solution with
a polymer. The ester films were not as hard as films of polymers
such as PMMA or PS. Esters 8–10 formed the softest films.


The ester films, although thin, have absorption bands in the
300–420 nm region, allowing measurement of their photolysis,
a reaction that, as in solution, followed first order kinetics. No
significant primary photolytic reactions other than release of the
acid and an equimolar amount of nitroso-photoproduct have been
described. The nitroso-photoproducts have distinctive absorption
spectra in the near UV or higher wavelengths, with maxima at
higher wavelengths than the parent esters. Their absorption was
used to calculate the parallel release of photoacid.
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Table 1 Photochemical properties of substituted 2-nitrobenzyl esters in solution. Substituents R4–R6 are positioned as in Fig. 1. The esterifying acids
were trichloroacetic for 1–25, p-toluenesulfonic for 26 and acetic for 29. Also included are substituted 2-nitrobenzyl halides 27 and 28, which on photolysis
yield HCl and HBr respectively. Esters 1–25 were a-phenyl substituted


Atom or group at: emM/mM−1 cm−1 at:


Estera R4 R5 R6 kmax/nm kmax 365 nm 405 nm Ub


111 OCH3 OCH3 H 345 5.3 3.5 <0.1 0.1–0.2
211 OCH3 OCH3 NO2 323 4.1 2.0 <0.1 0.4
3 OCH3 H H 329 4.1 nd <0.1 nd
4 OCH3 H NO2 314 3.2 0.84 <0.1 0.3
5 H F H 232 15.6 0.4 <0.1 0.1
6 H Cl H 270 6.2 0.32 <0.1 0.2
7 H Cl NO2 256 7.5 0.23 <0.1 0.6–0.9
8 H Br H 276 6.6 0.31 <0.1 0.1
9 H Br NO2 255 8.9 0.43 <0.1 0.3
10 H I H 296 6.5 0.7 0.22 0.3
11 H (Me)2N NO2 376 11.0 10.4 6.9 <0.01
12 H (Et2)N NO2 379 12.0 10.1 8.1 <0.01
13 H Morpholin-1-yl NO2 361 7.6 7.2 3.1 0.08
14 H Pyrrolidin-1-yl H 403 22.7 14.6 22.5 <0.02
15 H Pyrrolidin-1-yl NO2 380 14.6 12.8 8.2 0.10
16 H Piperidin-1-yl NO2 380 13.1 12.1 5.7 0.08
17 H p-Methoxyphenyl-amino NO2 370 8,2 8.1 5.5 <0.01
18 H Phenylamino NO2 370 6.6 6.6 3.7 0.05
19 H Phenylazo H 335 24.0 15.0 1.0. 0.02c


454 1.0 n.a n.a 0.3c


20 H p-(Me)2N-phenyl NO2 410 7.1 5.0 6.9 0.01
21 H Phenyl NO2 280 7.6 0.7 <0.1 0.5–0.6
22 H 4-Methoxyphenyl NO2 324 4.4 3.0 0.5 0.3
23 H 3,4-Dimethoxyphenyl NO2 347 4.8 4.1 1.2 0.1
24 4-Methoxyphenyl H NO2 267 2.6 0.35 <0.1 0.8
25 H 5-Ethoxynaphthyl NO2 334 4.1 2.3 1.0 <0.01
26 OCH3 OCH3 (tosylate ester) H 347 8.5 6.5 0.42 0.02
27d Br H (benzyl chloride) NO2 317 6.6 0.45 <0.1 0.4
28 4-Methoxyphenyl H (benzyl bromide) NO2 298 2.2 2.2 <0.1 0.3
29d Br H (acetate ester) NO2 247 7.0 0.26 <0.1 <0.01


Notes: Spectral and photochemical values are for solutions in dichloromethane at 20–25 ◦C. a 1 and 2 were referred to previously11 as esters A and D
respectively. Substituted 2-nitrobenzyl halides 27 and 28 are photoacid generators of inorganic acids. b Quantum yields U for photolysis at 365 nm based
on appearance of the absorption band of the substituted 2-nitrosobenzophenones. The values are the mean of at least 3 observations, which varied by
≤20%. c The entry for 19 describes both the main peak (335 nm) and the long wavelength shoulder (445 nm). The higher quantum yield is assumed to
be for cis–trans isomerism, and the lower value for formation of the nitroso-photoproduct. d Use of 2-nitrobenzylhalides to generate hydrohaloacids has
been previously proposed by others.17 Abbreviation “n.a.” is for “not applicable”, “nd” for “not determined”.


Acid-induced increases of intrafilm proton activity were fol-
lowed at 640 nm by inclusion of a pH indicator18 (brilliant
green or BG, pKa in aqueous solution ca. 0.7). To avoid possible
complexities arising from restriction of DMT-nucleotide to a thin
layer attached to the underlying glass surface, we used DMT-T
incorporated in the film as a simple target for detritylation. The
DMT+ carbocation was detected at 510 nm, red-shifted from the
solution maximum3 at 505 nm.


Because of slight peak broadening and red shifts of ca. 5 nm
in the solid state, we did not have precise values for extinction
coefficients for the compounds measured in solid films. So we
used the solution values to calculate approximate quantum yields
in films: in general they were the same or slightly higher than in
solution.


An example of spectra before and after photolysis for a film of
1 containing DMT-T and BG is given in Fig. 2. The absorption
changes due to photolysis of the ester (appearance of a shoulder at
ca. 400 nm due to the nitrosobenzophenone), increased intrafilm
proton activity (fall of the BG peak at 640 nm) and the resulting
detritylation of DMT-T (emergence of the DMT+ peak at 510 nm)


are all apparent. Replacement of ester 1 with 2 resulted in a 90%
fall of the BG peak and ca. 80% conversion of DMT-T to DMT+.


When tested in solid films, photolysis of the 5-alkylamino sub-
stituted esters 15 or 16 failed to increase intrafilm proton activity
to levels detected by BG, nor was DMT+ production observed.
Presumably the heterocyclic nitrogen-containing substituents were
sufficiently basic to bind protons. By contrast 2, 7 and 21–24
were highly effective, 25% photolysis causing almost complete
flattening of the BG peak at 640 nm, and extensive detritylation.
Ester 24 was also effective with 405 nm as the photolysing
wavelength.


Despite the several-fold lower extinction coefficient of 7 at
365 nm when compared to 2, it was no less effective in detritylation
of DMT-T on illumination. It also had the advantage of negligible
interference with DMT+ detection at 510 nm from its nitroso-
photoproduct. Faced with several effective esters, it was necessary
to elect one that would allow us to carry out a wide range of further
experiments, described below, that were primarily concerned with
the performance of TCA in relation to detritylation, rather than
the PAG itself. We chose ester 2.
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Fig. 2 Simultaneous measurement of intrafilm photoacid generation,
photoacid activity and detritylation. Absorption spectra before and after
illumination of a film of 1 containing DMT-T and BG. The casting
solution contained 40 mM ester 1, 0.74 mM BG and 0.7 mM DMT-T
in DCM. Photolysis was at 365 nm (390 mJ cm−2). Under these conditions
detritylation was ca. 40% complete, and ca. 80% if 2 replaced 1.


Effects of including polymers on intrafilm acidification and de-
tritylation. Others have used PMMA9 as a film-forming matrix.
If an experiment as in Fig. 2 was repeated with PMMA present
in the film casting solution at a 1 : 1 or 2 : 1 ratio (w/w) to
either 1 or 2, then although production of TCA as measured by
accumulation of the nitroso-photoproduct was unaffected, very
little rise of intrafilm proton activity (640 nm) or detritylation
(510 nm) was seen.


We explored the ability of PMMA to prevent photogenerated
TCA from increasing intrafilm acidity and effecting detritylation
by carrying out what in effect were intrafilm titrations of proton
activity in response to increasing photoacid concentration. Fig. 3
shows results using a pair of incorporated pH indicators, BG and


Fig. 3 Effects of PMMA on intrafilm pH changes in response to
photogeneration of TCA. The surface area densities for ester 2, BG (pKa =
0.7) and PAA (pKa = 2.3) in the films were 105, 2, and 1.2 nmol cm−2


respectively. Illumination at 365 nm (10 mW cm−2) was continuous, via a
dichroic filter. Absorption spectra from 420 to 750 nm were periodically
recorded during photolysis. Absorption values for the protonated PAA
(510 nm) and non-protonated BG (640 nm) at each time interval were
used to construct the figure. The BG values were normalised to their
pre-photolysis values, and the PAA values to the maximum observed in
the absence of PMMA. The ratio of PMMA to 2 in the films was either
zero or 2 : 1 (w/w).


PAA (4-phenylazoaniline: pKa value ≈ 2.3 in aqueous media).18


The inclusion of PMMA converted intra-film TCA into a weaker
acid, able to protonate PAA but hardly able to protonate BG at all.
This effect of PMMA on the apparent pKa value of TCA can also
be demonstrated in DCM solution simply by titration of the acid
responses of BG and PAA to TCA with or without the polymer.


We concluded that the effect of PMMA on the strength of
photogenerated TCA was responsible for inhibition of detrity-
lation. Carboxylic acids readily form homodimers by hydrogen
bonding,19 and the acidic hydrogen of monomeric TCA could
bond with electronegative atoms of different molecules such as
PMMA, in which case a polymer deficient in electronegative
heteroatoms would have little if any effect on the strength of
TCA. This prediction was fulfilled when PSMS replaced PMMA
(Fig. 4).


Fig. 4 Effect of PMMA or PSMS on acid strength in films. Panel (a)
absorption spectra before and after photolysis (1.1 J cm−2 at 365 nm) of
a film cast from 2% PSMS, 0.2 mM BG, 6.3 mM ester 2 and 0.2 mM
DMT-T. Panel (b) as (a) but PSMS replaced by PMMA.


To provide further evidence for weakening of photogenerated
TCA by hydrogen bonding to electronegative heteroatoms, we
examined a range of film-forming polymers with or without such
atoms. The number of possibilities is large: we considered ca.
3000.20 In addition to PMMA and PSMS already tested (Fig. 3),
we selected a further 41 that were easily dissolved in DCM, formed
suitable films, and covered a range of compositions.


Of the 43 polymers tested for their ability to support intrafilm
acidification and detritylation, eleven deficient in electronegative
heteroatoms supported detritylation and intrafilm acidification to
no less an extent than a film of 2 without polymer. A further
six either lacking heteroatoms, or containing aryl halides or a
trisilane group, gave more moderate support. The remaining 26
were polymers of subunits containing electronegative heteroatoms
(O, N, Cl): they supported acidification and detritylation only
poorly or not at all (ESI†).


Hydrogen bonding by photoacid generators. PMMA and other
oxygen-containing polymers weakened intrafilm TCA strength,
whereas compounds 1–10 and 20–25 did not, despite their
high oxygen contents. This difference between oxygen-containing
polymers and PAGs can be rationalised by reference to the detailed
studies of Laurence et al.21 on H-bonding strengths. They point to
the following conclusions: (a) the strongest H-bonding group of
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1–10, 20–25 and 29 is the ester carbonyl, (b) TCA esters have
lowered H-bonding because of the strong electron withdrawing
effect of the trichloromethyl group (c) the 2-nitro group is a modest
H-bonder.


Loss of the H-bonding ester group on photolysis and concomi-
tant conversion of 2-nitro to a 2-nitroso group with possibly
weaker H-bonding may explain the sigmoid relation between
photoacid concentration and extent of detritylation (Fig. 6).
Variations of H-bonding may underlie the varying ability of PAGs,
although lacking nitrogenous substitutions as in 11–19, to effect
the same extent of detritylation for the same extent of photolysis.
Thus 2 is more effective than 1 but less effective than 7.


Kinetics of detritylation


Fig. 5 shows detritylation kinetics for a film of polymer and 2 (8 :
1, w/w) containing DMT-T during continuous or interrupted illu-
mination at 365 nm. In the main part of Fig. 5, DMT+ production
rapidly reached a plateau despite continuing photolysis. The brief
lag phase at the onset of illumination is a constant feature of these
experiments. The insert graph shows that detritylation in response
to interrupted illumination stopped promptly within 5–10 s of the
end of each illumination period. Similar behaviour was observed
with other heteroatom-deficient polymers and various ratios of
polymer to ester 2.


Fig. 5 Kinetics of detritylation. Films cast from a solution of PMS (2%
w/v), ester 2 (0.25% w/v), 0.2 mM DMT-T. Appearance of DMT+ in films
measured in dual wavelength mode at 510–550 nm. The larger recording
(a) is for continuous 365 nm illumination (13 mW cm−2) starting at the
arrow. The smaller panel (b) is for 3 separate illumination periods of 5 s
each, again at 13 mW cm−2 and commencing at the arrows.


Equilibrium constant for detritylation


An apparent equilibrium constant for acid-induced detritylation
of DMT-T can be defined as:


(1)


where DMT+A− is the ion pair anticipated in an aprotic medium
and DMT-T is 5′-O-dimethoxytritylthymidine. [HA] is the total
concentration of a protic acid and includes both undissociated
acid and the ion pair H+A−. K eq is dimensionless, and when
all reaction participants are dispersed throughout the same film
volume, concentrations can be replaced with area densities. Use of
[HA] rather than [H+] in eqn (1) makes K eq dependent on the pKa


of the acid.
Data for calculation of K eq were obtained in experiments as


in Fig. 6, where repeated brief illuminations of a film of ester


Fig. 6 Stepwise detritylation. The larger graph has a set of spectra from
a film, 1.5 lm thick, cast from 1% PMS (w/v), 1% ester 2 (6.3 mM) and
DMT-T (0.3 mM) in DCM, and exposed to 13 mW cm−2 at 365 nm for
10 successive exposures of 5 s each followed by 4 at 20 s each and finally 1
at 80 s. A spectrum was recorded 10 s after each exposure: their positions
in the graph are in ascending duration of cumulative exposure. All spectra
were referenced to the pre-photolysis spectrum to give difference spectra
and a flat zero-time baseline. The emergent peak at 384 nm is due to
nitroso-photoproduct accumulation. The smaller graph is a plot of the
area density of DMT+, calculated from the peak at 510 nm, against TCA
area density. The latter was derived from the assumption that the area
density of TCA is equal to that of the substituted 2-nitrosobenzophenone
as calculated from the light-induced absorption peak at 384 nm.


2 containing DMT-T resulted in photoacid accumulation and
detritylation. The increments of DMT+ release became smaller
with increasing number of illumination periods, finally becoming
almost undetectable even though further photoacid was generated.
This behaviour is that of a system being repeatedly progressed from
one equilibrium position to the next, towards but never achieving
complete detritylation.


The relationship between the area densities of photoacid and
DMT+ is shown as an insert within Fig. 6. Release of DMT+


commenced after a brief lag-phase, and proceeded with increasing
photoacid generation to a plateau that did not entirely flatten.
Part, at least, of the continuing but small increase at 510 nm was
due to a contribution from the long-wavelength absorption tail
of the nitroso-photoproduct. The extent of detritylation in the
plateau region was 80–90%.


K eq as defined in eqn (1) is dimensionless, and area densities
can be used for its calculation in place of concentrations. The
calculated values for several experiments lay between 0.02 and 0.1.
We ignored the lag in DMT+ formation following commencement
of illumination, so our calculated values are underestimates.
Because total acid concentration is used in place of proton activity,
the effect of acid strength is buried within the value of K eq, which
is therefore specific to a given photoacid.


Inhomogeneous distribution of photoacid generator and DMT-
T in films composed of both polymer and photoacid genera-
tor would create photoacid-deficient microdomains of DMT-T
resulting in an equilibrium position that was lowered due to
failure of photoacid to contact all DMT-T molecules, unless
inter-domain diffusion equilibrated concentrations. We have not
observed significant differences between the apparent equilibrium
constants for films of photoacid generator with or without added
polymer. So if microdomains did exist, either their effect was
negated by diffusion or contributed too little to be detected in these
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experiments where the intrafilm diffusion coefficient for TCA was
sufficiently high (50 nm−2 s−1)22 to allow movement over several
hundred nm during the experiment.


Esters of other acids as photoacid generators


Photolysis of 26 releases p-toluenesulfonic acid. The quantum
yield in solution was low, ca. 0.02, rising to 0.06 in films of
PMS or PSMS. The extent of photolysis required to cause
comparable detritylation of intrafilm DMT-T was lower than
that required by photolysis of 2, in keeping with the greater
strength of p-toluenesulfonic acid. Photolysis of 26 in films of
PMMA compared to PSMS was not inhibited, but a three-fold
increase of intrafilm acid concentration was required to obtain
comparable detritylation of intrafilm DMT-T. Thus the effects
of electronegative atoms in a polymer apply to p-toluenesulfonic
acid, although less severely than they do to TCA.


Ester 28 releases HBr on photolysis, and although lacking
an a-phenyl group, it performed similarly to 2 when tested
for detritylation in films of PS. The HCl-releasing 27 was less
effective, suffering from low light absorption at 365 nm. Ester
29 is a photogenerator for acetic acid, which was several-fold less
effective at detritylation than comparable intrafilm concentrations
of TCA. None of these alternative acids appeared to offer any
advantages over TCA.


Design of TCA photogenerators based on substituted
2-nitrobenzylalcohols


Electron withdrawing substitutions of the 2-nitrobenzyl ring such
as halides or NO2 groups typically increase the quantum yield and
lower both the height and wavelength of the absorption maximum,
whereas amino groups have the opposite effects. The quantum
yield enhancing effects of a-methyl or a-phenyl substitution are
well known, as is the similar effect of a second nitro-group at the 6-
position. That leaves positions 3–5 for substitutions that may shift
absorption bands from >300 nm to higher wavelengths. Several
useful 4- and 5-substituted 2,6-dinitrobenzyl esters of TCA, all
a-phenyl substituted, were identified (2, 7, 21–24). Esters 24 and
28 were the only 2,6-dinitrobenzyl esters not substituted at either
the 3- or 5- position. Comparison of the isomeric pair 22 (U ≈
0.3) and 24 (U ≈ 0.8) shows that substitution at the 4-position
to create a symmetrically substituted 2-nitrobenzyl ring favours a
high quantum yield.


A further consideration is that neither the ester nor its pho-
toproduct should bind protons at the intrafilm proton activity
required for extensive detritylation. For this reason, the alkyl-
and aryl-amino substituted esters 11–18 were ineffective, despite
excellent absorption properties and an adequate quantum yield
in 15. The remaining ester of this class, 19, had a quantum yield
too low to be useful. But the substituted 2-nitrobenzyl alcohol
precursor of ester 15 might be useful as a starting point for a
protecting group for other applications (e.g. photogenerators of
bases).23


Polymer matrices. Previous reports9 of photoacid generation
in diffusion-restricting solid films as part of the fabrication of
oligonucleotide arrays described mainly PMMA as a film forming
support polymer for the PAG.


We found that PMMA and numerous other polymers con-
taining electronegative heteroatoms weaken TCA at ambient
temperature (Fig. 3 and 4, and ESI†). A similar phenomenon
also attributed to hydrogen bonding has been reported be-
tween dichloroacetic acid and the solvent acetonitrile when used
for detritylation in solid-phase oligonucleotide synthesis.24 We
identified several polymers that are suitable as inert matrices
for photogenerated TCA. Examples are polystyrene, poly(a-
methylstyrene, poly(styrene-co-a-methylstyrene), polylimonene
and poly-(indene-co-coumarone). The last of these contains
oxygen but the content is low, < 2% by wt, and does not have
a significant effect on TCA strength (Supporting Information).


The acidic hydrogen of other acids can also participate in
hydrogen bonds. We observed partial inhibition by PMMA, but
not PSMS, of the ability of photogenerated p-toluenesulfonic acid
to effect intra-film detritylation. Heteroatom-deficient polymers
may therefore be the preferred matrix for other photoacids such
as alkyl- or aryl-sulfonic acids.


Not all photoacid generators can themselves form films when
cast from solution but even when they do, as with most of those
described in Table 1, there are advantages in using a polymer
matrix: e.g. control of the concentration of PAG and intrafilm
viscosity. On the other hand a film composed solely of PAG cannot
form PAG-deficient microdomains.


Photoacid performance in solid films. The detritylation target
in our experiments was DMT-T incorporated within diffusion-
restricting solid films. Detritylation is reversible, and its equilibra-
tion following photoacid generation was attained within ca. 10 s.
The apparent K eq value using ester 2 in a PMS film was ca. 0.02–
0.1, and even at intrafilm TCA concentrations of 1.9 M, the extent
of detritylation did not exceed 80–90%.


The relation between photoacid concentration and extent of
detritylation at equilibrium for a given value for K eq and initial
DMT-T concentration can be calculated, with results as in Fig. 7.
The important conclusion is that the approach of detritylation
towards completion is asymptotic, becoming highly insensitive
to increasing acidity once detritylation reaches ca. 96%. Unless
photoacid is at least 50-fold stronger than TCA, the achievable
photoacid level in a film would be unable to achieve >99%


Fig. 7 Effects of photoacid concentration and K eq on extent of detrityla-
tion at equilibrium. Eqn (1) was rearranged to yield [HO-oligonucleotide]
as the variable in a quadratic equation which was then solved for a range
of HA concentrations for given values of initial DMT-T concentration
and K eq. The plots are for calculated % detritylation in response to varied
concentration of HA over a range of K eq values from 0.05 to 2.5. The initial
value for DMT-O-oligonucleotide concentration was 10 mM.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3284–3291 | 3289







completion of detritylation (Fig. 7, compare K eq = 2.5 with K eq =
0.05).


Experimentally determined detritylation also showed asymp-
totic behaviour as it reached higher levels in response to increasing
photoacid concentrations (Fig. 6).


Conclusions


We have provided effective photogenerators of TCA based on
esters of substituted 2-nitrobenzyl alcohols. They form solid,
uniform and optically clear films without addition of polymers.
The presence of electronegative heteroatoms in polymers when
included in the films renders TCA ineffective as a DMT-T
detritylation agent. Equilibrium of detritylation reactants is
reached within 5–10 s. Both experiments and simulations show that
higher levels of detritylation are approached only asymptotically.
Pushing the reaction towards completion with strong acids or high
concentrations is an unsatisfactory approach. Future emphasis
should be on removal of DMT+ despite the presence of solid
films.


Experimental


Synthesis of photoacid generators


Esters 1–25 described in the results section table are based
on a-phenyl-2-nitrobenzylalcohol. Full synthetic details and
spectroscopic characterisation of the esters and examples of
nitroso-photoproducts are given in the ESI.† We have previously
described11 the synthesis of esters 1 and 2.


Thin solid films on glass of esters or esters with polymer


We used glass microscope slides, either intact or cut down to
ca. 25 × 6 mm slices. Film-casting solutions, typically 0.5–2%
(w/v) in DCM, were used in one of two ways: either dip-
coating or spreading. Dip-coating makes more uniform films,
on both sides of a slide. Unwanted film on one side can be
removed with tissue moistened with solvent. Alternatively, the
two films can remain and both are photolysed and measured
together in series, doubling the measured absorption changes.
Another alternative is to first coat one side of the slide with an
anti-wetting agent (Repelcote, a 2% v/v solution of dimethyl-
dichloro-silane in octamethylcyclotetrasiloxane, from Merck Ltd,
Poole, Dorset, UK). The thickness achieved by dip-coating was
varied by changing the concentration of the casting solution, or
varying the speed at which the slide was withdrawn from the
solution.


Spreading used glass diagnostic slides, 75 × 25 × 1 mm (VWR
International, Lutterworth, Leicestershire, UK, or www.vwr.com)
that carry on one face a hydrophobic mask of black Teflon that
exposes one or more circular areas of the glass surface, each
typically 10–15 mm in diameter. These areas form shallow wells,
and 10–15 lL of casting solution placed with a micro-syringe into
one of them on a horizontal slide rapidly spreads over the exposed
glass area and evaporates to leave a circular film. If wished, pre-
heating of the slide to 45–55 ◦C accelerates drying, and protects
the film area against evaporative cooling that could attract water
condensation from the atmosphere.


Apparatus for photolysis and spectrophotometry of thin films on
glass slides


This laboratory-constructed instrument is described in the ESI.†
Sensitivity varied with the detector, but for the experiments
described here, sensitivity was not an issue because DMT-T was
present throughout the films to give area densities several-fold
higher than those obtainable by its attachment as a monolayer to
the underlying glass.


Measurement of proton activity in films


We used a pH indicator in the casting solutions to yield films
incorporating a spectrophotometric measure for intra-film proton
activity. Amongst a variety of pH indicators18 with solution pKa


values around 0.5–1.0, the triphenylmethane cationic indicator
brilliant green was the most suitable. It dissolves in DCM,
where it has a pH-sensitive absorption peak at 630 nm (EmM =
96 mM−1 cm−1), and relatively low absorption in the green–blue–
UV spectral region. Other indicators with higher pKa values and
suitably placed absorption bands can be used in combination with
BG to extend the response range to include weaker acids. The
absorption spectrum of BG responded predictably to changes of
photoacid acid concentration in solid films.


Measurement of photoacid acid production in films


Photolysis of substituted 2-nitrobenzyl esters produces the cor-
responding acid and substituted 2-nitrosobenzophenones. Al-
ternative reaction routes are negligible, and there is a 1 : 1
stoichiometry between acid release and formation of the 2-
nitrosobenzophenone photo-product. The absorption difference
spectrum of after minus before photolysis is due to generation of
the 2-nitrosobenzophenone, as shown in Fig. 6. The area density of
the 2-nitrosobenzophenone photoproduct can be calculated from
the peak height, and is assumed to equal that of photogenerated
acid. For ester 2, the difference spectrum between after and before
photolysis has a peak at 384 nm, with emM = 4.1 mM−1 cm.−1


Detritylation of intrafilm DMT-T


Measurement of the extent of detritylation requires that the value
of pre-photolysis intrafilm DMT-T density is known. To obtain
this value, we first measured in a sample of the film casting
solution, diluted 100–200 fold in 2.5 ml DCM, the value of the
324 nm shoulder due to the presence of ester 2. Addition of 2 M
TCA to obtain a final concentration of 0.05 M gave a 505 nm
peak due to essentially complete conversion of DMT-T to DMT+.
The ratio of the two peak heights was used as a factor to convert
the 324 nm reading in films to the anticipated 510 nm peak if all
DMT-T were to be detritylated. The observed 510 nm reading in
response to photolysis was then used to calculate the extent of
DMT-T detritylation.


Measurement of film thickness


At the onset of this work, we made measurements by interfer-
ometry, using the spectrophotometer with a reflectance probe.
The intensity of reflected light as a function of wavelength was
measured over the range from 400 or 450 nm to 870 nm. Peaks
and troughs were observed, their number increasing with film
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thickness. A glass slide without a film was used as the reference.
For calculation of film thickness, we used a model with normal
incidence of the light beam on the film, and interference between
the back reflections from the first and second interfaces, namely
air/film and film/glass. The effects of multiple reflections are
negligible and can be ignored. But otherwise we obtained the
film thickness from the absorption spectra. The area density
(nmol cm−2) of PAG was calculated from the characteristic pre-
photolysis UV-absorption of the PAG, using emM values from
Table 1. The area density of material (lg cm−2) was then calculated
from the PAG density (and the casting solution composition if
polymer was also included), and converted to a film thickness on
the assumption that the film density was 1 g cm−3.
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5′,8-Purine cyclonucleosides constitute an important class of oxidatively generated tandem lesions
whose formation involves initial hydroxyl radical-mediated hydrogen atom abstraction from the
5-hydroxymethyl group of 2-deoxyribose followed by intramolecular cyclization. The present study
deals with the synthesis of the 5′S diastereomer of 5′,8-cyclo-2′-deoxyadenosine containing di- and
tri-oligodeoxynucleotides as an attempt to delineate the conformational changes induced in the DNA
fragments by the presence of a rigid modified nucleoside. For this purpose, extensive 1D and 2D NMR
measurements that were completed by DFT theoretical calculations were performed. As a striking
result, it was found that the covalent bond between C(5′) and C(8) in the investigated purine
cyclonucleoside induces an unusual West (0T1) conformation of the furanose ring. Thus it can be
postulated that the rigid structure of the tandem lesion would strongly perturb the global geometry of
oligonucleotides at the site of the modification and therefore affect the enzymatic activity of DNA
polymerases and repair enzymes.


Introduction


Oxidation reactions that may be caused by endogenous and/or
exogenous chemical and physical agents are ubiquitous in living
cells.1 Reactive oxygen species (ROS) including the superoxide
anion radical, hydrogen peroxide and the •OH radical2,3 may be
produced through respiration burst, water radiolysis or photo-
sensitization reactions. Oxidatively generated lesions to DNA are
likely to be involved in the etiology of several human pathologies4–6


including cancers, Parkinson’s and Alzheimer’s diseases, to name
but a few. In the past 20 years, more than 80 oxidatively generated
base and sugar lesions have been isolated and identified as the
result of extensive model studies.


The most frequent oxidized bases that have been detected so
far in cellular DNA are 8-oxo-7,8-dihydroguanine,7 8-oxo-7,8-di-
hydroadenine,8 2,6-diamino-4-hydroxy-5-formamidopyrimidine,9


4,6-diamino-5-formamidopyrimidine,9 5-hydroxycytosine,10 5-
hydroxyuracil11 and 5,6-dihydroxy-5,6-dihydrothymine.12 These
lesions are characterized by the unrestricted flexibility of the
modified base about the N-glycosidic bond of related nucleosides.
In contrast, 5′,8-cyclo-2′-deoxyadenosine (cdA)13a,b and 5′,8-cyclo-
2′-deoxyguanosine (cdG)14a,b that may be generated by •OH
radical-mediated hydrogen atom abstraction at C5′ present a
rigid structure with limited possibility of conformational changes.
Purine 5′,8-cyclonucleosides that exhibit a carbon–carbon linkage
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between the sugar and the base units may be considered as
tandem DNA modifications since both the purine unit and the
2-deoxyribose moiety are altered. It may be added that purine 5′,8-
cyclonucleosides exist as pairs of R and S diastereomers due to the
presence of a chiral centre at C(5′) (Fig. 1). There are several lines
of evidence showing that the diastereomeric nucleosides behave
differently as substrates towards dedicated enzymatic activity.
For example (5′S)-5′,8-cyclo-2′-deoxyadenosine completely blocks
the progression of polymerases involved in oligonucleotide chain
extension whereas the 5′R diastereomer has a less pronounced
effect.15


Fig. 1 The 5′R and 5′S diastereomers of 5′,8-cyclo-2′-deoxyadenosine
with indication of the torsional angles in the sugar ring (symbols φ0; φ1;
φ2; φ3; φ4) and the glycosidic angle (v). s indicates the new torsional angle
that is specific for cyclic nucleosides.


Both 5′R and 5′S diastereomers of cdA that are not substrates
for the enzymes of the base excision repair (BER)16a pathways are
excised from oligonucleotides by proteins acting via the nucleotide
excision repair (NER) mechanism.16b Interestingly, the 5′R form
was found to be more efficiently removed from cdA containing
oligonucleotides than the 5′S diastereomer.


This is likely to be the result of different conformational
features in the 5′R and 5′S diastereomers for which the sugar
ring adopts an unusual 0T1 puckered form. The present study
is aimed at delineating the conformational features of the 5′S
diastereomer of either free cdA (1) or when inserted into two
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short oligonucleotides, namely TPcdA (2) and TPcdAPT (3). This
was achieved by both extensive NMR studies in aqueous solutions
and theoretical DFT calculations.


Results and discussion


Synthesis of cdA containing di- and trinucleotides


The (5′S)-5′,8-cyclo-2′-deoxyadenosine (1) and related suitable
derivatives for short oligonucleotide synthesis were prepared by
the method described by Romieu et al.13 The TPcdA 2 and TPcdAPT
3 were synthesized by solid phase synthesis on a 1 lmol scale using
the classical phosphoramidite strategy17 with a slight modification,
as applied by Brooks et al.18 The synthetic products were purified
according to a one-step method that involved the use of reverse
phase-HPLC in the trityl off mode.


1H and 31P features of cdA 1, TPcdA 2 and TPcdAPT 3


The 1H NMR and 31P decoupled 1H NMR analysis for each
compound was performed at two temperatures, namely 25 and
41 ◦C. NMR signals collected at 25 ◦C were used for the
determination of the chemical shifts via straightforward 2D
COSY19 NMR experiments. The set of data obtained, reported in
Table 1, constituted the starting points for further investigations.
We expected to observe changes in the sugar conformation
associated with two phenomena. First, the nucleoside adjacent to
5′,8-cyclo-2′-deoxyadenosine should adopt a conformation that
does not correspond to the global energy minimum. Second,
the energy supplied by the temperature increase should facilitate


Table 1 Chemical shifts [ppm] of sugar and base protons from 500 MHz
1H NMR spectra at 25 ◦C in D2O


Chemical shifts of protons


2 3


Proton 1 TP cdA TP cdA PT


1′ 6.47 6.28 6.43 6.27 6.51 6.29
2′ 2.63 2.46 2.63 2.43 2.64 2.28
2′′ 2.23 2.70 2.22 2.67 2.47 2.29
3′ 4.74 4.95 4.79 4.96 5.10 4.57
4′ 4.76 4.27 4.95 4.28 5.08 4.13
5′ 3.87 3.83 4.10
5′′ 5.32 3.80 5.67 3.79 5.73 4.06
2 8.13 8.10 8.16
5 1.83 1.64 1.84
6 7.62 7.62 7.65


the formation of other more or less probable conformations.
In fact, no significant changes in the vicinal proton coupling
constants were observed; the largest variation being 0.8 Hz, which
corresponds to a change in the dihedral angle by ca. 3◦ (Table 2).
Similar effects have been noted for the methylenic protons at C5′


investigated at the same temperature.


Sugar moiety conformation


Prior to reporting the results of both experimental and theoretical
studies dealing with the effect of the rigid structure of (5′S)cdA 1
on the conformation features of TPcdA 2 and TPcdAPT 3, whose
structures are shown in Fig. 2, a few general considerations on the
conformational properties of the 2-deoxyribose moiety in either
the free nucleoside or DNA are provided. The geometry of double-
and single-stranded nucleic acids depends in most cases on the
flexibility of the 2-deoxyribofuranose ring and on the type of the
phosphate linkage.20 From NMR measurements, X-ray data and
quantum calculations, it is well documented that the 2-deoxyribose
five-membered ring preferably adopts the C(2′)-endo 2E and C(3′)-
endo 3E conformations also referred to as S and N, respectively.21


Fig. 2 Three dimensional structure of cdA 1, TPcdA 2 and TPcdAPT 3
inferred from NMR data.


According to the pseudorotation concept,22 the N↔S and S↔N
interconversions are possible through O(4′)-endo; ◦E, (East-(E)-
type) or O(4′)-exo; 0E(West-(W)-type) conformations. From an
energetic point of view, the pathway through ◦E is much more
attractive than the 0E one; the energetic barriers are 1.8 and 5.6
kcal respectively.23a,b,24,25 Moreover, in the 0E geometry, both the
nucleobase and the 5′-CH2OH group are in an unfavorable axial


Table 2 Vicinal coupling constants 3JH–H [Hz] obtained at (a) 25 ◦C; (b) 41 ◦C for the sugar moieties of compounds 1, 2 and 3


a b


Coupling constants at 25 ◦C Coupling constants at 41 ◦C


Compounds 1′–2′ 1′–2′ 2′–2′′ 2′–3′ 2′′–3′ 3′–4′ 4′–5′ 4′–5′′ 5′–5′′ 1′–2′ 1′–2′ 2′–2′′ 2′–3′ 2′′–3′ 3′–4′ 4′–5′ 4′–5′′ 5′–5′′


cdA 1 cdA < 0.2 4.9 −13.9 7.5 4.6 < 0.2 6.2 < 0.2 4.9 −13.8 7.6 4.7 < 0.2 6.2
TPcdA 2 TP 6.5 7.3 −14.5 7.1 3.1 3.3 3.5 4.7 −10.2 6.7 6.9 −14.3 7.1 3.2 3.4 3.5 4.8 −12.5


cdA < 0.2 4.6 −13.8 7.5 4.5 < 0.2 6.1 < 0.2 4.8 −13.9 7.5 4.4 < 0.2 6.2
TPcdAPT 3 TP 6.4 6.0 −14.1 7.2 2.6 4.0 3.7 4.5 −12.4 6.7 6.0 −13.9 7.0 2.2 3.2 3.2 4.6 −13.0


cdA < 0.2 4.7 −14.3 7.5 4.2 < 0.2 6.1 < 0.2 4.4 −13.7 7.3 4.0 < 0.2 6.1
PT 6.9 6.9 4.8 4.6 3.2 2.4 2.8 −11.6 7.2 7.2 4.7 4. 3.2 2.6 3.3 −11.5
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position (2.9 Å); in contrast, in the ◦E form both substituents are in
more suitable equatorial positions (4.6 Å).20 Only a few examples
of nucleosides that contain the W-type of sugar have been reported
in the literature so far.26,27 It can be assumed, therefore, that if they
present in the genome, their unusual structures should play an
important role in the biological processing of these unusual cyclic
nucleosides.


The conformation of the five-membered furanose ring


In order to further elucidate these results and to verify the
proposed working hypothesis, attempts were made to assess the
distances between the sugar protons by 2D NOESY28 experiments
at 25 ◦C (Table 3). From these data and with the help of molecular
mechanistic calculations,29 we have been able to build, separately
for the three studied molecules, a three-dimensional structure
corresponding to each of the furanose rings. In order to achieve
the calculations, the previously determined distances were kept
fixed. The conformation of the five-membered ring is described
using the pseudorotation concept mentioned previously. Thus,
the relationship between the five torsion angles φ(0–4) (Fig. 1) is
described by simple equations (eqn (1), (2)) relating the phase (P)
and the amplitude (φmax)30 (Table 4). It has been shown that the
sugar moiety in (5′S)cdA adopts an unusual W-west conformation,
0T1.


tan(P) = [(φ4 + φ1) − (φ3 + φ0)]/[2φ2 (sin(36) + sin(72))] (1)


φmax = φ2/cos(P) (2)


Moreover, it may be inferred by considering the 3JH–H data over
the temperature range investigated that the conformation of the
rigid (5′S)cdA unit is not affected by the temperature within the
wide range studied. In addition, the results thus obtained suggest
that the 5′ and 3′ sugars of the nucleosides attached to cdA 1 adopt
predominantly a S conformation.


The orientation of the hydroxyl group with respect to the c-bond


The spatial orientation around the C4′–C5′ bond is expected
to have the most pronounced influence on the geometry of
the 5′ internucleotide phosphodiester linkage. The distribution
frequency of the three possible staggered conformers depicted in
Fig. 3: g+ (gauche +), t (trans), g− (gauche −) is not equivalent.


Table 4 Value of inter-sugar dihedral angles, sugar conformation phase
P and amplitude φmax of sugar calculated from 2D NOESY NMR
experiments


cdA 1 TPcdA 2 TPcdAPT 3


Angle TP cdA TP cdA PT
φ0 45.2 −4.3 44.7 19.4 48.4 −7.3
φ1 −27.3 30.4 −30.7 4.5 −32.7 31.4
φ2 1.3 −43.8 6.3 −24.8 7.3 −41.8
φ3 25.1 43.1 19.6 37.0 20.4 39.8
φ4 −44.8 −23.8 −40.3 −35.5 −43.8 −20


Phase P 272 193 278 229 279 189
Amplitude φmax 37.1 45.1 44.4 37.7 47.7 42.4
Puckering 0T1


3T2
0T1 4T3 0T1


3T2


Fig. 3 Graphical view of different staggered rotamers of the
5′-hydroxymethyl group of nucleosides.


Their populations depend on the sugar puckering and the
substituents that are present in the nucleobases. The rotameric
populations have been estimated from the coupling constants
between H(4′) and H(5′,5′′) using the method described by Westhof
et al.31 (eqn (3), (4), (5)), for different temperatures in the range of
25–41 ◦C.


%c (g+) = {1.46 − [3J4′ ,5′ + 3J4′ ,5′′ ]/8.9}100 (3)


%c t = {(3J4′ ,5′′ /8.9) − 0.23}100 (4)


%c (g−) = {(3J4′ ,5′ /8.9) − 0.23}100 (5)


It has been found that in both 2 and 3, c (g+) and c (t) rotamers
predominate. This means that in the investigated structures, the S-
type sugar pucker is the most abundant for the normal nucleosides
at both 5′ and 3′ ends (Table 5).


Moreover, these results are in good agreement with the estima-
tion of the rotamers that was achieved considering the values of
3JH–H measured by 1H NMR at different temperatures and using
eqn (6), (7) (Table 5). The situation is different for 1 because the


Table 3 Selected distances of sugar protons calculated by the 1DFT B3LYP 6-31G** level and from a 22D NOESY NMR experiment. (obs = obscured.)


Inter molecular distances [Å] between inter-ring protons


System 1′–2′ 1′–2′′ 2′–3′ 2′′–3′ 3′–4′ 4′–5′


cdA 1 cdA1 2.75 2.48 2.43 3.00 2.83 2.45
cdA2 2.95 2.60 2.4 2.99 obs 2.32


TPcdA 2 TP
1 2.84 2.36 2.46 3.0 3.05


TP
2 3.1 2.3 2.3 2.6 2.4


cdA1 2.74 2.49 2.42 3.00 2.86 2.46
cdA2 2.8 2.4 2.4 3.1 obs 2.3


TPcdAPT 3 TP
1 2.76 2.37 2.55 3.0 3.0


TP
2 2.7 2.45 2.4 3.0 2.6


cdA1 2.87 2.42 2.25 2.85 2.75 2.37
cdA2 2.94 2.5 2.5 3.2 obs 2.4
PT1 3.05 2.42 2.44 2.73 2.69
PT2 obs 2.4 2.25 obs 2.4
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Table 5 Distribution of the rotamers about the C4′–C5′ bond and sugar puckered conformer population inferred from 1H NMR and 1 H{31P} NMR
coupling constants at 25 ◦C and 41 ◦C


Conformation %c
Population of
conformers


dA and cdA TP PT TP PT


System g(+) t g(−) g(+) t g(−) g(+) t g(−) S S/N S S/N


dA32 59 25 16
cdA 1
25 ◦C TPcdA 100 55 29 16 69 1.99


TPcdAPT 100 56 27 18 87 9 4 69 1.59 74 2.17
41 ◦C TPcdA 100 53 30 17 72 2.0


TPcdAPT 100 59 29 12 80 14 6 72 2.10 77 2.23


rotation around C4′–C5′ bond is prevented, and only one c (g−)


conformer can exist.


X S = 100(J1′ ,2′ /9.3) (6)


K eq = S/N = J1′ ,2′ /J3′ ,4′ (7)


Internucleotide backbone geometry determination


In the final step, the 1H-31P coupling constants have been assigned
with the aim of assessing the dihedral angle e [C(4′)–C(3′)–O(3′)–P]
and b [P-O(5′)–C(5′)–C(4′)] (Table 6) using the Karplus equation
(eqn (8), (9))32 parameterized by Mooren et al.33,34


3JH3′–P3′ = 15.3cos(e + 120) − 6.2cos(e +120) + 1.5 (8)


3JH5′–P3′ = 15.3cos(b − 120) − 6.2cos( b − 120) + 1.5
for H-5′ − 120 for H-5′′ + 120 (9)


In contrast to the sugar moieties in the 3′ and 5′ terminal
positions, which show a significant structural flexibility, the c
[O(5′)–C(5′)–C(4′)–C(3′)] and d [C(5′)–C(4′)–C(3′)–O(3′)] in cdA
are fixed due to the rigidity of the molecule. The remaining
two parameters that could be of structural relevance i.e. a
[C(3′)–P–O(5′)–C(5′)], n [C(3′)–O(3′)–P–O(5′)] are not accessible
to measurement in this analysis.


Based on the data derived from the above available mea-
surements and calculations, attempts were made to build three
dimensional models of 1, 2 and 3 in which the cdA component
appears as an extremely stable element of the structure (Fig. 2).


Molecular structure of cdA 1, TPcdA 2 and TPcdAPT 3 from
density functional theory studies


It should be noted that X-ray data are available only for 5′,8-
cycloadenosine (cA),27 the ribofuranose derivative of cdA. We
have therefore chosen to use quantum mechanics and a DFT
calculation35 with the goal being to cross-check the experimental
data inferred from NMR. We have found that the conformation
of the fixed sugar ring of the cyclonucleoside is independent of the
substituents, while the torsional angles and the distances in cdA are
similar to those measured in cA. Moreover, we could not observe
any changes in the structure of (5′S)-5′,8-cyclo-2′-deoxyadenosine
independently, whether we modelled it as the cdA monomer
or as conjugates such as TPcdA or TPcdAPT. Surprisingly, the
crystallographic structural data of cA27 were consistent with those
inferred from the quantum chemical calculations for all structures
studied that exhibit the 0T1 conformation for the sugar moiety.
Another point to be noted from the DFT calculations is that the
5′-furanose ring adopts the (3T4) N form in 2 and 3. A different
structure is found for the 3′ sugar, which shows the typical S
conformation 3T2 as in non modified nucleosides (Table 7).


Conclusions


In conclusion, we have synthesized and studied by NMR and
DFT the conformational features of the 5′S diastereomer of cdA
1 as a model of tandem base modifications occurring in DNA as
the result of exposure to ionizing radiation or an •OH radical.
It has been demonstrated that the covalent bond between C(5′)
and C(8) in the cyclic nucleoside induces an unusual West (0T1)
conformation for the furanose ring. Moreover, the postulated
geometry is independent of the substituents of the furanose


Table 6 Coupling constants 3JH–P [Hz] measured at 25 and 41 ◦C for the base-linked sugar


P-T5′


Temp. ◦C System T3′-P P-cdA5′ cdA3′-P P-T5′′


25 TPcdA obs 10.0
TPcdAPT 9.5 9.9 10.7 obs About 7.7


Dihedral angle calculated at 25 ◦C a1 = −102.6 a1 = 123.9 a1 = −120 a1 = 149.5
a2 = 3.2 a2 = 224.5 a2 = 6.9 a2 = 237.7


41 TPcdA obs 9.6
TPcdAPT 9.5 9.7 12.1 obs
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Table 7 Values of torsion angles and pseudorotation parameters in the sugar moieties calculated by (A) DFT B3LYP method with 6-31G** and (B)
crystal structures


Torsion angle value/◦ (A)TPcdA 2 (A)TPcdAPT 3


Angle (B)dA25a (A)dA (B)cA26 (A)cdA (B)dT24b TP cdA TP cdA TP


O4′ –C1′ –N9–C2 v −139.5 −118.1 176.3 −119.1
C4′ –O4′ –C1′ –C2′


φ0 3.4 19.0 50.6 48.1 −7.4 −9.7 48.8 0.13 47.6 −5.0
O4′ –C1′ –C2′ –C3′


φ1 −24.9 8.3 −40.6 −36.0 28.4 −12.6 −38.3 −24.9 −34 27.7
C1′ –C2′ –C3′ –C4′


φ2 35.3 −30.0 15.9 10.8 −37.2 28.1 13.4 39.03 8.4 −38.8
C2′ –C3′ –C4′ –O4′


φ3 −34.1 41.7 12.6 16.9 33.8 −34.4 14.5 −39.3 19.2 36.4
C3′ –C4′ –O4′ –C1′


φ4 19.6 −38.5 −39.1 −40.7 −16.8 28.4 −39.4 25.0 −41.7 −19.8
C3′ –C4′ –C5′ –C8 s 62.2 68.3 65.3 66.8
O4′ –C1′ –N9–C4 v −165.1 −175.7 −161.2 −149.6 −152.5 −147
Pseudorotation parameters
Phase P 13.2 224.5 288.9 283.2 187.4 34.7 286.3 18.1 280.2 191.1
Amplitude φmax 36.2 42.3 49.1 47.4 37.6 34.2 47.7 41.0 47.1 39.55
Puckering 3T2


4T3
1T4 0T1


3T2 3T4 0T1 3T4 0T1
3T2


ring. An excellent agreement has been reached between available
crystallographic data, DFT calculations and NMR measurements.
As a result, this converges to essentially the same puckering,
amplitude, and distance values between protons in cdA 1. This
clearly indicates that the 5-membered sugar ring adopts a similar
conformation in both the 2′-deoxy and ribonucleosides with a
rigid geometry that is temperature independent. Within the range
of temperatures studied (25–41 ◦C) no significant changes in the
values of 3JH–H have been observed for cdA 1, similar to the
case of d[TPAPPT] (AP – apurinic/apyrimidinic site).36 Finally,
by combining 2D NOESY experiments with simple molecular
mechanics calculations and using fixed inter-proton distances,
it has been demonstrated that the 5′ and 3′ sugar residues of
nucleosides 2 and 3 adopt predominately S conformations, namely
3T2 and 4T3. It can therefore be postulated that the rigid and fixed
structure of cdA 1 can strongly influence the global geometry of
oligonucleosides.


Experimental part


Synthesis of cdA 1, TPcdA 2 and TPcdAPT 3


(5′S)-5′,8-Cyclo-2′-deoxyadenosine and related derivatives for
short oligonucleotide synthesis were obtained by the method de-
scribed by Romieu et al.13 The short oligonucleotides TPcdA 2 and
TPcdAPT 3 were synthesised according to a solid phase synthesis
approach on a 1 lmol scale using the classical phosphoramidite
strategy17 with a slight modification applied by Brooks et al.18


This was performed on an Applied Biosystem 392 DNA/RNA
synthesizer according to the trityl off mode. The synthesized
products were purified in one-step RP-HPLC in the DMTOFF mode.
For this purpose, a Supelco column, Discover R© RP-C18 (25 cm x
4.6 mm, 5 lm), was used. The elution was achieved using 0.1M
triethylammonium acetate (TEAA) as the buffer with a gradient
for compound 1 from 0 to 20% of acetonitrile in 50 min, and for
compounds 2, 3 from 0 to 14% of acetonitrile in 60 min; detection
k = 260 nm;.


cdA 1; yield (total yield after 9 steps 30%), RP-HPLC (TEEA–
acetonitrile) Rt = 27.4 min; UV (H2O) kmax = 267 nm; CD (H2O)
negative kmax = 263 nm; m/z (ESI) 250.0 ([M − H]+, requires
250.23), m/z 248.2 ([M − H]−, requires 248.23). TPcdA 2; yield
95% (under HPLC integration), RP-HPLC (TEEA–acetonitrile)


Rt = 54.1 min; UV (H2O) kmax = 267 nm; CD (H2O) negative
kmax = 254 nm; m/z (ESI) 552.1 ([M − H]−, requires 552.42).
TPcdAPT 3; yield 70% (under HPLC integration), RP-HPLC
(TEEA–acetonitrile) Rt = 53.6 min; UV (H2O) kmax = 267 nm;
CD (H2O) negative kmax = 252 nm, positive kmax = 278 nm; m/z
(ESI) 856.3 ([M − H]−, requires 856.61).


Computation methodology


Quantum mechanics study. The molecular structures of cdA
1, TPcdA 2 and TPcdAPT 3 were calculated using a DFT (density
functional theory) approach with B3LYP (Becke’s three-parameter
exchange functional and the gradient-corrected functional of Lee,
Yang and Parr). For cdA 1, TPcdA 2 and TPcdAPT 3, the 6-31G**
base was used. The calculation for cdA 1 was performed with
Gaussian 98 whereas analysis of TPcdA 2 and TPcdAPT 3 was
achieved with Gaussian 03 Revision B.05.37


Molecular mechanics study. The structures of the sugar moi-
eties of 1, 2 and 3 were calculated by the CAChe 6.1.12.31, trial
version (Fujitsu, Japan) software using CaCheMM3 molecular
force files with previous fixed inter-proton bound distances that
were previously determined. Values of inter-proton distances were
assessed from 2D NOESY NMR experiments. The following are
the molecular mechanics geometry optimization parameters:


Optimization method: conjugate gradient.
Iteration control: convergence value 0.001; convergence unit


kcal mol−1; maximum updates 300.


NMR parameters


All NMR spectra were recorded on a Brucker Advance 500
spectrometer. 1H spectra was recorded at 25, 30, 35, 41 ◦C and
collected in 65.3 K data points including 34–537 transients;
the spectral width was 5482 Hz at an operation frequency of
500.13 MHz.


1H {31P} decoupled spectra were acquired at 25 ◦C in 20.5 K,
over 64 transients with a spectral width of 5000 Hz and an
operating frequency of 202.45 MHz.


1H spectra were referenced to the residual HOD of D2O fixed at
4.80 ppm.
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2D COSY spectra and 2D NOESY spectra were obtained by
standard pulls-program implemented in the standard Brucker
software.


All 1D spectra were processed using XWINNMR version 2.6
and a Gaussian window function (GB = 0 and LB = 0.3). All
spectra were processed on a PC computer after accumulation,
using the MestReC 4.4.1 (Mestreclab Research, Santiago de
Compostela, A Coruna, Spain) software.
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A direct, mild and efficient protocol for the preparation of b-glycosides of N-acetyl glucosamine
(GlcNAc) and N-acetyl galactosamine (GalNAc) has been developed using peracetylated b-GlcNAc
and b-GalNAc as donors. All rare Earth metal triflate promoters screened were found to promote
glycosylation with Sc(OTf)3 being superior in terms of reaction rate. Simple alcohol glycosylation was
found to proceed smoothly in refluxing dichloromethane, whereas higher temperatures under
microwave conditions were needed to attain acceptable yields with less reactive, carbohydrate based
glycosyl acceptors. The protocol developed was applied to provide the first example of direct chemical
formation of a disaccharide using both GlcNAc as a glycosyl donor and acceptor. The a-acetate donor
was found to be significantly less reactive than the corresponding b-anomer necessitating higher
reaction temperatures under which glycoside anomerisation was found to occur. It was established, that
the anomerisation only took place in the presence of both Sc(OTf)3 and acetic acid.


Introduction


The N-acetyl glucosamine (GlcNAc) unit is frequently used by
Nature as a monosaccharide building block in a range of impor-
tant oligosaccharides like the core pentasaccharide, nodulation
factors, and carbohydrate epitopes.1 Accordingly, methodology
for the efficient preparation of GlcNAc glycosides remains an
important component of modern carbohydrate chemistry.2 Tradi-
tionally, the chemical synthesis of the b-GlcNAc glycosidic linkage
has most frequently been carried out by using glucosamine-
derived donors possessing a temporary protecting group of the 2-
amino functionality such as N-Troc (N-trichloroethoxycarbonyl),3


N-Phth (N-phthalimido),4 N,N-diacetyl,5 or azide.6 Among
the less used nitrogen camouflaging groups are N-Alloc (N-
allyloxycarbonyl),7 N-Cbz (N-benzyloxycarbonyl),7 N-TCA (N-
trichloroacetyl),8 N-TCP (tetrachlorophthalimido),9 N-Dts
(N-dithiasuccinoyl),10 N-DCPhth (N-4,5-dichlorophthalimido),11


N-DMM (N-dimethylmaleoyl),12 N,N-dibenzyl,13 and N-TDG
(N-thiodiglycoloyl).14 Although glycosylation generally functions
well with donors bearing these protecting groups their drawback
is that separate synthetic steps are required for introduction
and later interconversion to the biologically relevant 2-acetamido
substituent.


To minimise the number of synthetic steps, sugar oxazolines
have been explored as potential donors, which directly yield the
acetyl function without further manipulations. Traditionally, a
range of Lewis acids such as FeCl3,15 AlCl3,16 and TMSOTf2 have
been used with some success for glycopyranosyl oxazoline (1)
activation in chemical GlcNAc-ylation. Recently, stoichiometric
cupric salts17 and Yb(OTf)3 (30 mol%)18 were established as being
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useful catalysts for the synthesis of simple glycosides of GlcNAc
(Scheme 1a). Bundle and co-workers have furthermore found 5,6-
O-isopropylidene glucofuranosyl oxazoline (2, Scheme 1b) to be
a useful donor with p-TsOH as the activating agent giving the
2-acetamido glucopyranosides as products.19


Scheme 1 Synthesis of GlcNAc b-glycosides. a) from pyranosyl
oxazoline,17,18 b) from furanosyl oxazoline,19 and c) direct glycosylation
from acetate donor, present study.


The use of oxazolines as donors for chemical glycosylation
is troubled by their preparation and low shelf stability. We
accordingly undertook a study inspired by the above mentioned
promising results18 to search for reaction conditions under which
GlcNAc-ylation could be conducted using a stable, storable
glycosyl donor.


Rare earth metal triflates have proven to be a highly valuable tool
in a wide range of Lewis acid mediated reactions. The advantage
of using these metals as catalysts is their high level of acidity in
combination with their stability towards moisture.20
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This work describes our recent results in using shelf stable and
commercially21 available GlcNAc-acetates (3) as glycosyl donors
and rare earth metal triflates as Lewis acid promoters, without
the need for purification of the oxazoline intermediate. The use of
catalytic amounts of rare earth metal triflates is believed to both
catalyse oxazoline formation and activation.


Results and discussion


Various Lewis acid catalysts


Early in our study, inspired by the work of Crasto and Jones,18 we
were pleased to find that Yb(OTf)3 (15 mol%) with BnOH (4) in
refluxing CH2Cl2 efficiently catalysed the exclusive formation of
benzyl b-glycoside 5 in 75% yield from the stable, commercially
available b-peracetylated donor 3 (entry 1, Table 1). This promising
result led us to screen for optimal reaction conditions. All Lewis
acids tested were capable of promoting glycosylation with isolated
yields between 69–88% (entry 1–7, Table 1). Reaction times were
typically 20–22 hours but with Sc(OTf)3 and Cu(OTf)2 standing
out as significantly more active catalysts resulting in reaction
completion after only 4 and 8 hours, respectively (entry 2 and
entry 7, Table 1). This confirms the known fact that of this series
of catalysts, Sc(OTf)3 is known to have extraordinarily high activity
as a Lewis acid.20


Also CuBr2 (15 mol%), which had been found by Wittmann and
Lennartz17 to promote oxazoline glycosylation using a stoichio-
metric amount of Lewis acid gave the expected b-benzyl glycoside
(5) albeit in only 57% yield (entry 8, Table 1). Interestingly, in
contrast to the present results, Wittmann and Lennartz reported
that Cu(OTf)2 was not a promoter for the conversion of oxazoline
to glycoside.17


To shed light on the reaction mechanism an experiment was
carried out in refluxing CH2Cl2 with Yb(OTf)3 (15 mol%) but
leaving out any acceptor alcohol. This led, according to TLC
analysis, to the development of a slightly more polar compound,
which was found to have the NMR spectral characteristics of
the expected oxazoline intermediate.22 Regardless of the choice of
catalyst, performing the reaction in the presence of e.g. BnOH (4)


Table 1 Results of glycosylations according to Scheme 1c conducted with
BnOH (4) (3 equiv.)


Entry T/◦Ca Solvent
Cat.
(15 mol%)


Price/
(€/5 g)b Time Yieldc


1 45 CH2Cl2 Yb(OTf)3 87.00 22 h 75%
2 45 CH2Cl2 Sc(OTf)3 255.30 4 h 81%
3 45 CH2Cl2 Sm(OTf)3 101.50 22 h 84%
4 45 CH2Cl2 La(OTf)3 74.20 22 h 81%
5 45 CH2Cl2 Dy(OTf)3 69.70 20 h 83%
6 45 CH2Cl2 Nd(OTf)3 42.50 20 h 88%
7 45 CH2Cl2 Cu(OTf)2 83.50 8 h 69%
8 45 CH2Cl2 CuBr2 20.90 >24 h 57%
9 45 ClCH2CH2Cl Sc(OTf)3 255.30 6 h 69%


10 45 THF Sc(OTf)3 255.30 >28 h 48%
11 45 PhCH3 Sc(OTf)3 255.30 12 h 54%
12 45 CH3CN Sc(OTf)3 255.30 8 h 62%
13 90 ClCH2CH2Cl Sc(OTf)3 255.30 90 min 82%
14 90 ClCH2CH2Cl none >30 h 0%


a Oil bath temperature. b Prices listed on www.sigmaaldrich.com, March
2008. c Isolated yield after chromatography.


also showed the development of this more polar compound that
eventually disappeared after reaction completion. This strongly
indicates that the rare earth metal triflates catalyse both anomeric
activation leading to oxazoline formation and later breakdown of
this as described by Crasto and Jones.18


Due to the superior reactivity of Sc(OTf)3 in spite of it being the
most highly priced of the tested catalysts, we continued our screen
for the best reaction medium among the standard laboratory
solvents (entry 9–12, Table 1). These were found to result in
diminished yields compared to when CH2Cl2 was used at the same
temperature with dichloroethane (DCE) giving the best result
(6 hours, 69%, entry 9, Table 1). Both reaction times and yields
were the order CH2Cl2 > DCE > CH3CN > PhCH3 > THF.


Heating the reaction mixture to reflux in DCE gave an improved
yield of 82% in only 90 min (entry 13, Table 1). The same protocol
was investigated leaving out the catalyst showing no product
formation after 30 hours demonstrating the necessity of a Lewis
acid promoter (entry 14, Table 1).


Various glycosylation reactions


After optimising reaction conditions, the use of various alcohols as
potential glycosyl acceptors were explored (Table 2). The electron
poor acceptor 2-bromoethanol (6,entry 1, Table 2) also yielded
the expected b-glycoside (7) with a significant prolonged reaction
time (27 hours) compared to BnOH (4). Glycosylation with
cyclohexanol (8, entry 2, Table 2) gave the expected b-cyclohexyl
glycoside (9) in 84% yield but the reaction time had gone from
4 hours with BnOH (4) to 48 hours with this more sterically
demanding acceptor. The protocol too offered the possibility
of preparing a glycoamino acid building block of serine (11,
50%, entry 3, Table 2) found in nuclear proteins.23 It is well-
established that carbamate protected serines (10) act as poor
glycosyl acceptors, a fact that has been ascribed to unfavourable
HO: → H–N hydrogen bond formation.24


Galactose (12) and glucose25 (14) based primary alcohols were
furthermore glycosylated in 78% and 85%, respectively (entry 4
and entry 5, Table 2).


Full consumption of acceptor with 4 equivalents of donor (3)
could not be reached in the case of 4-OH acceptor 1626 (entry 6,
Table 2). After heating for 72 hours only 21% of the disaccharide 17
could be isolated (64% based on recovered 16) giving an indication
of the scope of the present protocol. In this case adding more donor
or catalyst was found not to result in further conversion.


N-Acetyl-galactosamine (GalNAc) has no less biological signif-
icance compared to GlcNAc so we were pleased to find Sc(OTf)3


also was an efficient catalyst to bring about galactosylation from
the corresponding GalNAc b-acetate donor (4-epi-3, entry 7,
Table 2).27 The reaction time with BnOH (4) as the acceptor was
considerably shorter than with the corresponding glucose config-
ured isomer (3) as expected, due to the smaller degree of transition
state destabilisation exerted by the C-4 axial substituent.28 It
was furthermore possible to galactosylate the hindered secondary
galactose based acceptor 19 in 65% yield (83% based on recovered
acceptor). The acceptor (19) was prepared by benzylidene ring-
opening of the known 24 with Et3SiH–TFA according to Scheme 2.
An efficient synthesis of this disaccharide (20) being a target
sequence for pulmonary pathogens was published recently using
Troc-protection of the galactosamine N-atom.29 We believe that
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Table 2 Sc(OTf)3 (15 mol%) promoted glycosylation in refluxing CH2Cl2


Entry Da Ab Product (D : A)c Time Yieldd


1 3 1 : 3 27 h 67%


2 3 1 : 3 48 h 84%


3 3 1 : 1.5 72 h 50%


4 3 2 : 1 24 h 78%


5 3 4 : 1 72 h 85%


6 3 4 : 1 72 h 21% (64%)


7 4-epi-3 1 : 3 2 h 84%


8 4-epi-3 4 : 1 72 h 65% (83%)


a Donor. b Acceptor. c Donor : acceptor ratio. d Isolated yield after chromatography (yield based on recovered acceptor).


this more direct strategy offers an equally efficient approach to
this biologically important disaccharide.


Glycosylation under microwave conditions


Microwave irradiation as a mode of heating is becoming in-
creasingly popular in all aspects of organic chemistry including
carbohydrate chemistry.30–33 Due to the slow reaction rates ob-


served for some of the reactions listed in the above section, we
wondered whether microwave irradiation would make the present
approach for glycosylation more efficient by lowering the reaction
time. Given that microwave reactions are carried out in sealed
tubes it is furthermore possible to heat e.g. CH2Cl2 to temperatures
well above the boiling point at atmospheric pressure avoiding the
need of higher boiling solvents like DCE. The benefit of this is
both the easier later removal of a lower boiling solvent along with
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Scheme 2 Synthesis of galactose and N-acetyl glucosamine acceptors (a
and b), and regioselective glycosylation of 3,4-acceptor (21) followed by
deprotection to confirm regiochemistry of interglycosidic linkage (c).


the fact that DCE is less commonly available in comparison to
CH2Cl2 as a freshly distilled solvent in most chemical laboratories.


We first investigated the GlcNAc- and GalNac-ylation with
benzyl alcohol as the acceptor under conditions similar those
described above with conventional heating (Table 1, entry 2 and
Table 2, entry 7). When heating by microwave irradiation to 80 ◦C
it was yet again observed that galactosylation (5 min, entry 2,
Table 3) was faster than glucosylation (20 min, entry 1, Table 3).
The reaction time was hence brought down from several hours to
minutes while the yield essentially remained the same.


We next decided to explore glycosylation of carbohydrate based
alcohols. Primary alcohol 14 could be glycosylated in as little
as 3 hours but a slightly lower yield was obtained (entry 3,
Table 3). Using microwave heating, a significantly higher level
of conversion was obtained with the troublesome secondary
alcohol of glucose acceptor 16 (entry 4, Table 3) after 16 hours
at 80 ◦C. Although this cannot be regarded as a high yield it
must be kept in mind that only one anomeric product is formed
and that no additional steps for protecting group interconver-
sion are required to attain the biologically relevant acetamido
function.


Some success in O-4 over O-3 regioselective galactosylation of
b-GlcNAc derivatives has in recent years been reported.34 Inspired
by these results it was decided to investigate whether the present
protocol also was able to selectively give a 1→4 linked disaccharide
and thereby a di-N-acetyl chitobiose derivative. Heating the novel
GlcNAc acceptor 21 (Scheme 2) with b-acetate 3 under microwave
irradiation in the presence of Sc(OTf)3 (15 mol%), however, was
found to selectively produce the 1→3 linked disaccharide in the
astonishing yield of 90% (entry 5, Table 3). The regiochemistry
of the product was established by the presence of H1′→C3 and
H3→C1′ correlations in the HMBC spectrum of the disaccharide
(22) and confirmed by global deprotection and comparison to
known spectral data (Scheme 2c).35 This, to the best of our knowl-
edge, constitutes the first example of a chemical glycosylation
reaction where GlcNAc successfully has been used as both donor
and acceptor.


Table 3 Sc(OTf)3 (15 mol%) promoted glycosylation in CH2Cl2 under microwave irradiation (80 ◦C)


Entry Da Ab Product (D : A)c Time Yieldd


1 3 1 : 3 20 min 80%


2 4-epi-3 1 : 3 5 min 80%


3 3 2 : 1 3 h 75%


4 3 4 : 1 16 h 43% (68%)


5 3 2 : 1 8 h 90%


a Donor. b Acceptor. c Donor : acceptor ratio. d Isolated yield after chromatography (yield based on recovered acceptor).
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Glycosylation with a-anomeric acetate


Only b-acetates (3 and 4-epi-3) had to this point been explored
as the glycosyl donor (Scheme 1c). Despite the fact that this can
be easily synthesised21 on a large scale without the need for chro-
matographic purification of reaction intermediates, its preparation
involves several synthetic steps. We therefore wondered whether
an anomeric mixture of acetates being the product of a simple
acetylation reaction of D-N-acetylglucosamine, could be used with
equal success.36


Prolonged conventional heating of an a–b-mixture (3ab, a :
b = 4.6 : 1) in CH2Cl2 with BnOH (4)–Sc(OTf)3 according to the
standard procedure (entry 2, Table 1) was found only to yield the
benzyl glycoside (5) according to the proportion of b-donor (3).
Unreacted donor was accordingly shown to be exclusively the a-
anomeric acetate (3a) in accordance with the well-known fact that
axial donors are less reactive than the corresponding equatorial
donors.37 Changing reaction conditions from conventional reflux
to microwave heating at 80 ◦C in CH2Cl2 it was possible to
obtain some activation of the a-anomeric acetate but the reaction
was still rather sluggish. Full consumption of donor (3ab) was
achieved after heating to 110 ◦C for 5 hours in the presence of
benzyl alcohol (4) giving a the benzyl glycoside (5ab) in 80%
yield. The product, however, was obtained as a 1 : 4 anomeric
mixture of glycosides (entry 1, Table 4). This led us to investigate
whether glycosylation at this temperature with an a-donor led to
an a : b product mixture or rather glycosylation was accordingly
slow that anomerisation of the already formed product under-
went post-glycosylation anomerisation. The results are listed in
Table 4.


Since we expected that the rare earth metal triflate was
responsible for the anomerisation we were surprised that treatment
of benzyl glycoside 5 (entry 2, Table 4) with Sc(OTf)3 resulted in
complete isolation of starting material in its b-anomeric form.


Heating benzyl glycoside 5 with a stoichiometric amount of
acetic acid leaving out the Sc(OTf)3 under otherwise identical
conditions also showed lack of anomerisation (entry 3, Table 4).
These observations could indicate that the glycoside (5) was
anomerically stable under the reaction conditions and that the
a-glycoside product (entry 1, Table 4) in some way originated
from using the a-acetate donor 3a. As a final control experiment
the benzyl glycoside was treated with both Sc(OTf)3 and acetic
acid and these conditions indeed did show anomerisation to
occur (entry 4, Table 4). This can only mean that a powerful
Lewis acid like triflic acid forms from the reaction of Sc(OTf)3


with acetic acid, which is capable of catalysing post-glycosylation
anomerisation. This, hence, only becomes relevant due to the
more forcing conditions required to activate the a-acetate donor
(3a).


Conclusion


The results presented in this article demonstrate that scandium
triflate efficiently catalyses the activation of b-GlcNAc and b-
GalNAc tetraacetates in the presence of a variety of glycosyl
acceptors resulting in the exclusive formation of the b-glycoside.
The donor substrates are shelf stable and have the bene-
fit of directly producing 2-acetamido substituent circumvent-
ing the use of traditional phthalimido- or Troc protecting
groups.


For slowly reacting alcohols, microwave irradiation was found
to significantly diminish reaction time and in certain cases result
in higher acceptor turnover. a-Acetates were found to have poor
glycosyl donor properties and the reaction conditions needed to
bring about full conversion resulted in product anomerisation
catalysed by both Sc(OTf)3 and the acetic acid formed during
the reaction.


Table 4 Reaction conducted in CH2Cl2 under microwave irradiation (110 ◦C) for 5 hours


Entry Da Ab Sc(OTf)3 AcOH a : b product ratioc


1 15 mol% none 21 : 79


2 none 15 mol% none 0 : 100


3 none none 1 equiv. 0 : 100


4 none 15 mol% 1 equiv. 28 : 72


a Donor; b Acceptor. c a : b product ratio of benzyl glucoside (5ab) as determined by NMR analysis of the crude reaction mixture.
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We believe that this protocol offers a convenient approach for
the synthesis of b-glycosides of GlcNAc and GalNAc that will be
of high value to carbohydrate chemistry.


Experimental section


General methods


All reagents except otherwise stated were used as purchased
without further purification. Solvents were dried according to
standard procedures. Columns for flash chromatography were
packed with silica gel (60 Å). TLC plates (Kieselgel 60 F254)
were visualised by use of a “Ce-Mol” solution (Ce(IV)sulfate
(10 g) and ammonium molybdate (15 g) dissolved in 10% H2SO4


(1 L)) and heated until coloured spots appeared. 1H and 13C
NMR experiments were recorded on a Varian Mercury 400
NMR instrument and assigned using DEPT-135, gHMQC, and
gCOSY-experiments. Mass spectral analyses were carried out as
electrospray experiments on a Micromass LC-TOF instrument.
Optical rotation was measured on a PE-314 polarimeter. [a]D


values are given in 10−1 deg cm2 g−1. Melting points were measured
on a Büchi B-540.


Microwave experiments were carried out on in a Biotage
Initiator (Biotage, Sweden). Reaction times listed refer to ‘hold
time’ at the specified temperature.


General procedure for the synthesis of benzyl 2-acetamido-3,4,6-
tri-O-acetyl-2-deoxy-b-D-glucopyranoside (5) with various
catalysts and solvents


Donor 3 (200 mg, 0.51 mmol) and catalyst (0.081 mmol) were
dissolved in dry solvent (2.5 mL) and benzyl alcohol (4) (0.17 mL,
1.6 mmol) was added. The mixture was heated to reflux with
condenser under an atmosphere of nitrogen until TLC analysis
indicated that the reaction gave no further conversion. The reac-
tion mixture was worked up by diluting with CH2Cl2 and washing
the organic layer with water, followed by extraction with CH2Cl2.
When MeCN or THF were used as solvent, the combined organic
extracts were washed with brine. The mixture was then dried
over anhydrous MgSO4 and purified by column chromatography
(pentane–EtOAc 1 : 1 → EtOAc) to give the benzyl glycoside
5 as white crystals in varying yields as listed in Table 1. Rf


(EtOAc): 0.58. Mp (uncorr.): 165–167 ◦C. LRMS(ES+): calcd.
for C21H27NO9Na: 460.2, found: 460.2. Spectral data was in
accordance with previously reported results.38


General procedure for the coupling of 2-acetamido-1,3,4,6-tetra-O-
acetyl-2-deoxy-b-D-glucopyranose to various alcohols


Glycosyl acceptor was added to a dry solution of donor 3 and
catalyst (0.15 eq.). The mixture was heated to reflux with condenser
under nitrogen, until TLC analysis indicated that the reaction
gave no further conversion. The reaction mixture was worked
up by diluting with CH2Cl2 and washing with water, followed
by extraction with CH2Cl2. The combined organic extracts were
then dried over anhydrous MgSO4, filtered, concentrated in vacuo,
and purified by flash column chromatography on silica using an
appropriate eluent.


Allyl O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-D-
galactopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-a-D-
galactopyranoside (20)


Dry toluene was removed under reduced pressure from a
round bottomed flask containing a stirrer bar, b-D-N-acetyl-
galactosamine tetraacetate (4-epi-3) (133 mg, 0.34 mmol) and
galactose acceptor 19 (84 mg, 0.17 mmol). When dry, the
mixture was dissolved in CH2Cl2 (1.0 mL) and Sc(OTf)3 (13 mg,
0.026 mmol) was added before the mixture was heated to reflux
under an atmosphere of nitrogen. After 24 h another portion of
donor (67 mg, 0.17 mmol) and Sc(OTf)3 (13 mg, 0.026 mmol)
were added. After a total of 67 h no further reaction was observed
by TLC analysis (EtOAc–pentane 2 : 1). The reaction mixture
was diluted with CH2Cl2 (20 mL) and washed with NaHCO3


(sat. aq.), dried (MgSO4) and purified by column chromatography
(EtOAc–pentane 1 : 4 → 2 : 1). This gave un-reacted acceptor
(18 mg) and the desired disaccharide (91 mg, 65%, 83% rcv.)
as a colourless oil. Rf(EtOAc–pentane 1 : 1) 0.12. 1H-NMR
(400 MHz, CDCl3) d 7.43–7.25 (m, 15H, ArH), 5.97–5.87 (m,
1H, CH=CH2), 5.53 (d, 1H, JNH,2 8.4 Hz, NH), 5.31 (b d, Jvic


17.2 Hz, CH=CHH), 5.26 (d, 1H, J 3.2 Hz, H4′), 5.20 (b d, 1H,
Jvic 10.4 Hz, CH=CHH), 4.91 (d, 1H, J1,2 3.6 Hz, H1), 4.87 (d,
1H, Jgem 10.4 Hz, PhCHH), 4.70–4.55 (m, 7H, PhCHH, PhCH2,
PhCH2, H1′, H3′), 4.23–3.96 (m, 8H, CH2CH=CH2, H2′, H6′a,
H6′b, H3, H4, H5), 3.81 (dd, 1H, J2,3 10.0 Hz, H2), 3.77 (t, 1H,
J 7.6 Hz, H5′), 3.71 (dd, 1H, J5,6a 6.0 Hz, J6a,6b 10.0 Hz), 3.64
(dd, 1H, J5,6b 6.4 Hz, H6b), 2.15, 1.99, 1.95, 1.55 (C(O)CH3). 13C-
NMR (100 MHz, CDCl3) d 170.7, 170.6, 170.2 (CO), 138.6, 138.4,
138.0, 129.2, 128.9, 128.7, 128.6, 128.1, 128.0, 127.8, 127.7 (Ar),
134.0 (CH=CH2), 118.4 (CH=CH2), 103.4 (C1′), 95.7 (C1), 78.1,
77.9, 77.7 (C2, C3, C4), 74.9, 73.6, 73.0 (PhCH2), 72.3 (C3′), 71.1
(C5′), 69.8 (C6), 69.4 (C5), 68.6 (CH2CH=CH2), 66.7 (C4′), 61.5
(C6′), 50.7 (C2′), 23.2, 21.0, 20.9, 20.9 (C(O)CH3). [a]21


D 24.8 (c 1.0,
CHCl3), HRMS(ES+): calcd. for C44H53NO14Na: 842.3364; found:
842.3370.


Benzyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-D-
galactopyranoside (18)


Benzyl alcohol (4) (88 lL, 0.85 mmol) and Sc(OTf)3 (21 mg,
0.042 mmol) were added to b-D-N-acetyl-galactosamine tetraac-
etate (4-epi-3) (110 mg, 0.28 mmol) in CH2Cl2 (0.84 mL). The
reaction mixture was heated to reflux on an oil bath (2 h) or 80 ◦C
under microwave conditions (5 min) before the reaction mixture
was diluted with CH2Cl2 (20 mL) and washed with NaHCO3


(sat. aq.), dried (MgSO4), concentrated, and purified by column
chromatography (EtOAc–pentane 1 : 1 → EtOAc). This gave the
benzyl galactoside 18 as a white powder (104 mg, 84%, oil bath)
(99 mg, 80%, microwave). Rf(EtOAc) 0.37. 1H-NMR (400 MHz,
CDCl3) d 7.33–7.25 (m, 5H, ArH), 5.73 (d, 1H, J2,NH 8.4 Hz, NH),
5.32 (d, 1H, J3,4 3.2 Hz, H4), 5.20 (dd, 1H, J2,3 11.2 Hz, H3),
4.87 (d, 1H, Jgem 12.0 Hz, PhCHHO), 4.65 (d, 1H, J1,2 8.4 Hz,
H1), 4.58 (d, 1H, PhCHHO), 4.19–4.00 (m, 3H, H5, H6a, H6b),
3.90–3.87 (m, 1H, H2), 2.11, 2.03, 1.94, 1.85 (s, 12H, C(O)CH3).
13C-NMR (100 MHz, CDCl3) d 170.7, 170.6, 170.5 (CO), 137.3,
128.7, 128.4, 128.2 (Ar), 100.0 (C1), 70.9 (double intensity), 70.2,
67.1, 61.8 (C3, C4, C5, C6, OCH2Ph), 51.5 (C2), 23.6, 20.9 (triple
intensity, C(O)CH3). [a]21


D −50.2 (c 1.0, CHCl3) (lit.: [a]23
D −55
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(c 1.0, CHCl3).39 HRMS(ES+): calcd. for C21H27NO9Na: 460.1584;
found: 460.1580.


Benzyl 2-acetamido-6-O-benzyl-2-deoxy-b-D-glucopyranoside (21)


Donor 3 (4.92 g, 12.6 mmol) and benzyl alcohol (4) (4.0 mL,
0.0378 mol) were coupled according to the general procedure
with Sc(OTf)3 (0.933 g, 0.188 mmol) as catalyst in dry CH2Cl2


(50 mL). After 4 h TLC analysis indicated no further reaction.
The reaction mixture was worked up as described in the general
procedure and purified by column chromatography (pentane–
EtOAc 1 : 1 → EtOAc) to give benzyl glycoside 5 (4.31 g, 78%).
This (4.31 g, 9.86 mmol) was dissolved in dry CH3OH (25 mL)
under a N2-atmosphere. With a syringe, a catalytic amount of a
freshly prepared NaOCH3 solution was transferred to the reaction
mixture. When no further reaction was observed by TLC analysis
(EtOAc–CH3OH 9 : 1), Amberlite (IR-120H+) was added. The
reaction mixture was stirred for 10 min before Amberlite was
filtered off and the resulting mixture concentrated under vacuum
to give the crude triol. This was then dissolved in dry CH3CN
(80 mL) before benzaldehyde dimethyl acetal (1.6 mL, 10.6 mmol)
and PTSA (68 mg, 0.36 mmol) were added. The heterogeneous
reaction mixture was stirred at ambient temperature for 1 h and
then heated to 50 ◦C for 30 min. The solid was filtered off, washed
with Et2O and dissolved in dry pyridine–acetic anhydride (1 : 1,
40 mL) with 4-DMAP (25 mg, 0.21 mmol) and stirred at ambient
temperature overnight. The reaction mixture was quenched with
H2O (ice bath), the aqueous phase extracted 4 times with CH2Cl2,
dried over MgSO4, and concentrated under vacuum to give
crude benzyl 2-acetamido-2-O-acetyl-4,6-O-benzylidene-2-deoxy-
b-D-glucopyranoside, which was sufficiently pure for further
reaction (1.843 g, 42%, 3 steps). 1H-NMR (CDCl3, 400 MHz)
d 7.43–7.25 (m, 10H, Ar-H), 5.52 (s, 1H, PhCHO2), 5.32 (b s, 1H,
NH), 5.16 (t, J3,4 = J2,3 9.8 Hz, H3), 4.93 (d, 1H, Jgem 12.2 Hz,
PhCHH), 4.60 (d, 1H, PhCHH), 4.53 (d, 1H, J1,2 8.8 Hz, H1),
4.39 (dd, 1H, J5,6a 5.4 Hz, J6a,6b 10.2 Hz, H6a), 4.15 (m, 1H, H2),
3.84 (t, 1H, H6b), 3.73 (t, 1H, H4), 3.48 (ddd, 1H, H5), 2.06, 1.82
(s, 6H, C(O)CH3). 13C-NMR (CDCl3, 100 MHz) d 171.5, 170.3
(CO), 137.2, 129.4, 128.7, 128.5, 128.2, 128.1, 126.4 (Ar), 101.6,
100.9 (PhCHO2, C1), 78.8, 72.1, 71.0, 68.9, 66.8 (C3, C4, C5, C6,
PhCH2O1), 54.7 (C2), 23.5, 21.1 (C(O)CH3).


To a stirred solution of crude benzyl 2-acetamido-2-O-
acetyl-4,6-O-benzylidene-2-deoxy-b-D-glucopyranoside (1.840 g,
4.17 mmol) in dry CH2Cl2 (5 mL) and triethylsilane (3.3 mL,
20.9 mmol) at 0 ◦C under an atmosphere of N2 was added TFA
(1.6 mL, 20.9 mmol) over 5 min. The reaction mixture was stirred
on an ice bath for 15 min. and then at ambient temperature
for 30 min. The mixture was transferred to a separation funnel
containing NaHCO3 (25 mL, sat. aq. Caution: development of
CO2). The aqueous phase was extracted three times with CH2Cl2


(25 mL) and the combined organic layers dried over MgSO4 and
concentrated under vacuum. The product was purified by column
chromatography (EtOAc–pentane 3 : 1 → EtOAc–CH3OH 10 : 1)
to give the desired dibenzyl glucoside (0.991 g 54%) as a colourless
powder. Rf (EtOAc) 0.26. 1H-NMR (CDCl3, 400 MHz) d 7.32–
7.27 (m, 10H, ArH), 6.46 (d, 1H, JNH,2 9.2 Hz, NHAc), 5.08 (t,
1H, J2,3 = J3,4 9.2 Hz, H3), 4.83 (d, 1H, J 12.4 Hz, PhCHHO1),
4.60–4.54 (m, 4H, H-1, PhCHHO1, PhCH2O6), 3.99 (q, 1H, H2),
3.86 (b s, 1H, OH), 3.81 (m, 1H, H6a), 3.72 (dd, 1H, J6a,6b 11.2 Hz,


J5,6b 5.2 Hz, H6b), 3.66 (t, 1H, H4), 6.59–3.55 (m, 1H, H5), 2.00,
1.83 (s, 6H, C(O)CH3). 13C-NMR (CDCl3, 100 MHz) d 172.2,
170.7 (CO), 138.1, 137.6, 128.7, 128.6, 128.1, 128.0, 127.9 (Ar),
100.1 (C1), 75.9, 74.8, 73.9, 70.6, 70.5, 70.4 (C3, C4, C5, C6,
PhCH2O1, PhCH2O6), 54.2 (C2), 23.4, 21.2 (C(O)CH3).


Purified 3-O-acetyl monosaccharide (980 mg, 2.21 mmol) was
then dissolved in dry CH3OH under an N2-atmosphere. With a
syringe a catalytic amount of a freshly prepared NaOCH3 solution
was transferred to the reaction mixture. After 10 minutes of
stirring, the reaction mixture consisted of a white solid. CH3OH
(enough to dissolve the solid) and Amberlite (IR-120H+) were
added, and after stirring the Amberlite was filtered of and the
resulting mixture was concentrated under reduced pressure to give
the desired product in quantitative yield as a white powder (23%
over 5 steps). Rf (EtOAc–CH3OH 6 : 1) 0.44. Mp (uncorr.) 175–
178 ◦C (EtOAc–CH3OH).40 1H-NMR (DMSO-d6, 400 MHz): d
7.72 (d, 1H, JNH,2 9.2 Hz, NH), 7.34–7.23 (m, 10 H, ArH), 5.11
(b s, 1H, OH), 4.97 (b s, 1H, OH), 4.73 (d, 1H, Jgem 12.6 Hz,
PhCHHO1), 4.53 (s, 2H, PhCH2O6), 4.49 (d, 1H, PhCHHO1),
4.38 (d, 1H, J1,2 8.4 Hz, H1), 3.76 (d, 1H, J6a,6b 10.8 Hz, H6a), 3.52
(dd, 1H, J5,6b 6.0 Hz, H6b), 3.50 (q, 1H, H2), 3.32–3.27 (under
H2O, H3, H5), 3.10 (t, 1H, J3,4 = J4,5 9.0 Hz, H4), 1.79 (s, 3H,
COCH3); 1H-NMR (DMSO-d6 + drop of D2O, 400 MHz) d 7.34–
7.23 (m, 10H, ArH), 4.70 (d, 1H, Jgem 12.0 Hz, PhCHHO1), 4.50 (s,
2H, PhCH2O6), 4.45 (d, 1H, PhCHHO1), 4.36 (d, 1H, J1,2 8.4 Hz,
H1), 3.80–3.68 (under DHO signal, 1H, H6a), 3.53 (dd, 1H, J5,6b


6.0 Hz, J6a,6b 10.8 Hz, H6b), 3.49 (t, 1H, H2), 3.31–3.24 (m, 2H, H3,
H5), 3.10 (t, 1H, J 9.2 Hz, H4), 1.79 (s, 3H, C(O)CH3). 13C-NMR
(DMSO-d6, 100 MHz): d 170.6 (CO), 139.2, 138.5, 128.9, 128.1,
127.9 (Ar), 101.3 (C1), 76.1, 74.5 (C3, C5), 73.0 (PhCH2O6), 71.1
(C4), 70.4 (PhCH2O1), 70.2 (C6), 55.9 (C2), 23.5 (C(O)CH3). [a]22


D


−33.6 (c 1.0, CH3OH). HRMS(ES+): calcd. for C22H27NO6Na,
427.1736; found, 427.1727.


Benzyl O-(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-D-
glucopyranosyl)-(1→3)-2-acetamido-6-O-benzyl-2-deoxy-b-D-
glucopyranoside (22)


Donor 3 (310 mg, 0.80 mmol) and 3,4-acceptor 21 (160 mg,
0.40 mmol) were dissolved in CH2Cl2 (2 mL) before Sc(OTf)3


(59 mg, 0.12 mmol) was added. The reaction mixture was heated
to 80 ◦C under microwave irradiation for 8 h before it was cooled
and poured into a separation funnel containing AcOEt (20 mL)
and NaHCO3 (sat. aq. 20 mL). The aqueous layer further was
extracted with AcOEt (2 × 20 mL) before the combined organic
extracts were washed with H2O (10 mL) and reduced to half
the volume under reduced pressure. The remaining solution was
cooled in a refrigerator for 2 h before the precipitate was isolated by
vacuum filtration. This gave disaccharide 22 as a colourless powder
(275 mg, 90%). 1H-NMR (DMSO-d6, 400 MHz): d 7.75 (d, 1H,
JNH,2 8.8 Hz, H2/H2′), 7.70 (d, 1H, JNH,2 8.8 Hz, H2′/H2), 7.34–
7.25 (m, 10H, ArH), 5.26 (t, 1H, J2′ ,3′ = J3′ ,4′ 9.8 Hz, H3′), 4.82 (d,
1H, J1′ ,2′ 8.8 Hz, H1′), 4.81 (t, 1H, H4′), 4.74 (d, 1H, Jgem 12.4 Hz,
PhCHHO1), 4.53 (s, 2H, PhCH2O6), 4.50 (d, 1H, PhCHHO1),
4.44 (d, 1H, J1,2 8.0 Hz, H1), 4.41 (b s, 1H, OH), 4.16 (dd, 1H,
J5′ ,6′a 5.4 Hz, J6′a,6′b 12.0 Hz, H6′a), 4.03 (dd, 1H, J5′ ,6′b 2.6 Hz,
H6′b), 3.83–3.78 (m, 1H, H5′), 3.75 (b d, 1H, J6a,6b 9.6 Hz, H6a),
3.65 (t, 1H, 9.2 Hz, H3), 3.60–3.52 (m, 3H, H2, H6b, H2′), 3.37–
3.33 (m, 1H, H5), 3.24 (t, 1H, H4), 1.97, 1.95, 1.90, 1.83, 1.73 (s,
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15H, C(O)CH3). 13C-NMR (DMSO-d6, 100 MHz): d 170.7, 170.3,
170.1, 170.0, 170.0 (CO), 139.3, 138.6, 128.9, 128.8, 128.1, 128.0,
128.0, 127.9 (Ar), 101.1 (C1), 100.8 (C1′), 83.5 (C3), 75.8 (C4), 73.0
(PhCH2O6), 72.7 (C3′), 71.2 (C5′), 70.4 (PhCH2O1), 70.1 (C6),
69.5, 69.5 (C2′, C4′), 62.7 (C6′), 54.5, 54.4 (C2, C2′), 23.9, 23.4
(NHC(O)CH3), 21.1, 21.1, 21.1 (OC(O)CH3). [a]21


D −8.5 (c 1.0,
CH3CO2H). HRMS(ES+): calcd. for C36H46N2O14Na: 753.2847;
found: 753.2853.
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The synthesis of 3,6-epoxy carotenoids cucurbitaxanthin A 1, cycloviolaxanthin 2 and capsanthin
3,6-epoxide 3, was accomplished via the C15-3,6-epoxides 20e and 20f, prepared by the regioselective
ring opening of the 3-hydroxy-5,6-epoxides 10e and 10f.


Introduction


Cucurbitaxanthin A 1, cycloviolaxanthin 2 and capsanthin 3,6-
epoxide 3 (Fig. 1), bearing 3,6-epoxy-end groups, were isolated2


from red paprika Capsicum annuum together with the major
pigments capsanthin 4 and capsorubin 5 possessing a j-end
group. Cucurbitaxanthin A 1 was also isolated3 from the pumpkin
Curcurbita maxima as a major pigment. These carotenoids are
considered2c,4 to be formed in nature from 5,6-epoxy carotenoids
through ring opening of the epoxy moiety. Previously, we
reported1,5 the biomimetic type total synthesis of capsanthin 4
and capsorubin 5 via regioselective cleavage of the oxirane ring
at the C-56 position (route b) and the subsequent stereoselective
ring contraction of the C15-3-silyloxy-5,6-epoxy dienal as shown
in Scheme 1.


In a previous communication,7 we investigated the ring opening
of various 5,6-epoxides having a hydroxy group at C-3 and
achieved the first total synthesis of cucurbitaxanthin A 1 applying
a biomimetic type ring opening (Scheme 1, route a) of the C15-
3-hydroxy-5,6-epoxy dienoate and dienonitrile. Recently, we have
also synthesized cycloviolaxanthin 2 and capsanthin 3,6-epoxide
3 using the common intermediate. Here, we describe a full account
of these experiments.


Results and discussion


From previous results,1,5 in the reaction of 5,6-epoxides 6a–d
(Scheme 2) with Lewis acid, we found that the direction of the
oxirane ring cleavage depended upon both the length of the
conjugated double bond system and the electron-withdrawing
ability of the substituents adjacent to the double bond. The
epoxides 6a and 6b, carrying strong electron-withdrawing groups
(EWG), predominantly provided the cyclopentyl ketones 8a and
8b, respectively, via cleavage of the oxirane ring at the C-5 position
(route b), whereas the 5,6-epoxides 6c and 6d provided the 5,8-
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epoxides 7c and 7d, respectively, via opening of the C-6–oxygen
bond of the oxirane ring (route a). Therefore the carotenoids 4 and
5 were synthesized1,5 by applying the ring opening of the C15-epoxy
dienal with a silyloxy group at C-3, as shown in Scheme 1.


An attempt8 to synthesize cycloviolaxanthin 2 was carried out
by Eugster and Gmünder’s group according to the procedure9


developed for the synthesis of the C13-nor-carotenoid 9 (method A
in Scheme 3). We considered that the biomimetic type ring opening
of the 5,6-epoxide 10 possessing a hydroxy group at C-3 (method
B) would be a straightforward method of constructing the 3,6-
epoxy moieties of carotenoids 1–3. Therefore, we investigated the
ring opening of epoxides 10a–f (Scheme 4), toward the synthesis
of the 3,6-epoxy carotenoids 1–3.


The epoxides 10a–f were prepared as shown in Scheme 5.
The epoxide 10c was recently synthesized10 via the asymmetric
reduction of the acetylenic ketone 11. The epoxy dienal 10b and the
epoxy dienoate 10e were obtained by desilylation (10b:11 75%, 10e:
98%) of the corresponding tert-butyldimethylsilyl (TBS) ethers
13 and 14, which were previously prepared1 from the known12


optically active C10-epoxy aldehyde 12. Reduction of the ester
13 with LiAlH4, followed by acetylation, yielded the acetate 15
(84%), which was desilylated (84%) to give compound 10d. The
epoxy enone 10a was prepared by the condensation (90%) of
epoxy aldehyde 12 with triphenylphosphanylidene-2-propanone,
followed by desilylation (89%). Emmons–Horner reaction of the
aldehyde 12 with the phosphonate 1713 provided the dienonitrile
18 (80%) and its 9Z isomer (15%). The former was deprotected
(91%) to give the compound 10f.


Treatment of the epoxy enone 10a and the epoxy dienal 10b with
SnCl4 (2 equiv.) or tris(4-bromophenyl)aminium hexachloroanti-
monate 1914 (0.1 equiv.) resulted in the formation of a complicated
mixture including the cyclopentyl ketones 22a and 22b (Scheme 4,
entries 1–3 in the Table 1). It is considered that the desired
cleavage of the C-6–oxygen bond of the oxirane ring would be
suppressed by destabilization of the cation at C-6 due to the
electron-withdrawing carbonyl groups conjugated to their double
bonds. On the contrary, epoxides 10c and 10d, whose side chains
at C-6 have negligible electron-withdrawing natures, gave slight
amounts of the desired 3,6-epoxides 20c and 20d (entries 5, 6),
formed by ring opening at C-6 and subsequent ring closing by
the C-3-hydroxy group. However, preferential migration of the
7,8-double bond to the 6,7-position provided the 5,8-epoxides 21c
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Fig. 1


Scheme 1


Scheme 2


and 21d as the major products. The epoxy dienoate 10e having a
weak EWG preferentially afforded the 3,6-epoxide 20e together
with the 5,8-epoxide 21e by treatment with the aminium salt
19 (entry 8). The epoxy dienonitrile 10f, in which the electron-
withdrawing nature of the substituent at C-6 is comparable with
that of the ester 10e, was then treated with aminium salt 19 to
give predominantly the 3,6-epoxide 20f . To improve the yield of
20f, 4 Å molecular sieves (MS) were added to eliminate moisture,
which would accelerate the formation of polar byproducts in the
reaction mixture. As a result, a satisfactory yield of 20f (78%) was
obtained (entry 10). These findings indicate that the formation of
the 3,6-epoxides would require both ease of ring opening at C-6
and tolerance to migration of the 7,8-double bond.


1H NMR data of the compound 20c were identical with
those reported.16 The structures of the other 3,6-epoxides were
confirmed by the comparison of their 1H NMR data with those


Scheme 3


of compound 20c. In these 3,6-epoxides, the protons at C-3 were
observed as triplets (J ∼ 6 Hz) coupled with only the exo-protons at
C-2 and C-4, which were coupled with each other (J ∼ 2 Hz) based
on the W-shape arrangement as shown in Fig. 2. In addition, the
observation of three-bond coupling between H-3 (d 4.40 ppm) and
C-6 (d 91.46 ppm) in the heteronuclear multiple-bond correlation
(HMBC) spectrum of compound 20e supported its 3,6-bridged
structure.


Fig. 2
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Scheme 4


Scheme 5


Table 1 Ring opening of 3-hydroxy epoxides 10a–f


Isolated yield (%)


Entry Substrate Conditions 20 21a 22


1 10a SnCl4 (2 equiv.), rt, 1 h — — 25
2 10a 19 (0.1 equiv.), rt, 3 h — — 6
3 10b SnCl4 (2 equiv.), rt, 1 h — — 20
4 10c SnCl4 (2 equiv.), 0 ◦C, 20 min — 44 —
5 10c 19 (0.1 equiv.), rt, 30 min 20 47 6
6 10d 19 (0.1 equiv.), rt, 30 min 9 68 —
7 10e SnCl4 (2 equiv.), 0 ◦C, 15 min 16 32 —
8 10e 19 (0.1 equiv.), rt, 20 min 45 35 —
9 10f 19 (0.2 equiv.), rt, 2 h 54 — —


10 10f 19 (0.2 equiv.), 4 Å MS, rt, 2 h 78 — —


a Mixture of 5,8-trans15 and 5,8-cis isomers.


Then the 3,6-epoxy dienoate 20e and dienonitrile 20f respec-
tively were transformed into the dienal 24 (Scheme 6). Reduction
of the ester group in 20e with LiAlH4 and subsequent oxidation
of the resulting alcohol with MnO2 resulted in a complex mixture,
probably due to oxidative cleavage of the C5–6 bond. Thus after
protection (97%) of the C-5-hydroxy group in 20e by a triethylsilyl
(TES) group, the resulting silyl ether 23 was converted into the
aldehyde 25 (98%), which was deprotected to give compound 24
(84%). In the case of the nitrile 20f, the aldehyde 24 was obtained
directly (69%) by reduction with diisobutylaluminium hydride
(DIBAL-H).


Unfortunately, the Wittig condensation of the aldehyde 24 with
the C10-phosphonium salt 2817 was unsuccessful because of the
instability of 24 under basic conditions. Thus, the TES-protected
aldehyde 25, which could be also derived in two steps (81%) from
the nitrile 20f, was condensed with the phosphonium salt 28 in
the presence of NaOMe as a base, and then in the same pot
treated with ion-exchange resin, Dowex 50W-X8 (H+), leading
to a mixture of the all-E-C25-apocarotenal 29 (53%) accompanied
by some isomers. Wittig condensation of compound 29 with the
C15-phosphonium salt 30,1,18 followed by purification of the con-
densed products by preparative HPLC provided the all-E-skeletal
compound 31 (56%). Although desilylation of compound 31
with tetrabutylammonium fluoride (TBAF) or hydrogen fluoride
pyridine (Py) complex was not successful, 31 could be deprotected
by treatment with TBAF in the presence of an equimolar amount
of acetic acid (AcOH) to furnish cucurbitaxanthin A 1 (54%) along
with some recovery (32%) of 31. The spectral data of synthetic 1
were in good agreement with those of the natural specimen.2,3,19


Next, aldehyde 25 was transformed into the C15-Wittig salt 33
toward the synthesis of cycloviolaxanthin 2 and capsanthin 3,6-
epoxide 3. Reduction of 25 with LiAlH4 provided the alcohol 32
(quant.), which was allowed to react with LiCl and methanesufonyl
chloride (MsCl), followed by treatment of the resulting chloride
with PPh3 under reflux in CH2Cl2 to afford the phosphonium
salt 33 in 83% yield from the aldehyde 25. Finally, the Wittig
salt 33 was condensed with the 3,6-epoxy apocarotenal 29 and
the previously prepared1,5 cyclopentylketo apocarotenal 34, and
then purification by preparative HPLC gave the all-E skeletal
compounds 35 (31%) and 36 (44%) respectively, which were
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Scheme 6 Reagents and conditions: a, TESOTf, lutidine; b, LiAlH4; c, MnO2; d, HF·Py; e, DIBAL-H; f, 28, NaOMe then DOWEX (H+); g, 30,
NaOMe; h, TBAF, AcOH; i, LiCl, c-collidine, MsCl; j, PPh3, CH2Cl2, reflux; k, 29, NaOMe; l, 34, NaOMe; m, CH(OMe)2, H+, MeOH.


desilylated to afford cycloviolaxanthin 2 (78%) and capsanthin 3,6-
epoxide 3 (61%), respectively. The spectral data of the synthesized
2 and 3 were in good accordance with those reported.2


Conclusions


Consideration of the end-group formation in the biosynthesis of
carotenoids has led us to apply the ring opening of 5,6-epoxides
10a–f possessing a hydroxy group at C-3 to their synthesis. As a
result, we found that the dienoate 10e and the dienonitrile 10f,
having weak EWG, predominantly provided the 3,6-epoxides 20e
and 20f, formed by ring opening at C-6 and subsequent ring closing
by the C-3-hydroxy group. After protection of their hydroxy
groups with TES groups, 3,6-epoxides 20e and 20f respectively
were converted into the aldehyde 25 and the Wittig salt 33. By
the use of these synthons, the total synthesis of optically active
cucurbitaxanthin A 1, cycloviolaxanthin 2 and capsanthin 3,6-
epoxide 3 was accomplished.


Experimental


UV spectra were recorded on a JASCO Ubest-55 instrument. IR
spectra were measured on a Perkin Elmer FT-IR spectrometer,


model Paragon 1000, with chloroform solutions. 1H NMR and
13C NMR spectra were determined on a Varian Gemini-300 or a
Varian VXR-500 superconducting FT-NMR spectrometer, with
deuteriochloroform solutions (tetramethylsilane as the internal
reference). J Values are given in Hz. Mass spectra were obtained on
a Hitachi M-4100 spectrometer. Optical rotations were measured
on a JASCO DIP-181 polarimeter ([a]D values are in units of
10−1 deg cm2 g−1) and CD spectra on a Shimadzu-AVIN 62A DS
circular dichroism spectrometer. Column chromatography (CC)
was performed on silica gel (Merck Art. 7734). Short CC was
conducted on silica gel (Merck Art. 7739) under reduced pressure.
Preparative HPLC was carried out on a Shimadzu LC-6A with a
UV–vis detector. Standard work-up means that the organic layers
were finally washed with brine, dried over anhydrous Na2SO4,
filtered and evaporated. All operations were carried out under
nitrogen or argon. Evaporation of the extract or the filtrate was
carried out under reduced pressure. Ether refers to diethyl ether,
and hexane to n-hexane.


Treatment of the dienoate 10e with aminium salt 19


To a solution of the dienoate 10e (550 mg, 1.87 mmol) in
dry CH2Cl2 (20 ml) was added tris(4-bromophenyl)aminium
hexachloroantimonate 19 (153 mg, 0.19 mmol) and the mixture
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was stirred at rt for 30 min. The mixture was then concentrated to
give a residue, which was purified by short CC (acetone–hexane, 1 :
9) to give the 3,6-epoxide 20e (247 mg, 45%) and the 5,8-epoxide
21e (193 mg, 35%).


Compound 20e. Pale yellow oil. [a]25
D −24.6 (c 1.06, MeOH);


kmax(EtOH)/nm 268; mmax/cm−1 3609, 3489, 1702, 1683, 1620;
dH(500 MHz) 0.87, 1.19 and 1.44 (each 3H, s), 1.28 (3H, t, J
7), 1.62 (1H, d, J 11.5), 1.68 (1H, d, J 12.5), 1.84 (1H, ddd, J 11.5,
6 and 2), 2.05 (1H, ddd, J 12.5, 6 and 2), 2.30 (3H, d, J 1), 4.17
(2H, q, J 7), 4.40 (1H, t, J 6), 5.80 (1H, br s), 6.15 (1H, d J 15.5),
6.36 (1H, dd, J 15.5, and 0.5); dC(125 MHz) 13.79, 14.35, 25.68,
31.43, 31.99, 44.05, 47.76, 48.44, 59.75, 75.52, 82.28, 91.46, 119.14,
130.26, 133.76, 151.39, 167.27; m/z (EI) 294.1831 (M+, C17H26O4


requires 294.1830).


Compound 21e (5,8-trans isomer). Colorless solid. [a]24
D 124.0


(c 1.03, MeOH); kmax(EtOH)/nm 216; mmax/cm−1 3608, 3487, 1708,
1656; dH(300 MHz) 1.16 and 1.33 (each 3H, s), 1.27 (3H, t, J 7),
1.49 (1H, dd, J 14 and 3.5), 1.63 (3H, s), 1.76 (1H, br dd, J 14 and
4), 1.96 (1H, dd, J 14 and 4.5), 2.08 (3H, s), 2.16 (1H, br dd, J 14
and 4), 4.16 (2H, q, J 7), 4.24 (1H, quint-like, J 4), 5.13 (1H, br s),
5.30 (1H, br s), 5.95 (1H, br s); m/z (EI) 294.1835 (M+, C17H26O4


requires 294.1830).


(2E,4E)-5-[(1R,2R,4S)-2-Hydroxy-2,6,6-trimethyl-7-
oxabicyclo[2.2.1]hept-1-yl]-3-methylpenta-2,4-dienenitrile 20f


To a solution of the dienonitrile 10f (937 mg, 3.79 mmol) in dry
CH2Cl2 (35 ml) were added 4 Å MS (2 g). After being stirred at rt
for 15 min, the aminium salt 19 (620 mg, 0.76 mmol) was added
and the mixture was stirred at rt for 2 h. The mixture was filtered
through Celite. Evaporation of the filtrate gave a residue, which
was purified by short CC (acetone–hexane, 15 : 85 to 25 : 75) to
give the 3,6-epoxide 20f (735 mg, 78%) as a pale yellow oil; [a]25


D


−26.0 (c 1.00, MeOH); kmax(EtOH)/nm 264; mmax/cm−1 3605, 3484,
2214, 1640, 1591; dH(300 MHz) 0.86, 1.19 and 1.44 (each 3H, s),
1.63 and 1.68 (each 1H, d, J 12), 1.84 and 2.06 (each 1H, ddd, J
12, 6 and 2), 2.18 (3H, d, J 1), 4.41 (1H, t, J 6), 5.23 (1H, br s),
6.15 (1H, d, J 16), 6.40 (1H, dd, J 15.5 and 0.5); m/z (EI) 247.1569
(M+, C15H21NO2 requires 247.1571).


Ethyl (2E,4E)-3-methyl-5-[(1R,4S,6R)-2,2,6-trimethyl-6-triethyl-
silyloxy-7-oxabicyclo[2.2.1]hept-1-yl]penta-2,4-dienenoate 23


To a solution of the alcohol 20e (580 mg, 1.97 mmol) and lutidine
(0.46 ml, 3.98 mmol) in dry CH2Cl2 (6 ml) was added triethylsilyl
triflate (TESOTf) (0.67 ml, 2.96 mmol) at 0 ◦C and the mixture
was stirred at 0 ◦C for 20 min. The reaction mixture was diluted
with ether and followed by standard work-up to give a residue,
which was purified by short CC (ether–hexane, 5 : 95) to yield the
silyl ether 23 (790 mg, 97%) as a pale yellow oil; [a]21


D −65.2 (c
0.97, MeOH); kmax(EtOH)/nm 268; mmax/cm−1 1703, 1639, 1614;
dH(300 MHz) 0.61 (6H, q, J 8), 0.84 (3H, s), 0.96 (9H, t, J 8), 1.17
(3H, s), 1.28 (3H, t, J 7), 1.37 (3H, s), 1.56 (1H, d, J 11.5), 1.62
(1H, d, J 12), 1.81 (1H, ddd, J 11.5, 6 and 2), 1.99 (1H, ddd, J 12,
6 and 2), 2.30 (3H, d, J 1), 4.17 (2H, q, J 7), 4.38 (1H, t, J 6), 5.77
(1H, br s), 6.15 (1H, d J 16), 6.33 (1H, dd, J 16 and 1); m/z (EI)
408.2713 (M+, C23H40O4Si requires 408.2694).


(2E,4E)-3-Methyl-5-[(1R,4S,6R)-2,2,6-trimethyl-6-triethyl-
silyloxy-7-oxabicyclo[2.2.1]hept-1-yl]penta-2,4-dienal 25


A solution of the ester 23 (790 mg, 1.94 mmol) in dry ether
(10 ml) was added dropwise to a stirred suspension of LiAlH4


(96 mg, 2.53 mmol) in dry ether (20 ml) at 0 ◦C. After being
stirred at 0 ◦C for 15 min, the excess LiAlH4 was decomposed
by the dropwise addition of water. The mixture was extracted
with ether and followed by standard work-up to provide the crude
alcohol, which was dissolved in ether–hexane (1 : 1) and shaken
with active MnO2 (10 g) at rt for 2 h. The mixture was filtered
through Celite. Evaporation of the filtrate gave a residue, which
was purified by short CC (acetone–hexane, 1 : 9) to give the
aldehyde 25 (690 mg, 98%) as a pale yellow oil; [a]20


D −77.8 (c 0.99,
MeOH); kmax(EtOH)/nm 286; mmax/cm−1 1662, 1634, 1598;
dH(300 MHz) 0.62 (6H, q, J 8), 0.86 (3H, s), 0.97 (9H, t, J 8),
1.19 and 1.39 (each 3H, s), 1.57 (1H, d, J 11.5), 1.63 (1H, d, J 12),
1.82 (1H, ddd, J 11.5, 6 and 2), 2.00 (1H, ddd, J 12, 6 and 2), 2.28
(3H, d, J 1), 4.40 (1H, t, J 6), 5.97 (1H, br d, J 8), 6.32 (1H, d,
J 16), 6.45 (1H, dd, J 16 and 0.5), 10.13 (1H, d, J 8); m/z (EI)
364.2444 (M+, C21H36O3Si requires 364.2432).


(2E,4E)-3-Methyl-5-[(1R,4S,6R)-2,2,6-trimethyl-6-triethyl-
silyloxy-7-oxabicyclo[2.2.1]hept-1-yl]penta-2,4-dienenitrile 26


In the same manner as described for the preparation of the
compound 23, the alcohol 20f (143 mg) was silylated to give a
crude product, which was purified by short CC (acetone–hexane,
7 : 93) to provide compound 26 (193 mg, 92%) as a pale yellow oil;
[a]27


D −57.0 (c 0.91, MeOH); kmax(EtOH)/nm 263; mmax/cm−1 2214,
1643, 1591; dH(300 MHz) 0.61 (6H, q, J 8), 0.83 (3H, s), 0.96 (9H,
t, J 8), 1.16 and 1.37 (each 3H, s), 1.57 and 1.62 (each 1H, d, J
12), 1.81 and 1.99 (each 1H, ddd, J 12, 6 and 2), 2.17 (3H, d, J 1),
4.38 (1H, t, J 6), 5.20 (1H, br s), 6.15 and 6.37 (each 1H, d, J 16);
m/z (EI) 361.2432 (M+, C21H35NO2Si requires 361.2435).


Reduction of the nitrile 26


To a solution of the nitrile 26 (202 mg, 0.56 mmol) in dry ether
(10 ml) was added DIBAL-H (1.0 M in hexane; 1.7 ml, 1.7 mmol)
at −78 ◦C and the mixture was stirred at −78 ◦C for 1 h. Excess
DIBAL-H was destroyed by the addition of moist silica gel (SiO2–
H2O, 5 : 1) and the mixture was filtered through Celite. The filtrate
was dried and evaporated to give a residue, which was purified by
short CC (ether–hexane, 15 : 85) to give the aldehyde 25 (177 mg,
86%). The spectral data were identical with those of the aldehyde
prepared from the ester 23.


(2E,4E)-5-[(1R,2R,4S)-2-Hydroxy-2,6,6-trimethyl-7-
oxabicyclo[2.2.1]hept-1-yl]-3-methylpenta-2,4-dienal 24


From the silyl ether 25. HF·Py (2 ml) was added to a solution of
the silyl ether 25 (170 mg, 0.47 mmol) in THF (5 ml) at 0 ◦C. After
being stirred at 0 ◦C for 30 min, the reaction mixture was diluted
with ether. The organic layer was washed successively with brine,
saturated aq. NaHCO3 and then brine. Evaporation of the dried
solution gave a residue, which was purified by short CC (acetone–
hexane, 1 : 4) to afford compound 24 (98 mg, 84%) as a yellow oil;
[a]25


D −26.8 (c 1.12, MeOH); kmax(EtOH)/nm 285; mmax/cm−1 3607,
3464, 1662, 1636, 1597; dH(300 MHz) 0.88, 1.21 and 1.46 (each
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3H, s), 1.64 (1H, d, J 11.5), 1.70 (1H, d, J 12.5), 1.85 (1H, ddd,
J 11.5, 6 and 2), 2.07 (1H, ddd, J 12.5, 6 and 2), 2.30 (3H, d, J
1), 4.42 (1H, t, J 6), 5.98 (1H, br d, J 8), 6.35 (1H, d, J 16), 6.47
(1H, dd, J 16 and 0.5), 10.12 (1H, d, J 8); m/z (EI) 250.1586 (M+,
C15H22O3 requires 250.1567).


From the nitrile 20f. Following the procedure described for the
reduction of the nitrile 26, reduction of the nitrile 20f (306 mg)
with DIBAL-H provided the aldehyde 24 (215 mg, 69%).


(2E,4E,6E,8E,10E,12E)-2,7,11-Trimethyl-13-[(1R,4S,6R)-2,2,6-
trimethyl-6-triethylsilyloxy-7-oxabicyclo[2.2.1]hept-1-yl]trideca-
2,4,6,8,10,12-hexaenal 29


An acidic solution (0.4 ml) prepared from toluene-p-sulfonic acid
(p-TsOH) (500 mg) and H3PO4 (725 mg) in MeOH (38 ml) and
methyl orthoformate (0.8 ml) were added to a solution of the C10-
phosphonium chloride 2717 (690 mg, 1.54 mmol) in MeOH (5 ml).
The reaction mixture was stirred at rt for 1.5 h then neutralized
with NaOMe (1M in MeOH) until just before the red color of
an ylide appeared, to give a solution of the Wittig salt 28. To
this solution were added a solution of the aldehyde 25 (90 mg,
0.25 mmol) in MeOH (3 ml) and NaOMe (1M in MeOH; 1.6 ml,
1.6 mmol) at rt. After being stirred at rt for 30 min, Dowex 50W-
X8 (H+) (1.5 g) was added to the reaction mixture and this was
stirred at rt for 20 min. After the Dowex was filtered off, the filtrate
was evaporated. The resulting residue was purified by short CC
(acetone–hexane, 1 : 9) and then preparative HPLC [LiChrosorb
Si 60 (7 lm) 1 × 30 cm; ether–hexane, 15 : 85] to provide
all-E-apocarotenal 29 (65 mg, 53%) as an orange amorphous
solid; kmax(EtOH)/nm 419; mmax/cm−1 1660, 1610, 1600, 1549;
dH(300 MHz) 0.59 (6H, q, J 8), 0.85 (3H, s), 0.96 (9H, t, J 8),
1.19 and 1.37 (each 3H, s), 1.55 (1H, d, J 11.5), 1.61 (1H, d, J 12),
1.81 (1H, ddd, J 11.5, 6 and 2), 1.88, 1.96 and 2.03 (each 3H, s),
2.00 (1H, ddd, J 12, 6 and 2), 4.37 (1H, t, J 6), 5.82 (1H, d, J 16),
6.18 (1H, br d, J 11.5), 6.30 (1H, br d, J 12), 6.36 (1H, d, J 16),
6.36 (1H, J 15), 6.68 (1H, dd, J 14.5 and 12), 6.78 (1H, dd, J 15
and 11.5), 6.96 (1H, br d, J 12), 7.02 (1H, dd, J 14.5 and 12), 9.45
(1H, s); m/z (EI) 496.3371 (M+, C31H48O3Si requires 496.3371).


(3R,3′S,5′R,6′R)-3′,6′-Epoxy-5′,6′-dihydro-5′-triethylsilyloxy-b,b-
caroten-3-ol 31


To a solution of the phosphonium salt 301,18 (240 mg, 0.43 mmol)
and the all-E-apocarotenal 29 (31 mg, 0.063 mmol) in CH2Cl2


(2 ml) was added NaOMe (1M in MeOH; 1.0 ml, 1.0 mmol) at rt.
After being stirred at rt for 45 min, Dowex 50W-X8 (H+) (1 g) was
added to the reaction mixture and this was stirred at rt for 5 min.
After the Dowex was filtered off, the filtrate was evaporated. The
resulting residue was purified by short CC (acetone–hexane, 1 : 4)
and then preparative HPLC [LiChrosorb Si 60 (7 lm) 1 × 30 cm;
acetone–hexane, 12 : 88] to provide the all-E-skeletal compound 31
(24.5 mg, 56%) as a red solid, along with some isomeric mixtures;
kmax(EtOH)/nm 268, 424sh, 446, 474; dH(300 MHz) 0.61 (6H, q, J
8), 0.86 (3H, s), 0.97 (9H, t, J 8), 1.07 (6H, s), 1.19 and 1.36 (each
3H, s), 1.48 (1H, t, J 12), 1.55 (1H, d, J 11), 1.61 (1H, d, J 11.5),
1.74 (3H, s), 1.76 (1H, m), 1.80 (1H, ddd, J 11, 6 and 2), 1.94 (3H,
s), 1.97 (9H, s), 1.96–2.10 (2H, m), 2.39 (1H, br dd, J 17 and 6),
4.00 (1H, m), 4.37 (1H, t, J 6), 5.75 (1H, d, J 16), 6.12 (2H, s),
6.15 and 6.17 (each 1H, br d, J 11.5), 6.25 (2H, m), 6.34 (2H, d, J


16), 6.36 (1H, d, J 15), 6.58–6.69 (4H, m); m/z (EI) 698.5100 (M+,
C46H70O3Si requires 698.5091).


Preparation of cucurbitaxanthin A 1


To a solution of the compound 31 (66 mg, 0.095 mmol) in THF
(2 ml) were added AcOH (1.0 M in THF; 1.0 ml, 1.0 mmol) and
TBAF (1.0 M in THF; 1.0 ml, 1.0 mmol) and the mixture was
stirred at 50 ◦C for 20 h. The mixture was concentrated to give a
residue, which was purified by short CC (acetone–hexane, 1 : 4) to
yield cucurbitaxanthin A 1 (30 mg, 54%) as a red solid, along with
recovered 31 (21 mg, 32%). The spectral data of synthetic 1 were
in good agreement with those of a natural specimen.2,3,19


(2E,4E)-3-Methyl-5-[(1R,4S,6R)-2,2,6-trimethyl-6-
triethylsilyloxy-7-oxabicyclo[2.2.1]hept-1-yl]penta-2,4-dienol 32


A solution of the aldehyde 25 (308 mg, 0.85 mmol) in dry ether
(8 ml) was added dropwise to a stirred suspension of LiAlH4


(32 mg, 0.84 mmol) in dry ether (10 ml) at 0 ◦C and the mixture was
stirred for a further 5 min. The excess LiAlH4 was decomposed
by the dropwise addition of water and the mixture was filtered
through Celite. The filtrate was evaporated to give a residue, which
was purified by short CC (acetone–hexane, 3 : 7) to provide the
alcohol 32 (310 mg, quant.) as a white solid; [a]26


D −52.0 (c 0.96,
MeOH); mmax/cm−1 3609, 3441, 1628; dH(300 MHz) 0.61 (6H, q, J
8), 0.85 (3H, s), 0.96 (9H, t, J 8), 1.19 and 1.36 (each 3H, s), 1.55
and 1.61 (each 1H, d, J 11.5), 1.80 and 1.98 (each 1H, ddd, J 11.5,
6 and 2), 1.82 (3H, br s), 4.29 (2H, br d, J 6), 4.36 (1H, t, J 6), 5.66
(1H, br t, J 6), 6.74 and 6.28 (each 1H, d, J 16); m/z (EI) 366.2586
(M+, C21H38O3Si requires 366.2588).


Preparation of the Wittig salt 33


A solution of LiCl (58 mg, 1.36 mmol) in dry DMF (2 ml) was
added to a stirred solution of the alcohol 32 (383 mg, 1.05 mmol)
and c-collidine (0.21 ml, 1.59 mmol) in DMF (1 ml) at 0 ◦C and
the mixture was stirred at 0 ◦C for 10 min. To this mixture was
added MsCl (0.11 ml, 1.42 mmol) and the mixture was stirred
at 0 ◦C for a further 30 min. The mixture was poured into
ice–water and extracted with ether. The extracts were washed
successively with 3% aq. HCl, saturated aq. NaHCO3 and brine.
Evaporation of the dried solution provided a residue, which was
expeditiously purified by short CC (acetone–hexane, 1 : 4) to
afford the corresponding chloride (380 mg, 94%). Subsequently,
triphenylphosphine (310 mg, 1.18 mmol) was added to a solution
of this chloride in CH2Cl2 (10 ml) and the mixture was refluxed for
17 h. Evaporation of the solvent gave a residue, which was washed
with ether to provide the phosphonium chloride 33 (564 mg, 88%)
as a pale yellow foam; dH(300 MHz) 0.57 (6H, q, J 8), 0.79 (3H,
s), 0.92 (9H, t, J 8), 1.12 and 1.32 (each 3H, s), 1.40 (3H, d, J 3.5),
1.54 and 1.59 (each 1H, d, J 12), 1.77 and 1.95 (each 1H, ddd, J
12, 6 and 2), 4.33 (1H, t, J 6), 4.92 (2H, m), 5.34 (1H, m), 5.63
(1H, dd, J 16 and 2). 6.14 (1H, d, J 16), 7.62–7.92 (15H, m).


(3S,3′S,5R,5′R,6R,6′R)-3,6,3′,6′-Diepoxy-5,5′,6,6′-tetrahydro-
5,5′-di(triethylsilyloxy)-b,b-carotene 35


In the same manner as described for the preparation of compound
31, Wittig reaction between the phosphonium salt 33 (564 mg,
0.87 mmol) and the apocarotenal 29 (108 mg, 0.22 mmol)
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produced crude products, which were purified by short CC (ether–
hexane, 1 : 4) and then preparative HPLC [LiChrosorb Si 60 (7 lm)
2 × 25 cm; ether–hexane, 8 : 92] to provide the all-E-skeletal
compound 35 (56 mg, 31%) and its 11Z isomer (30 mg, 17%) as
red solids, respectively.


Compound 35. kmax(EtOH)/nm 266, 315, 329, 393sh, 416, 441,
470; dH(500 MHz) 0.61 (12H, q, J 8), 0.86 (6H, s), 0.97 (18H, t, J
8), 1.19 and 1.36 (each 6H, s), 1.55 and 1.61 (each 2H, d, J 11.5),
1.81 (2H, ddd, J 11.5, 6 and 2.5), 1.94 and 1.96 (each 6H, s), 1.98
(2H, ddd, J 11.5, 6 and 2.5), 4.37 (2H, t, J 6), 5.75 (2H, d, J 16),
6.17 (2H, br d, J 11.5), 6.25 (2H, m), 6.35 (2H, d, J 16), 6.35
(2H, dd, J 14.5 and 12), 6.62 (4H, m); m/z (EI) 828.5922 (M+,
C52H84O4Si2 requires 828.5904).


11Z Isomer of 35. kmax(EtOH)/nm 231, 267, 316, 330, 394sh,
417, 440, 470; dH(500 MHz) 0.61 (12H, q, J 8), 0.86 and 0.87 (each
3H, s), 0.97 (18H, t, J 8), 1.19 and 1.21 (each 3H, s), 1.34 (6H, s),
1.55 and 1.57 (each 1H, d, J 11.5), 1.61 and 1.62 (each 1H, d, J
11.5), 1.81 (2H, m), 1.91, 1.94 and 1.96 (each 3H, s), 1.98 (2H, m),
2.08 (3H, s), 4.37 and 4.38 (each 1H, t, J 6), 5.75 and 5.79 (each
1H, d, J 16), 5.97 (1H, d, J 12), 6.17 (1H, br d, J 11.5), 6.25 (1H,
br d, J 10), 6.29 (1H, d-like, J 10), 6.30 (1H, t, J 12), 6.35 (1H,
d, J 16), 6.35 (1H, d, J 14.5), 6.37 (1H, d, J 16), 6.62 (3H, m),
6.72 (1H, br d, J 12); m/z (EI) 828.5922 (M+, C52H84O4Si2 requires
828.5904).


Preparation of cycloviolaxanthin 2


In the same manner as described for the preparation of cucur-
bitaxanthin A 1, desilylation of compound 35 (24.5 mg) gave crude
products, which were purified by preparative HPLC [LiChrosorb
Si 60 (7 lm) 1 × 30 cm; acetone–hexane, 17 : 83] to provide
cycloviolaxanthin 2 (13.9 mg, 78%) as a red solid. The spectral
data of synthetic 2 were in good agreement with those reported.2


(3S,3′S,5R,5′R,6R)-3,6-Epoxy-5,6-dihydro-3′-hydroxy-5-
triethylsilyloxy-b,j-caroten-6′-one 36


In the same manner as described for the preparation of compound
31, Wittig reaction between the phosphonium salt 33 (600 mg,
0.93 mmol) and the apocarotenal 341,5 (110 mg, 0.29 mmol)
produced crude products, which were purified by short CC
(acetone–hexane, 3 : 7) and then preparative HPLC [LiChrosorb
Si 60 (7 lm) 2 × 25 cm; acetone–hexane, 18 : 82] to provide the
all-E-skeletal compound 35 (90 mg, 44%) as a red solid, along with
some isomeric mixtures; kmax(EtOH)/nm 283, 358, 470; mmax/cm−1


3611, 3460, 1661, 1579, 1556, 1519; dH(500 MHz) 0.61 (6H, q, J
8), 0.84 and 0.86 (each 3H, s), 0.97 (9H, t, J 8), 1.19 and 1.21 (each
3H, s), 1.37 (6H, s), 1.49 (1H, dd, J 14.5 and 3), 1.56 (1H, d, J
11.5), 1.61 (1H, d, J 12), 1.71 (1H, dd, J 13.5 and 5), 1.81 (1H,
ddd, J 11.5, 6 and 2.5), 1.95, 1.96, 1.97 and 1.98 (each 3H, s), 1.99
(1H), 2.00 (1H, dd, J 13.5 and 8), 2.96 (1H, dd, J 14.5 and 8.5),
4.37 (1H, t, J 6), 4.51 (1H, m), 5.77 (1H, d, J 16), 6.18, 6.26 and
6.35 (each 1H, br d, J 11), 6.35 (1H, d, J 15), 6.35 (1H, d, J 16),
6.44 (1H, d, J 15), 6.52 (1H, d, J 14.5), 6.55 (1H, br d, J 11), 6.61
and 6.62 (each 1H, dd, J 14.5 and 11), 6.66 (1H, dd, J 15 and 11),


6.70 (1H, dd, J 14.5 and 11), 7.33 (1H, d, J 15); m/z (EI) 714.5041
(M+, C46H70O4Si requires 714.5041).


Preparation of capsanthin 3,6-epoxide 3


In the same manner as described for the preparation of cucurbitax-
anthin A 1, desilylation of the compound 36 (80 mg, 0.11 mmol)
gave crude products, which were purified by preparative HPLC
[LiChrosorb Si 60 (7 lm) 2 × 25 cm; THF–hexane–MeOH, 25 :
75: 1.5] to provide capsanthin 3,6-epoxide 3 (41 mg, 61%) as a
red solid. The spectral data of synthetic 3 were in good agreement
with those reported.2
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Based on the bioisosteric replacement of the pyrazole C3-carboxamide of rimonabant with a 5-alkyl
oxadiazole ring, a novel class of oxadiazole derivatives with promising biological activity towards CB1
receptors was discovered. Among them, compounds with an alkyl linker containing a strong
electron-withdrawing group (e.g., CF3) and a sterically favorable bulky group (e.g., t-butyl) exhibited
excellent CB1 antagonism and selectivity, and thus might serve as potential candidates for further
development as anti-obesity agents.


Introduction


Obesity, a cause of major morbidity and mortality,1–3 has become
a global epidemic and is recognized as a chronic disease by the
World Health Organization (WHO). Accordingly, obesity and its
associated co-morbidities, such as type 2 diabetes, hypertension,
dyslipidemia, and cancers, pose a serious threat to the public
health, and constitute a substantial healthcare burden in modern
society. Therefore, finding effective pharmacological therapeutics
to treat obesity is becoming an urgent necessity, especially
considering that the current two major anti-obesity drugs, Orlistat
and Sibutramine, only meet with moderate success in weight
reduction, but the accompanying adverse effects are many.4–8


The endocannabinoid signaling system has been shown to be
involved in both neuronal and peripheral physiological processes,
including feeding behavior, intestinal motility, nociception, lo-
comotive activity, and immune responses.9 These activities are
mediated by the combined action of three components such
as receptors, lipid-like endocannabinoids and proteins involved
in the production and removal of endocannabinoids.10 Two
cannabinoid receptors CB111 and CB212, which belong to the
G protein-coupled receptor family, have been identified as re-
sponding to endocannabinoids, plant derived cannabinoids (e.g.
D9-tetrahydrocannabinol) or synthetic ligands (e.g. CP55,940 and
R-(+)-WIN55,212). CB1 receptors are predominantly expressed
in neurons to inhibit the release of neurotransmitters, and CB2
receptors are abundantly expressed in immune cells and potentially
participate in cytokine release and function.9 Anandamide (AEA)
and 2-arachidonoylglycerol (2-AG) derived from phospholipid
precursors are the two most studied endocannabinoids.13,14 Phys-
iologically, these endocannabinoids are not prestored in secre-
tary vesicles, but are synthesized on demand by enzymes such
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as N-acyl-phosphatidyl-ethanolamine-selective phospholipase D
(NAPE-PLD) and the sn-1-selective diacylglycerol (DAG) lipases.


During the past two decades, intensive studies on the
cannabinoid-CB1 receptor axis have been fulfilled, showing that
appetite control and weight loss in animals could be significantly
induced through CB1 blockers,15–18 leading to the discovery of
SR141716A (Fig. 1; rimonabant, AcompliaTM), the first anti-
obesity drug behaving as a selective CB1 inverse agonist19 and
launched in Europe in 2006. Although rimonabant has been shown
to afford weight reduction and improvements in cardiometabolic
risk factors after one year and two years of treatment,20–23 a higher
incidence of psychiatric adverse events was observed with patients
of depressive illness. Most recently, however, the two-year studies
of RIO-Europe (rimonabant in obesity and related metabolic
disorders-Europe) demonstrated that with rimonabant therapy,
the clinically significant weight loss and improvements in several
cardiometabolic risk factors, including triglycerides, high-density
lipoprotein cholesterol, insulin resistance and fasting glucose
levels, were sustained over two years with favorable tolerability and
safety for overweight/obese patients without a history of severe
depressive disorder or anxiety.24


Fig. 1 SR141716A (rimonabant, AcompliaTM).


The aforementioned encouraging results stimulated our long-
lasting efforts in pursuing a new generation of rimonabant-
mimicking molecules as anti-obesity agents with less CNS
toxicity.25 Herein, we wish to report that the bioisosteric
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replacement of the pyrazole C3-carboxamide of rimonabant with
an oxadiazole moiety has been envisioned and experimentally
realized to afford an array of novel analogues, several of which
exhibited high binding affinity and potent activity towards CB1
receptors with excellent CB2/1 selectivity. Detailed description
of the synthetic design and structure–activity relationship (SAR)
studies of these newly developed compounds is presented as
follows.


Results and discussion


Synthesis


The procedures employed in our laboratory for the synthesis of
3-alkyl oxadiazoles, as represented by the generic formula 4, are
depicted in Scheme 1. The synthesis began with carboxylic acid
1, readily accessible through a four-step sequence reported in the
literature (Scheme 2).26 Under treatment with thionyl chloride,
intermediate 1 was converted to the corresponding acyl chloride 2
in 98% yield which, without purification, was coupled with various
amide oximes (R(C=NOH)NH2) followed by thermal annulation
to afford the desired products 4a–k (Table 1) in 30–80% yields
over the two steps. The required amide oximes were previously
prepared in moderate to good yields (50–80%) by treatment of the
corresponding alkyl nitriles with hydroxylamine.27 Alternatively,
acid chloride 2 was individually treated with the deprotonated
amides, formed in situ by treatment with LiHMDS, to afford the
corresponding imides which in turn underwent condensation with
hydroxylamine to generate the desired 3-alkyl oxadiazoles in 36–
60% yields over the two steps.


For the synthesis of 5-alkyl oxadiazoles, as represented by the
generic formula 8, the synthetic sequence illustrated in Scheme 3
was fulfilled. Carboxylic acid 1 was first converted to the primary
amide 5 by coupling with ammonia in the presence of EDCI
and HOBT as a pair of coupling reagents. The compound
5 thus obtained was subjected to dehydration under standard
conditions to give nitrile 6, which was sequentially reacted with
hydroxylamine to afford amide oxime 7, followed by treatment


Scheme 2


with the required acid chloride in refluxing toluene to generate the
desired 5-alkyl oxadiazoles 8a–h in 40–52% yields over four steps.


Biological studies


All the oxadiazole compounds, including 4a–k and 8a–h, were sub-
jected to biological evaluations towards CB1 and CB2 receptors,
the results of which are compiled in Table 1.


As shown, though the initial test compound, 3-methyl oxa-
diazole 4a, exhibited poorer binding affinity and less potency
toward the CB1 receptor (IC50 = 509.6 nM; EC50 = 552.1 nM)
than rimonabant (IC50 = 13.6 nM; EC50 = 17.3 nM), which
was constantly employed as the reference in our assay systems,
the submicromolar activities observed with 4a implied that when
a hydrophobic substituent was appropriately positioned, the
oxadiazole ring might serve as a potential bioisostere for the
pyrazole C3-carboxamide moiety. Based on the binding mode
of rimonabant in the proposed CB1-receptor homology model
(Fig. 2),18a further structural modifications aiming to enhance the
hydrophobic interaction by extending the alkyl chain were then
carried out. When the methyl side chain was replaced with an
ethyl or n-propyl group, the corresponding 3-ethyl oxadiazole 4b
(IC50 = 225.1 nM; EC50 = 75.5 nM) and 3-propyl oxadiazole
4c (IC50 = 291.2 nM; EC50 = 59.1 nM) resulted in considerable
improvements in the CB1 biological activities, with particularly
remarkable increases of ca. 10-fold in the functional activity
(EC50). However, further extension of the linear alkyl chain to


Scheme 1 Reagents and conditions: (i) SOCl2, toluene, reflux, 2 h; (ii) RC(NOH)NH2, toluene, reflux, 2 h; (iii) RCONH2, LiHMDS, THF, −78 ◦C then
−10 ◦C, 2 h; (iv) NH2OH then pyridine, reflux, 4 h.
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Table 1 Biological evaluation of 3-alkyl oxadiazoles and 5-alkyl oxadiazoles on hCB1 and hCB2 receptors


Compd R EC50
a ,c hCB1 IC50


a ,b/nM hCB2 IC50
a ,b/nM Selectivity (hCB2/hCB1)


4a CH3 552.1 ± 109.6 509.6 ± 101.3 >10000 > 20
4b CH2CH3 75.5 ± 12.1 225.1 ± 44.9 6507.5 ± 509.8 29
4c CH2CH2CH3 59.1 ± 23.1 291.2 ± 87.5 7518.1 ± 1047.0 26
4d CH2(CH2)2CH3 141.1 ± 8.8 255.8 ± 13.7 >10000 > 39
4e CH2(CH2)3CH3 128.5 ± 36.3 220.7 ± 27.9 >10000 > 45
4f CH(CH3)2 55.3 ± 8.5 80.2 ± 19.5 6924.8 ± 724.9 86
4g CH(C2H5)2 39.1 ± 19.3 62.2 ± 14.7 3490.8 ± 1273.9 56
4h C(CH3)3 25.8 ± 6.2 64.7 ± 8.6 5198.5 ± 95.5 80
4i c-C3H5 95.0 ± 77.7 114.5 ± 9.3 6794.7 ± 122.4 59
4j CH2CH(CH3)2 95.8 ± 32.7 317.6 ± 9.2 9207.0 ± 833.6 29
4k CH2(c-C3H5) 155.5 ± 17.6 435.1 ± 204.1 9926.7 ± 824.8 21
8a CH3 435.5 ± 21.7 924.8 ± 106.1 >10000 > 11
8b CH2CH3 365.3 ± 38.2 270.7 ± 47.6 >10000 > 37
8c CH2CH2CH3 163.9 ± 18.3 160.2 ± 40.9 9965.6 ± 398.3 62
8d CH(CH3)2 150.1 ± 69.3 77.8 ± 24.1 9021.7 ± 1316.9 116
8e CH(C2H5)2 131.5 ± 61.1 55.1 ± 17.6 1329.5 ± 168.4 24
8f C(CH3)3 56.1 ± 24.1 30.5 ± 8.7 9790.6 ± 268.7 321
8g CF3 64.6 ± 5.1 37.1 ± 5.0 >10000 > 269
8h C(CH3)2CF3 8.2 ± 3.9 14.2 ± 4.0 3544.5 ± 1374.4 247


SR141716A 17.3 ± 1.8 13.6 ± 1.0 1643.7 ± 107.0 121


a Data are expressed as the mean ± SD of at least three independent experiments. b The binding affinity determined by inhibition of [3H]-CP55940 binding
to the hCB1 or hCB2-transfected HEK 293 membrane is expressed as IC50. c The functional activity determined by inhibition of Eu-GTP binding to
hCB1-transfected HEK 293 membrane is expressed as EC50.


Scheme 3 Reagents and conditions: (i) EDCI, HOBT, CH2Cl2, r.t., 40 min, then NH3(aq.), r.t., 30 min; (ii) TFAA, Et3N, CH2Cl2, 0 ◦C, 1h; (iii) 50%
NH2OH(aq.), MeOH, 40 ◦C, 16 h; (iv) RCOCl, toluene, reflux, 2 h.
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Fig. 2 The binding mode of rimonabant in the proposed CB1-receptor
homology model.


3 and 4 methylene units gave rise to compounds 4d and 4e,
respectively, with no improvements in either the binding affinity
or the potency towards the CB1 receptor, indicating that the
hydrophobic cavity of the CB1 receptor around the pyrazole C-3
substitution might be shallow.


As such, analogues with a branched alkyl group, instead of
a linear linker, were then explored. As illustrated in Table 1,
compounds 4f–i thus obtained apparently supported the afore-
mentioned inference of CB1 receptor with a shallow cavity
surrounding the C-3 position, leading to an enhancement of both
the functional activity and the binding affinity by up to 20- and
8-fold (i.e., 4h), respectively. Further expanding the dimensions
of the branched alkyl group seemed not to be tolerated, as
demonstrated by 4j–k whose biological activities are inferior to
those of 4f–i. Though the array of 3-alkyl oxadiazoles described
above revealed great potential as bioisosteres of rimonabant,
all its compounds share the liability of poor CB2/1 selectivity
(CB2/1 = 20∼86). For comparison purposes, attempts were also
made to explore 5-alkyl oxadiazoles, in which a 1,2-transposition
of the heteroatoms O and N was implemented. As a result,
not unexpectedly, the corresponding compounds 8a–f displayed
similar binding and functional behaviors towards CB1 receptors
as did the 3-alkyl oxadiazoles 4a–c and 4f–h, suggesting that the
binding mode against CB1 receptors was little influenced by this
minor structural modification. However, it was observed that the
CB2/1 selectivity of compound 8f (CB2/1 = 321) was dramatically
enhanced as compared to 4h (CB2/1 = 80). This finding is hard to
rationalize by the current results and is worth studying further.
Also encouraging is the finding that when the methyl group
was substituted with a trifluoromethyl moiety, the resulting 8g
(IC50 = 37.1 nM; EC50 = 64.6 nM; CB2/1 = >269) exhibited a
substantial improvement relative to 8a (IC50 = 924.8 nM; EC50 =
435.5 nM; CB2/1 = >11) in all biological aspects, including
binding affinity, potency, and selectivity towards CB1 receptors,
presumably due to the enhancement of the Asp366–Lys192 salt
bridge-stabilizing capacity in the presence of a strong electron-
withdrawing group (see Fig. 2).18a By this inference, a hybrid
with an alkyl chain combining both the favored trifluoromethyl
and bulky t-butyl motifs was designed, leading to the desired
compound 8h (IC50 = 14.2 nM; EC50 = 8.2 nM; CB2/1 = 247), the
biological profile of which is comparable to SR141716A and which
might serve as an advanced lead for further development for the
treatment of obesity. Based on these encouraging results, attempts
were also made to synthesize compounds 4l and 4m, which are


highly expected to behave the same as compounds 8g and 8h
with desirable receptor–ligand interactions. Unfortunately, these
efforts turned out to be fruitless due to the labile intermediates
formed following the synthetic Scheme 1. Also, following the
protocol reported in the literature,28 the intrinsic properties of all
the compounds in Table 1 were identified, leading to the finding
that these rimonabant-mimicking molecules, without exception,
behaved as inverse agonists as does rimonabant.


Conclusions


In conclusion, based on the bioisosteric replacement of the
pyrazole C3-carboxamide of rimonabant with a 5-alkyl oxadiazole
ring, a novel class of oxadiazole derivatives with promising biolog-
ical activity towards CB1 receptors was discovered. Among them,
compounds with an alkyl linker containing a strong electron-
withdrawing group (e.g., CF3) and a sterically favorable bulky
group (e.g., t-butyl) have shown potent CB1 antagonism and
excellent selectivity, and thus might serve as potential candidates
for further development as anti-obesity agents. Further structural
modifications and in vivo efficacy studies on the series are currently
under active investigation and the results will be reported elsewhere
in due course.


Experimental


General methods for chemistry


All reactions were performed in oven-dried glassware and some
reactions were carried out under a positive pressure of argon
or nitrogen when the reactions were sensitive to moisture or
oxygen. Analytical thin layer chromatography was performed with
E. Merck silica gel 60F glass plates and flash chromatography
by the use of E. Merck silica gel 60 (230–400 mesh). Fourier
transform infrared spectra (IR) were recorded on a Perkin-Elmer
spectrum RX-1. 1H and 13C NMR spectra were recorded on
a Bruker Aavance EX 400 FT NMR or a Bruker DMX-600.
Chloroform-d was used as the solvent and TMS (d = 0.00 ppm)
as an internal standard. Chemical shift values are reported in ppm
relative to the TMS in delta (d) units. Multiplicities are recorded
as s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet),
sext (sextet), sept (septet), dd (doublet of doublets), dt (doublet
of triplets), br (broadened) and m (multiplet). Coupling constants
(J) are expressed in Hz. MS and HRMS were measured by JEOL
JMS-D300 and JEOL JMS-HX110 spectrometers, respectively;
electrospray mass spectra (ESMS) were recorded using an Agilent
1100MSD spectrometer. Spectral data were recorded as m/z
values.
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General procedure for the synthesis of compounds 4a, 4b, 4f, 4g, 4h
and 4k


The general procedure is illustrated immediately below with
compound 4a as a specific example.


5-(5-(4-Chlorophenyl) -1-(2,4-dichlorophenyl) -4-methyl-1H -
pyrazol-3-yl)-3-methyl-1,2,4-oxadiazole (4a). To a stirred solu-
tion of the acid 1 (0.150 g, 0.39 mmol) in toluene (5 mL) was
added thionyl chloride (0.17 mL, 2.36 mmol) at room temperature.
The mixture was heated to reflux for 2 h and then cooled to room
temperature. This was followed by concentration in vacuo to afford
the crude carbonyl chloride 2 (0.153 g, 98% yield) as a white
solid. To a stirred solution of N-hydroxyacetimidamide (0.087 g,
1.18 mmol) in toluene (2 mL) was added the carbonyl chloride 2 in
toluene (2 mL) in one portion. The resulting mixture was heated
to reflux for 2 h and then cooled to room temperature. Water
(10 mL) was added to quench the reaction. The aqueous layer
was separated and extracted with dichloromethane (3 × 10 mL);
the combined organic extracts were washed with brine, dried
over anhydrous magnesium sulfate, filtered, and concentrated in
vacuo to afford the crude product, which was purified by flash
chromatography on silica gel with EtOAc–n-hexane (1 : 12) to
give compound 4a (0.042 g, 31% yield) as a white solid: mp 92–
93 ◦C; IR (CH2Cl2, cast) mmax 3085, 2958, 2927, 2856, 1605, 1569,
1497, 1487 cm−1; 1H NMR (400 MHz, CDCl3) d 7.42–7.30 (m,
5H), 7.13 (d, J = 8.2 Hz, 2H), 2.51 (s, 3H), 2.43 (s, 3H); 13C NMR
(100 MHz, CDCl3) d 170.6, 167.5, 143.1, 138.3, 136.2, 135.6, 135.2,
132.8, 130.8, 130.5, 130.2, 129.0, 127.8, 126.6, 117.6, 11.6, 9.5; MS
(EI, 70 eV) m/z (% intensity) 417.9 (M+, 28.3); HRMS calcd for
C19H13Cl3N4O 418.0155, found 418.0143.


5-(5- (4-Chlorophenyl) -1- (2,4-dichlorophenyl) -4-methyl -1H-
pyrazol-3-yl)-3-ethyl-1,2,4-oxadiazole (4b). Compound 4b was
obtained by a similar procedure to that used for compound 4a.
Treatment of acid 1 (0.155 g, 0.40 mmol) with thionyl chloride
(0.18 mL, 2.50 mmol), and N-hydroxypropionimidamide (0.105 g,
1.20 mmol) gave compound 4b (0.064 g, 38% yield) as a white
solid: mp 129–130 ◦C; IR (CH2Cl2, cast) mmax 3052, 2959, 2928,
2871, 1604, 1569, 1498, 1490 cm−1; 1H NMR (400 MHz, CDCl3)
7.45–7.27 (m, 5H), 7.13 (d, J = 8.4 Hz, 2H), 2.88 (q, J = 7.6 Hz,
2H), 2.44 (s, 3H), 1.40 (t, J = 7.6 Hz, 3H); 13C NMR (100 MHz,
CDCl3) d 171.9, 170.5, 143.1, 138.4, 136.1, 135.6, 135.2, 132.8,
130.7, 130.5, 130.1, 128.9, 127.8, 126.6, 117.5, 19.7, 11.4, 9.5; MS
(EI, 70 eV) m/z (% intensity) 432.0 (M+, 33.8); HRMS calcd for
C20H15Cl3N4O 432.0311, found 432.0298.


5-(5- (4-Chlorophenyl) -1- (2,4-dichlorophenyl) -4-methyl -1H -
pyrazol-3-yl)-3-isopropyl-1,2,4-oxadiazole (4f). Compound 4f
was obtained by a similar procedure to that used for compound
4a. Treatment of acid 1 (0.155 g, 0.40 mmol) with thionyl chloride
(0.18 mL, 2.50 mmol), and N-hydroxyisobutyramidine (0.122 g,
1.20 mmol) gave compound 4f (0.084 g, 46% yield) as a white
solid: mp 130–132 ◦C; IR (CH2Cl2, cast) mmax 3086, 2972, 2932,
2874, 1606, 1569, 1497, 1486 cm−1; 1H NMR (400 MHz, CDCl3)
d 7.47–7.25 (m, 5H), 7.13 (d, J = 8.2 Hz, 2H), 3.21 (quint, J =
6.9 Hz, 1H), 2.45 (s, 3H), 1.43 (d, J = 6.9 Hz, 6H); 13C NMR
(100 MHz, CDCl3) d 175.3, 170.4, 143.1, 138.5, 136.1, 135.6, 135.1,
132.8, 130.7, 130.6, 130.0, 128.9, 127.7, 126.6, 117.6, 26.7, 20.4,
9.4; MS (EI, 70 eV) m/z (% intensity) 446.0 (M+, 36.9); HRMS
calcd for C21H17Cl3N4O 446.0468, found 446.0481.


5-(5- (4-Chlorophenyl) -1- (2,4-dichlorophenyl) -4-methyl -1H-
pyrazol-3-yl)-3-(pentan-3-yl)-1,2,4-oxadiazole (4g). Compound
4g was obtained by a similar procedure to that used for compound
4a. Treatment of acid 1 (0.150 g, 0.39 mmol) with thionyl chlo-
ride (0.17 mL, 2.36 mmol), and 2-ethyl-N-hydroxybutanamidine
(0.153 g, 1.18 mmol) gave compound 4g (0.086 g, 46%): mp 173–
174 ◦C; IR (CH2Cl2, cast) mmax 3087, 2964, 2932, 2876, 1606, 1568,
1496, 1486 cm−1; 1H NMR (400 MHz, CDCl3) d 7.41–7.27 (m, 5H),
7.13 (d, J = 8.4 Hz, 2H), 2.82 (quint, J = 5.5 Hz, 1H), 2.44 (s, 3H),
1.89–1.73 (m, 4H), 0.89 (t, J = 7.4 Hz, 6H); 13C NMR (100 MHz,
CDCl3) d 173.3, 170.5, 143.1, 138.6, 136.1, 135.7, 135.2, 132.9,
130.7, 130.6, 130.1, 128.9, 127.8, 126.7, 117.6, 40.6, 25.9, 11.7, 9.5;
MS (EI, 70 eV) m/z (% intensity) 474.0 (M+, 25.4); HRMS calcd
for C23H21Cl3N4O 474.0781, found 474.0786.


3-tert-Butyl-5-(5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazol-3-yl)-1,2,4-oxadiazole (4h). Compound 4h
was obtained by a similar procedure to that used for compound
4a. Treatment of acid 1 (0.150 g, 0.39 mmol) with thionyl chloride
(0.17 mL, 2.36 mmol), and N-hydroxypivalamidine (0.137 g,
1.18 mmol) gave compound 4h (0.143 g, 79% yield) as a white
solid: mp 155–156 ◦C; IR (CH2Cl2, cast) mmax 3086, 2970, 2930,
2870, 1608, 1569, 1497, 1487 cm−1; 1H NMR (400 MHz, CDCl3)
d 7.41–7.28 (m, 5H), 7.12 (d, J = 8.4 Hz, 2H), 2.44 (s, 3H), 1.46
(s, 9H); 13C NMR (100 MHz, CDCl3) d 177.8, 170.3, 143.0, 138.5,
136.1, 135.6, 135.1, 132.9, 130.7, 130.6, 130.0, 128.9, 127.7, 126.6,
117.6, 32.4, 28.3, 9.5; MS (EI, 70 eV) m/z (% intensity) 460.0 (M+,
15.4); HRMS calcd for C22H19Cl3N4O 460.0624, found 460.0634.


5-(5- (4-Chlorophenyl) -1- (2,4-dichlorophenyl) -4-methyl -1H-
pyrazol-3-yl)-3-(cyclopropylmethyl)-1,2,4-oxadiazole (4k). Com-
pound 4k was obtained by a similar procedure to that used for
compound 4a. Treatment of acid 1 (0.155 g, 0.40 mmol) with
thionyl chloride (0.18 mL, 2.50 mmol), and 2-cyclopropyl-N-
hydroxyacetamidine (0.120 g, 1.20 mmol) gave compound 4k
(0.104 g, 56% yield) as a white solid: mp 120–121 ◦C; IR (CH2Cl2,
cast) mmax 3082, 2959, 2925, 2871, 1605, 1569, 1496, 1486 cm−1; 1H
NMR (400 MHz, CDCl3) d 7.43–7.27 (m, 5H), 7.14 (d, J = 8.4 Hz,
2H), 2.76 (d, J = 7.0 Hz, 2H), 2.45 (s, 3H), 1.25 (m, 1H), 0.58 (m,
2H), 0.32 (m, 2H); 13C NMR (100 MHz, CDCl3) d 170.5, 170.4,
143.1, 138.4, 136.1, 135.6, 135.2, 132.8, 130.7, 130.5, 130.1, 128.9,
127.8, 126.6, 117.6, 30.8, 9.4, 8.71, 4.70; MS (EI, 70 eV) m/z
(% intensity) 458.0 (M+, 28.6); HRMS calcd for C22H17Cl3N4O
458.0468, found 458.0457.


General procedure for the synthesis of compounds 4c, 4d, 4e, 4i
and 4j


The general procedure is illustrated immediately below with
compound 4c as a specific example.


5-(5- (4-Chlorophenyl) -1- (2,4-dichlorophenyl) -4-methyl -1H-
pyrazol-3-yl)-3-propyl-1,2,4-oxadiazole (4c). To a stirred solu-
tion of the acid 1 (0.150 g, 0.39 mmol) in toluene (5 mL) was
added thionyl chloride (0.17 mL, 2.36 mmol) at room temperature.
The mixture was heated to reflux for 2 h and then cooled to room
temperature. This was followed by concentration in vacuo to afford
the crude carbonyl chloride 2 (0.153 g, 98% yield) as a white
solid. A stirred solution of butyramide (0.072 g, 0.83 mmol) in
THF (5 mL) was treated with lithium bis(trimethylsilyl)amide
(1 M solution in THF, 1.0 mL, 1.00 mmol) at −78 ◦C. The
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mixture was stirred for 50 min then carbonyl chloride 2 in THF
(5 ml) was added dropwise. The resulting mixture was allowed
to warm to −10 ◦C and stirred for 2 h. Water (10 mL) was
added and the aqueous layer was separated and extracted with
dichloromethane (3 × 10 mL). The combined organic extracts
were washed with brine, dried over anhydrous magnesium sulfate,
filtered, and concentrated in vacuo to afford the crude imide
product, which in turn, without purification, was treated with
hydroxylamine hydrochloride (125 mg, 1.81 mmol) in pyridine
(3 mL) under reflux conditions for 4 h. This was followed by a
usual work-up procedure to afford the crude oxadiazole product,
which was purified by flash chromatography on silica gel with
EtOAc–n-hexane (1 : 12) to give compound 4c (0.073 g, 41% yield)
as a white solid: mp 98–99 ◦C; IR (CH2Cl2, cast) mmax 3086, 2964,
2933, 2874, 1605, 1570, 1497, 1487 cm−1; 1H NMR (400 MHz,
CDCl3) d 7.50–7.29 (m, 5H), 7.13 (d, J = 8.4 Hz, 2H), 2.82 (t, J =
7.6 Hz, 2H), 2.44 (s, 3H), 1.88 (sext, J = 7.6 Hz, 2H), 1.03 (t, J =
7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 170.8, 170.5, 143.1,
138.5, 136.2, 135.7, 135.2, 132.8, 130.7, 130.6, 130.1, 128.9, 127.8,
126.7, 117.6, 27.9, 20.4, 13.6, 9.5; MS (EI, 70 eV) m/z (% intensity)
445.9 (M+, 32.2); HRMS calcd for C21H17Cl3N4O 446.0468, found
446.0469.


3-Butyl-5-(5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazol-3-yl)-1,2,4-oxadiazole (4d). Compound 4k was ob-
tained by a similar procedure to that used for compound 4c.
Treatment of acid 1 (0.155 g, 0.40 mmol) with thionyl chloride
(0.18 mL, 2.50 mmol), lithium bis(trimethylsilyl)amide (1.0 mL,
1.00 mmol) and pentanamide (0.084 g, 0.83 mmol) gave compound
4d (0.071 g, 38% yield) as a white solid: mp 136–137 ◦C; IR
(CH2Cl2, cast) mmax 3085, 2959, 2931, 2872, 1605, 1569, 1497,
1487 cm−1; 1H NMR (400 MHz, CDCl3) d 7.42–7.28 (m, 5H),
7.13 (d, J = 8.2 Hz, 2H), 2.84 (t, J = 7.5 Hz, 2H), 2.44 (s, 3H),
1.82 (quint, J = 7.5 Hz, 2H), 1.45 (sext, J = 7.5 Hz, 2H), 0.96
(t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 170.9, 170.4,
143.0, 138.4, 136.1, 135.6, 135.1, 132.8, 130.7, 130.5, 130.0, 128.9,
127.7, 126.6, 117.5, 29.0, 25.6, 22.1, 13.5, 9.4; MS (EI, 70 eV)
m/z (% intensity) 460 (M+, 55.0); HRMS calcd for C22H19Cl3N4O
460.0619, found 460.0636.


5 - (5 - (4 - Chlorophenyl) - 1 - (2,4 - dichlorophenyl) - 4 - methyl-
1H-pyrazol-3-yl)-3-pentyl-1,2,4-oxadiazole (4e). Compound 4e
was obtained by a similar procedure to that used for compound
4c. Treatment of acid 1 (0.150 g, 0.39 mmol) with thionyl chloride
(0.17 mL, 2.36 mmol), lithium bis(trimethylsilyl)amide (1.0 mL,
1.00 mmol) and hexanamide (0.095 g, 0.83 mmol) gave compound
4e (0.110 g, 59% yield) as a white solid: mp 150–152 ◦C; IR
(CH2Cl2, cast) mmax 3086, 2957, 2930, 2860, 1605, 1568, 1497,
1486 cm−1; 1H NMR (400 MHz, CDCl3) d 7.41–7.27 (m, 5H),
7.13 (d, J = 8.4 Hz, 2H), 2.83 (t, J = 7.5 Hz, 2H), 2.44 (s, 3H),
1.86–1.80 (m, 2H), 1.50–1.26 (m, 4H), 0.91 (t, J = 6.7 Hz, 3H);
13C NMR (100 MHz, CDCl3) d 170.9, 170.5, 143.1, 138.4, 136.1,
135.6, 135.2, 132.8, 130.7, 130.5, 130.1, 128.9, 127.7, 126.6, 117.5,
31.2, 26.6, 25.9, 22.2, 13.8, 9.5; MS (EI, 70 eV) m/z (% intensity)
474.0 (M+, 31.8); HRMS calcd for C23H21Cl3N4O 474.0781, found
474.0769.


5-(5- (4-Chlorophenyl) -1- (2,4-dichlorophenyl) -4-methyl -1H-
pyrazol-3-yl)-3-cyclopropyl-1,2,4-oxadiazole (4i). Compound 4i
was obtained by a similar procedure to that used for compound


4c. Treatment of acid 1 (0.150 g, 0.39 mmol) with thionyl chloride
(0.17 mL, 2.36 mmol), lithium bis(trimethylsilyl)amide (1.0 mL,
1.00 mmol) and cyclopropane-carboxamide (0.070 g, 0.83 mmol)
gave compound 4i (0.063 g, 36% yield) as a white solid: mp 110–
111 ◦C; IR (CH2Cl2, cast) mmax 3087, 2959, 2928, 2871, 1605, 1569,
1497, 1487 cm−1; 1H NMR (400 MHz, CDCl3) d 7.41–7.28 (m,
5H), 7.11 (d, J = 8.2 Hz, 2H), 2.40 (s, 3H), 2.25–2.15 (m, 1H),
1.23–1.05 (m, 4H); 13C NMR (100 MHz, CDCl3) d 172.8, 170.4,
143.2, 138.5, 136.2, 135.7, 135.3, 133.0, 130.8, 130.7, 130.2, 129.0,
127.8, 126.7, 117.7, 9.6, 7.8, 6.9; MS (EI, 70 eV) m/z (% intensity)
443.9 (M+, 27.8); HRMS calcd for C21H15Cl3N4O 444.0311, found
444.0309.


5-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-3-isobutyl-1,2,4-oxadiazole (4j). Compound 4j was
obtained by a similar procedure to that used for compound 4c.
Treatment of acid 1 (0.150 g, 0.39 mmol) with thionyl chloride
(0.17 mL, 2.36 mmol), lithium bis(trimethylsilyl)amide (1.0 mL,
1.00 mmol) and 3-methylbutanamide (0.084 g, 0.83 mmol) gave
compound 4j (0.067 g, 37% yield) as a white solid: mp 126–127 ◦C;
IR (CH2Cl2, cast) mmax 3093, 2960, 2926, 2855, 1607, 1569, 1497,
1487 cm−1; 1H NMR (400 MHz, CDCl3) d 7.43–7.28 (m, 5H),
7.13 (d, J = 8.4 Hz, 2H), 2.72 (d, J = 6.8 Hz, 2H), 2.44 (s, 3H),
2.26 (m, J = 6.8 Hz, 1H), 1.03 (d, J = 6.8 Hz, 6H); 13C NMR
(100 MHz, CDCl3) d 170.46, 170.16, 143.12, 138.50, 136.18,
135.68, 135.22, 132.84, 130.77, 130.60, 130.14, 128.97, 127.82,
126.69, 117.61, 34.72, 27.02, 22.30, 9.54; MS (EI, 70 eV) m/z
(% intensity) 460.0 (M+, 31.8); HRMS calcd for C22H19Cl3N4O
460.0624, found 460.0640.


5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H -pyra-
zole-3-carboxamide (5). To a solution of acid 1 (1.290 g,
3.38 mmol) in CH2Cl2 (20 mL) was added 1-hydroxybenzo-
triazole (HOBT, 0.550 g, 4.06 mmol) and 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide hydrochloride (EDCI, 0.900 g,
5.07 mmol) in sequence. The resulting mixture was stirred at
room temperature for 40 min and then ammonia (30% in H2O,
10 eq.) was added dropwise. The reaction mixture was stirred for
an additional 30 min at room temperature. The combined organic
extracts were washed with brine (10 mL), dried over anhydrous
magnesium sulfate, filtered, and concentrated in vacuo to afford
the crude product, which was purified by flash chromatography
on silica gel with EtOAc–n-hexane (3 : 10) gave carboxamide 5
(1.160 g, 90% yield) as a white solid: mp 185–186 ◦C; IR (CH2Cl2,
cast) mmax 3458, 3287, 1678, 1592, 1573, 1494, 1484 cm−1; 1H NMR
(600 MHz, CDCl3) d 7.39 (d, J = 2.0 Hz, 1H), 7.27–7.23 (m, 4H),
7.04–7.02 (m, 2H), 6.82 (br s, 1H), 5.80 (br s, 1H), 2.33 (s, 3H);
13C NMR (150 MHz, CDCl3) d 164.7, 144.2, 143.0, 135.9, 135.7,
134.8, 132.8, 130.7, 130.4, 130.2, 128.8, 127.8, 127.0, 117.9, 9.4;
ESMS m/z: 380.1 (MH+).


5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H -pyra-
zole-3-carbonitrile (6). To a stirred solution of carboxamide 5
(1.160 g, 3.05 mmol) in CH2Cl2 (20 mL) was added triethylamine
(1.28 mL, 9.15 mmol) and trifluoroacetic anhydride (0.85 mL,
6.10 mmol) at 0 ◦C. The resulting solution was stirred at 0 ◦C
for 1 h. Water (15 mL) was added to quench the reaction. The
aqueous layer was separated and extracted with dichloromethane
(3 × 10 mL). The combined organic extracts were washed with
brine, dried over anhydrous magnesium sulfate, filtered, and
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concentrated in vacuo to afford the crude product, which was
purified by flash chromatography on silica gel with EtOAc–n-
hexane (1 : 10) gave carbonitrile 6 (1.050 g, 95% yield) as a white
solid: mp 90–92 ◦C; IR (CH2Cl2, cast) mmax 3089, 2239, 1604, 1560,
1496, 1487 cm−1; 1H NMR (600 MHz, CDCl3) d 7.40 (d, J =
2.0 Hz, 1H), 7.30–7.23 (m, 4H), 7.04–7.02 (m, 2H), 2.22 (s, 3H);
13C NMR (150 MHz, CDCl3) d 142.1, 136.5, 135.5, 135.1, 132.6,
130.4, 130.3, 130.2, 129.1, 127.6, 125.9, 120.9, 113.1, 8.7; ESMS
m/z: 362.0 (MH+).


(Z)-5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-N′ -hydroxy-4-
methyl-1H-pyrazole-3-carboximidamide (7). To a stirred solu-
tion of compound 6 (0.863 g, 2.28 mmol) in MeOH (20 ml) was
added 50% aqueous hydroxylamine solution (4.56 ml, 2.99 mmol)
at room temperature. The mixture was heated to 40 ◦C and
stirred for 16 h. The resulting solution was then cooled to room
temperature and concentrated in vacuo to afford the crude product,
which was purified by flash chromatography on silica gel with
EtOAc–n-hexane (1 : 1) to give carboximidamide 7 (0.753 g, 80%
yield) as a white solid: mp 218–221 ◦C; IR (CH2Cl2, cast) mmax 3501,
3390, 1644, 1567, 1496, 1485 cm−1; 1H NMR (400 MHz, CDCl3)
d 7.54 (br s, 1H), 7.32–7.25 (m, 5H), 7.08 (d, J = 8.3 Hz, 2H),
5.26 (br s, 2H), 2.25 (s, 3H); 13C NMR (100 MHz, CDCl3) d 148.9,
143.8, 142.7, 136.1, 135.6, 134.7, 133.0, 130.8, 130.6, 130.2, 128.8,
127.7, 127.5, 114.6, 10.3; ESMS m/z: 395.0 (MH+).


General procedure for the synthesis of compounds 8a–8f


The general procedure is illustrated immediately below with
compound 8a as a specific example.


3-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-5-methyl-1,2,4-oxadiazole (8a). To a stirred solution
of carboximidamide 7 (0.150 g, 0.38 mmol) in anhydrous
toluene (5 mL) was added a solution of acetyl chloride (0.036 g,
0.49 mmol). The resulting mixture was heated to reflux and
stirred for 2 h. The reaction was subsequently cooled to room
temperature and water (5 mL) was added. The aqueous layer
was separated and extracted with dichloromethane (3 × 10 mL).
The combined organic extracts were washed with brine, dried
over anhydrous magnesium sulfate, filtered, and concentrated in
vacuo to afford the crude product, which was purified by flash
chromatography on silica gel with EtOAc–n-hexane (1 : 6) to
give compound 8a (0.111 g, 70% yield) as a white solid: mp
112–115 ◦C; IR (CH2Cl2, cast) mmax 3085, 2975, 2931, 2870, 1579,
1561, 1497, 1486 cm−1; 1H NMR (600 MHz, CDCl3) d 7.36–7.34
(m, 2H), 7.28–7.24 (m, 3H), 7.09 (d, J = 8.3 Hz, 2H), 2.63 (s, 3H),
2.35 (s, 3H); 13C NMR (150 MHz, CDCl3) d 176.2, 164.0, 142.7,
140.4, 135.9, 135.7, 134.8, 132.9, 130.7, 129.9, 128.8, 127.6, 127.1,
116.2, 12.2, 9.8; ESMS m/z: 419.0 (MH+).


3-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-5-ethyl-1,2,4-oxadiazole (8b). Compound 8b was
obtained by a similar procedure to that used for compound
8a. Treatment of carboximidamide 7 (0.16 g, 0.41 mmol) with
propionyl chloride (0.048 g, 0.53 mmol) gave compound 8b
(0.126 g, 71% yield) as a white solid: mp 145–147 ◦C; IR (CH2Cl2,
cast) mmax 3086, 2977, 2934, 2876, 1580, 1567, 1497, 1486 cm−1;
1H NMR (600 MHz, CDCl3) d 7.37–7.35 (m, 2H), 7.29–7.25 (m,
3H), 7.09 (d, J = 8.3 Hz, 2H), 2.98 (q, J = 7.7 Hz, 2H), 2.36
(s, 3H), 1.43 (t, J = 4.4 Hz, 3H); 13C NMR (150 MHz, CDCl3)


d 180.4, 164.0, 142.8, 140.6, 136.0, 135.7, 134.8, 133.0, 130.8,
130.7, 129.9, 128.8, 127.6, 127.2, 116.3, 20.2, 10.8, 9.8; ESMS
m/z: 433.1 (MH+).


3-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-5-propyl-1,2,4-oxadiazole (8c). Compound 8c was
obtained by a similar procedure to that used for compound 8a.
Treatment of carboximidamide 7 (0.16 g, 0.41 mmol) with butyryl
chloride (0.057 g, 0.53 mmol) gave compound 8c (0.133 g, 74%
yield) as a white solid: mp 163–165 ◦C; IR (CH2Cl2, cast) mmax


3085, 2985, 2942, 2881, 1583, 1567, 1496, 1486 cm−1; 1H NMR
(600 MHz, CDCl3) d 7.37–7.34 (m, 2H), 7.28–7.25 (m, 3H),
7.09 (d, J = 8.4 Hz, 2H), 2.92 (t, J = 7.6 Hz, 2H), 2.36 (s, 3H),
1.90–1.85 (m, 2H), 1.00 (t, J = 7.5 Hz, 3H); 13C NMR (150 MHz,
CDCl3) d 180.4, 164.0, 142.8, 140.6, 136.0, 135.7, 134.8, 133.0,
130.8, 130.7, 129.9, 128.8, 127.6, 127.2, 116.3, 20.2, 10.8, 9.8;
ESMS m/z: 447.0 (MH+).


3-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-5-isopropyl-1,2,4-oxadiazole (8d). Compound 8d was
obtained by a similar procedure to that used for compound
8a. Treatment of carboximidamide 7 (0.15 g, 0.38 mmol) with
isobutyryl chloride (0.052 g, 0.49 mmol) gave compound 8d
(0.125 g, 74% yield) as a white solid: mp 155–157 ◦C; IR (CH2Cl2,
cast) mmax 2977, 2934, 2876, 1580, 1567, 1497, 1486 cm−1; 1H NMR
(600 MHz, CDCl3) d 7.38–7.34 (m, 2H), 7.29–7.25 (m, 3H), 7.09
(d, J = 8.3 Hz, 2H), 3.31 (quint, J = 6.9 Hz, 1H), 2.36 (s, 3H),
1.44 (d, J = 6.8 Hz, 6H); 13C NMR (150 MHz, CDCl3) d 183.6,
163.9, 142.8, 140.7, 136.0, 135.7, 134.8, 133.0, 130.9, 130.8, 129.9,
128.8, 127.6, 127.2, 116.4, 27.5, 20.1, 9.8; ESMS m/z: 447.0
(MH+).


3-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-5-(pentan-3-yl)-1,2,4-oxadiazole (8e). Compound 8e
was obtained by a similar procedure to that used for compound
8a. Treatment of carboximidamide 7 (0.155 g, 0.39 mmol) with
2-ethylbutanoyl chloride (0.066 g, 0.49 mmol) gave compound 8e
(0.137 g, 76% yield) as a white solid: mp 195–197 ◦C; IR (CH2Cl2,
cast) mmax 3084, 2966, 2933, 2876, 1578, 1567, 1497, 1486 cm−1;
1H NMR (600 MHz, CDCl3) d 7.39–7.34 (m, 2H), 7.29–7.25 (m,
3H), 7.09 (d, J = 8.4 Hz, 2H), 3.00–2.95 (m, 1H), 2.37 (s, 3H),
1.91–1.85 (m, 2H), 1.81–1.76 (m, 2H), 0.88 (t, J = 7.4 Hz, 6H);
13C NMR (150 MHz, CDCl3) d 182.5, 163.9, 142.8, 140.7, 136.0,
135.7, 134.8, 133.0, 130.9, 130.7, 129.9, 128.8, 127.6, 127.2, 116.4,
41.8, 26.1, 11.7, 9.9; ESMS m/z: 475.1 (MH+).


5-tert-Butyl-3-(5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazol-3-yl)-1,2,4-oxadiazole (8f). Compound 8f was
obtained by a similar procedure to that used for compound
8a. Treatment of carboximidamide 7 (0.155 g, 0.39 mmol) with
pivaloyl chloride (0.059 g, 0.49 mmol) gave compound 8f (0.146 g,
75% yield) as a white solid: mp 178–180 ◦C; IR (CH2Cl2, cast)
mmax 3088, 2962, 2928, 2853, 1587, 1566, 1497, 1486 cm−1; 1H
NMR (400 MHz, CDCl3) d 7.41–7.35 (m, 2H), 7.29–7.24 (m,
3H), 7.09 (d, J = 8.0 Hz, 2H), 2.36 (s, 3H), 1.49 (s, 9H); 13C NMR
(100 MHz, CDCl3) d 183.6, 163.8, 142.8, 140.7, 136.0, 135.7,
134.8, 133.1, 130.9, 130.8, 129.9, 128.8, 127.6, 127.2, 116.4, 33.6,
28.4, 9.9; ESMS m/z: 461.1 (MH+).
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General procedure for the synthesis of compounds 8g and 8h


The general procedure is illustrated immediately below with
compound 8g as a specific example.


3-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-5-(trifluoromethyl)-1,2,4-oxadiazole (8g). To a stirred
solution of 2,2,2-trifluoroacetic acid (0.061 g, 0.53 mmol)
in anhydrous CH2Cl2 (0.5 mL) was added oxalyl chloride
(0.06 mL, 0.68 mmol). The resulting solution was stirred at room
temperature for 2 h and concentrated in vacuo to afford the crude
carbonyl chloride. To a stirred solution of carboximidamide 7
(0.100 g, 0.25 mmol) in toluene (2 mL) was added the above crude
carbonyl chloride in toluene (2 mL). The mixture was heated
to reflux for 2 h and then cooled to room temperature. Water
(15 mL) was added to quench the reaction. The aqueous layer
was separated and extracted with dichloromethane (3 × 10 mL).
The combined organic extracts were washed with brine, dried
over anhydrous magnesium sulfate, filtered, and concentrated in
vacuo to afford the crude product, which was purified by flash
chromatography on silica gel with EtOAc–n-hexane (1 : 10) to
give compound 8g (0.111 g, 70% yield) as a white solid: mp
128–129 ◦C; IR (CH2Cl2, cast) mmax 3090, 2969, 2930, 2876, 1582,
1569, 1497, 1486, 1178 cm−1;1H NMR (400 MHz, CDCl3) d
7.41–7.30 (m, 5H), 7.14–7.12 (m, 2H), 2.41 (s, 3H); 13C NMR
(100 MHz, CDCl3) d 165.9 (q, JC-F = 44 Hz), 164.8, 143.3, 138.8,
136.2, 135.7, 135.2, 133.0, 130.8, 130.7, 130.1, 129.0, 127.8, 126.7,
117.3 (q, JC-F = 272 Hz), 117.0, 9.8; ESMS m/z: 474.0 (MH+).


3-(5-(4-Chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyra-
zol-3-yl)-5-(1,1,1-trifluoro-2-methylpropan-2-yl)-1,2,4-oxadiazole
(8h). Compound 8h was obtained by a similar procedure
to that used for compound 8g. Treatment of 3,3,3-trifluoro-
2,2-dimethylpropanoic acid (0.078 g, 0.5 mmol) with oxalyl
chloride (0.06 mL, 0.65 mmol) and carboximidamide 7 (0.090 g,
0.23 mmol) gave compound 8h (0.071 g, 60% yield) as a white
solid: mp 176–177 ◦C; IR (CH2Cl2, cast) mmax 3094, 2929, 2870,
1588, 1566, 1498, 1486, 1215, 1178, 1157 cm−1; 1H NMR
(400 MHz, CDCl3) d 7.42–7.37 (m, 2H), 7.34–7.28 (m, 3H),
7.13 (d, J = 8.4 Hz, 2H), 2.39 (s, 3H), 1.76 (s, 6H); 13C NMR
(100 MHz, CDCl3) d 177.7, 164.2, 143.0, 140.1, 135.9, 135.9,
135.0, 133.1, 130.8, 130.8, 130.0, 128.9, 127.7, 127.3 (q, JC-F =
280 Hz), 127.1, 116.8, 43.6 (q, JC-F = 28 Hz), 20.7 (× 2, q, JC-F =
6 Hz), 9.8; ESMS m/z: 516.0 (MH+).


General methods for biological evaluation


Establishment of human CB1 (hCB1) and CB2 (hCB2) stable cell
lines and membrane purification: either hCB1 cDNA tagged with
Flag at the N terminus or hCB2 cDNA was subcloned into the
pIRES2-EGFP vector (Clontech Laboratories, Inc., Mountain
View, CA). After being transfected into HEK 293 cells, clones
stably expressing either hCB1 or hCB2 were selected by GFP and
G418 sulfate, and maintained in DMEM supplemented with 10%
fetal bovine serum and 0.5 mg ml−1 G418 sulfate under 5% CO2


at 37 ◦C. For membrane purification, cells were homogenized in
ice-cold buffer A (50 mM Tris, 5 mM MgCl2, 2.5 mM EDTA,
pH 7.4, 10% sucrose) with 1 mM PMSF. The homogenate was
centrifuged for 15 min at 2000g at 4 ◦C. The resulting supernatant


was centrifuged for another 30 minutes at 43000g at 4 ◦C. The
final pellet was resuspended in buffer A and stored at −80 ◦C.


Radioligand binding assay


0.2–8 lg of the purified membrane was incubated with 0.75 nM
[3H] CP55,940 and the compound of interest in the incubation
buffer (50 mM Tris-HCl, 5 mM MgCl2, 1 mM EDTA, 0.3% BSA,
pH 7.4). The non-specific binding was defined in the presence
of 1 lM of CP55,940. The reactions were incubated for one
and a half hours at 30 ◦C in Multiscreen microplates (Millipore
Corp., Billerica, MA). The reactions were terminated by manifold
filtration and washed four times with ice-cold wash buffer (50 mM
Tris, pH 7.4, 0.25% BSA). The radioactivity bound to the filters
was measured by Topcount (PerkinElmer Inc., Waltham, MA).
The IC50 was determined as the concentration of compound
required to inhibit 50% of the binding of [3H] CP55,940 and
calculated by non-linear regression (GraphPad software, San
Diego, CA).29 Alternatively, the K i was measured according to
the standard protocol reported in the literature30; these binding
affinity values are compiled in Table 2 as exhibited in the ESI.†


Eu-GTP binding assay


The Eu-GTP binding assay was performed using the DELFIA
Eu-GTP binding kit (Perkin Elmer Inc., Waltham, MA) based on
methods developed by Frang et al.,31 with minor modifications
as described in the following: 1–4 lg of purified membrane was
incubated with the compound of interest and 20 nM CP55,940 in
the assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 100 lg
mL−1 saponin, 5 mM MgCl2, 2 lM GDP, 0.5% BSA) at 30 ◦C for
60 minutes in acroplates (Pall Life Sciences, Ann Arbor, Mich.).
Following the addition of Eu-GTP and incubation for 30 minutes
at 30 ◦C, the assay was terminated by washing four times with the
washing buffer provided in the kit. The fluorescence signal of the
Eu-GTP was determined with a Victor 2 multilabel reader (Perkin
Elmer Inc., Waltham, MA). The EC50 of the tested compounds
at inhibiting 50% of the CP55,940-stimulated Eu-GTP binding
was determined from the dose–response curves using non-linear
regression (GraphPad software, San Diego, CA).
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The glycosylation of natural product scaffolds with highly modified deoxysugars is often essential for
their biological activity, being responsible for specific contacts to molecular targets and significantly
affecting their pharmacokinetic properties. In order to provide tools for the targeted alteration of
natural product glycosylation patterns, significant strides have been made to understand the
biosynthesis of activated deoxysugars and their transfer. We report here efforts towards the production
of plasmid-borne biosynthetic gene cassettes capable of producing TDP-activated forms of
D-mycaminose, D-angolosamine and D-desosamine. We additionally describe the transfer of these
deoxysugars to macrolide aglycones using the glycosyl transferases EryCIII, TylMII and AngMII,
which display usefully broad substrate tolerance.


Introduction


The elucidation of high-resolution X-ray crystal structures for
clinically important antibiotics bound to their ribosomal targets
has revealed key molecular interactions and provided insights
into how such templates might be adapted through structure-
aided drug design to provide modified derivatives with activity
against drug-resistant organisms.1 Macrolide antibiotics consist
of a core aglycone, of polyketide origin, to which deoxysugar
(most commonly deoxyhexose) moieties are attached. It is the
deoxysugar moieties which confer potent and specific antibacterial
activity through key contacts to the ribosome. Indeed, the
importance of deoxysugar components for the activity of multiple
types of natural products has driven an increasing interest in
understanding the mechanisms and pathways by which they are
biosynthesised, and in characterising the substrate range and toler-
ances of the glycosyltransferases (GTs) which attach them to their
acceptor substrates. This has led to the development of powerful
methods for the manipulation of deoxysugar biosynthesis and
the production of new ‘non-natural natural products’ through
the application of glycosylation engineering.2,3 In particular, the
utility of biosynthetic gene cassettes for deoxysugar production
in heterologous Streptomyces hosts has been clearly demonstrated
by Salas, Méndez and co-workers.4
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We have previously described alteration of the glycosylation
pattern of the macrolide antibiotics erythromycin (1), tylosin
(2), and oleandomycin as well as the insecticidal spinosyns (3)
(see Fig. 1).5–8 Here we report the successful use of biosynthetic
gene cassettes for the heterologous production and transfer of
several deoxyhexoses to polyketide aglycones in place of the
natural substituents. These are changes of potential relevance
for generating compounds with altered and desirable activities.
Such experiments have to some degree been previously hampered
by incomplete information about the biosynthetic pathways to
activated deoxyaminohexoses. For example, in the biosynthe-
sis of TDP-D-mycaminose (4) (see Fig. 2), the 3,6-dideoxy-3-
aminosugar component of 2, it was originally proposed that the
tylMIII gene from the biosynthetic gene cluster encoded a 3,4-
ketoisomerase responsible for converting TDP-4-keto-6-deoxy-D-
glucose (5) to its 3-keto isomer (6).9 This assignment was based
on its significant sequence similarity to genes governing TDP-D-
desosamine (7) biosynthesis in the erythromcyin biosynthetic gene
cluster.10 Studies reported by Liu and colleagues have since shown
that the biosynthetic route to TDP-D-desosamine does not require
3,4-keto tautomerisation.11 Moreover, it has now been shown
that TylMIII and homologues from other deoxyaminohexose
biosynthetic gene clusters are actually involved in the glycosylation
process itself, forming a complex with, and enhancing the activity
of, the cognate GT.12–14 The 3,4-ketoisomerase required for TDP-
D-mycaminose production is actually encoded by tyl1a, a previ-
ously unassigned open reading frame (ORF) within the tylosin
biosynthetic gene cluster of Streptomyces fradiae ATCC19609.15,16


This finding stemmed from the observation that a homologue
of tyl1a (fdtA) is required for TDP-3-acetamido-3,6-dideoxy-a-D-
galactose biosynthesis in Aneurinibacillus thermoaerophilus L420-
91T, and is responsible for the production of TDP-6-deoxy-D-
xylohex-3-ulose from TDP-6-deoxy-D-xylohex-4-ulose.17 Liu and
co-workers have used this insight to produce, in vivo, macrolide
analogues bearing a D-mycaminose moiety in place of the natural
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Fig. 1 Structures of selected polyketide macrolides.


Fig. 2 Biosynthetic pathways to the TDP-D-deoxyaminohexoses discussed. The proteins from each pathway responsible for the different chemical steps
are given (Des/Ery, desosamine pathways; Tyl, mycaminose pathway; Ang, angolosamine pathway; Spn, forosamine pathway).


D-desosamine.15 The requirement of tyl1a for TDP-D-mycaminose
biosynthesis was independently described in an international
patent application.18


Herein we report the cloning and sequencing of the biosyn-
thetic gene cluster from Streptomyces eurythermus ATCC23956
encoding production of the 16-membered macrolide antibiotic
angolamycin (8).19 8 exhibits relatively weak antibacterial activity
but is interesting due to the presence of an unusual 3-amino-2,3,6-
trideoxy-D-hexose moiety derived from TDP-D-angolosamine
(9). Further, we describe the construction of biosynthetic gene
cassettes that confer upon heterologous hosts the ability to


synthesise TDP-D-mycaminose, TDP-D-desosamine and TDP-D-
angolosamine, and examine the ability of several cloned GTs to
transfer these and other deoxyhexoses to polyketide aglycones to
produce a range of novel macrolides.


Results


Provision of genes for the assembly of biosynthetic gene cassettes


The genes responsible for TDP-D-mycaminose biosynthesis were
obtained from cloned DNA of the fully-sequenced tylosin
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Fig. 3 Representation of the angolamycin biosynthetic gene cluster: The diagrams A and B (above and below the PKS gene cluster) show enlargement
of the PKS flanking regions.


biosynthetic gene cluster of S. fradiae ATCC19609.9 The genes
required for the production and transfer of TDP-D-desosamine
were obtained from the fully-sequenced erythromycin gene cluster
of Saccharopolyspora erythraea NRRL2338.10,20 We additionally
used genes from the spinosyn biosynthetic gene cluster of
Saccharopolyspora spinosa NRRL18395 involved in biosynthesis
of the deoxyaminosugar TDP-D-forosamine (10) (Fig. 2).21 To
obtain the genes required for TDP-D-angolosamine biosynthesis
we identified, cloned and sequenced the biosynthetic gene cluster
for angolamycin (see below).


Identification, cloning and sequence analysis of the angolamycin
biosynthetic gene cluster


S. eurythermus ATCC23956 was obtained from the American Type
Culture Collection (Manassas, Virginia, USA). Initial identifi-
cation of the angolamycin biosynthetic cluster was achieved by
end-sequencing 768 clones from a S. eurythermus cosmid library
generated in Supercos (Stratagene). Six clones were identified by
BLAST searching which exhibited very high sequence homology
to the genes of the tylosin biosynthetic cluster. The complete
DNA sequence of four of these cosmids, designated 2C3, 2D8,
4h12 and 5B2 respectively, was obtained by the assembly of
overlapping Sau3A fragments obtained from partial digestion of
the parent cosmid. Remaining sequence gaps were filled using
21mer synthetic oligonucleotides as primers. These four cosmid
clones were found to span an entire gene cluster containing
modular polyketide synthase (PKS) genes with striking similarity
to those of tylosin biosynthesis.9 The angolamycin biosynthetic
gene cluster sequence has been deposited as EU038272, EU220288
and EU232693.


The putative angolamycin (8) biosynthetic cluster lies within a
77 kbp locus (Fig. 3/Table 1). The biosynthesis of the polyketide
backbone of 8 is governed by 5 large ORFs, designated ang1 to
ang5, which are co-transcribed and which encode, respectively, the
multimodular PKS polypeptides Ang1 to Ang5. Examination of
their encoded acyltransferase (AT) domains allowed the nature
of the extender units (malonyl-, methylmalonyl-, or ethylmalonyl-


CoA) to be readily deduced.22 Examination of the b-keto group
processing domains present (b-ketoreductase (KR), dehydratase
(DH) and enoylreductase (ER)) allowed the level of reduction to
be deduced for each such extension. This analysis showed that
the constitution of Ang1–5 is wholly consistent with a role in
the assembly of tylactone (11). Ang1 encompasses the loading
domain and extension modules 1 and 2, Ang2 encompasses
module 3, Ang3 encompasses modules 4 and 5, Ang4 encompasses
module 6, and Ang5 encompasses module 7 plus the C-terminal
thioesterase (TE) domain required for cyclisation and release
of the polyketide chain from the PKS. This arrangement of
enzyme domains is exactly analogous to that found in the tylosin
PKS.9


Flanking the PKS-encoding genes are other ORFs involved in
the biosynthesis of 8. Numerous ORFs could be identified by
comparison to sequences in published databases and by direct
comparison with genes from the tylosin biosynthetic gene cluster.
The proposed functions of these putative ORFs together with
the best database matches are shown in Table 1 and include
those required for TDP-D-angolosamine biosynthesis. The genes
orf15 and orf13* most probably form the boundaries of the gene
cluster. Upstream of orf15 there is a strong RNA terminator
structure, adjacent to genes encoding another distinct modular
PKS. Downstream of orf13* there is a non-coding region of about
1 kbp, followed by genes whose products appear to be involved in
sporulation (data not shown).


A pathway for TDP-D-angolosamine biosynthesis is shown
in Fig. 2 and is based on our sequencing and heterologoues
expression experiments presented here. This is consistent with
published data for the hedamycin23 and medermycin24 biosynthetic
gene clusters. These polyketides also contain D-angolosamine
moieties. The genes angAI , angAII , angMIII , angB and angMI
seem to be exact counterparts of tylAI , tylAII , tylMIII , tylB
and tylMI involved in TDP-D-mycaminose biosynthesis. The
gene ang-ORF14 was identified to encode a TDP-4-keto-6-
deoxyhexose reductase, the counterpart of med-ORF14 and hedN
from the medermycin and hedamycin biosynthetic gene clusters
respectively.
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Table 1 Proposed functions of genes encoded by the angolamycin biosynthetic gene cluster


ORF


No. of
amino
acids


Best match in
database % Identity Organism Proposed function Tylosin orthologue


15 (AngB) 373 Q7wt26 77 Streptomyces sp
AM-7161


NDP-Hexose
aminotransferase


TylB


14 333 Q67g46 49 Streptomyces
griseoruber


NDP-Hexose
4-ketoreductase


13 415 Q331r5 66 Streptomyces sp.
KCTC0041BP


Cytochrome P450
monooxygenase


12 211 Q9s4d4 72 Streptomyces
fradiae


NDP-Hexose
3,(5)-epimerase


TylJ


11 272 Q9s4d5 79 Streptomyces
fradiae


O-Methyltransferase TylF


10 385 Q9s4d6 63 Streptomyces
fradiae


Cytochrome P450
monooxygenase


TylH1


9 79 Q9shq2 51 Streptomyces
fradiae


Flavodoxin Tylodoxin


8 331 Q5sfa6 63 Streptomyces
fradiae


NDP-Hexose
4-ketoreductase


TylD


7 395 Q9zhq4 71 Streptomyces
fradiae


O-Methyltransferase TylE


6 422 Q9zhq5 69 Streptomyces
fradiae


Glycosyltransferase
(deoxyallose)


TylN


5 283 Q9zhq6 57 Streptomyces
fradiae


Ribosomal
methylase
(resistance)


4 N-terminal 787 Q9jn57 63 Streptomyces
fradiae


Type II thioesterase


C-terminal Q76kz0 60 Streptomyces
halstedii


NDP-Hexose
2,3-dehydratase


tylCVI


3 (AngAII) 332 Q54144 70 Streptomyces
fradiae


NDP-Hexose
4,6-dehydratase


tylAII


2 (AngAI) 295 Qfsfd2 74 Streptomyces
bikiniensis


NDP-Hexose
synthase


tylAI


1 414 Q59910 80 Streptomyces
fradiae


Cytochrome P450
monooxygenase


1*
(AngMIII)


447 P95746 45 Streptomyces
fradiae


Activation of
AngMII


TylMIII


2* (AngMII) 424 P95747 67 Streptomyces
fradiae


Glycosyltransferase
(angolosamine)


TylMII


3* (AngMI) 240 P95748 65 Streptomyces
fradiae


N-Methyltransferase TylMI


4* 455 Q53865 93 Streptomyces
collinus


Crotonyl-CoA
reductase


5* 641 Q00509 36 Streptomyces
ambofaciens


Regulatory (SrmR)


6* 447 Q9jn56 53 Streptomyces
fradiae


Regulatory TylR


7* 333 Q9xc69 54 Streptomyces
fradiae


NDP-Hexose
4-ketoreductase


TylCIV


8* 334 033936 67 Saccharopolyspora
erythraea


4-Keto-6-deoxy
NDP-kexose 2,3
reductase


TylCII


9* 410 Q9xc68 78 Streptomyces
fradiae


NDP-Hexose 3-C-
methyltransferase


TylCIII


10* 404 Q9xc67 64 Streptomyces
fradiae


Glycosyltransferase TylCV


11* 202 Q9xc66 60 Streptomyces
fradiae


NDP-hexose
3,(5)-epimerase


TylCVII


12* 388 Q82m93 29 Streptomyces
avermitilis


Transaldolase


13* 577 Q60248 65 Streptomyces
halstedii


Exporter/resistance


Heterologous expression hosts


We previously described an in vivo glycosylation system based
upon defined S. erythraea mutant strains.5–8 In the present
study additional S. erythraea mutant strains were constructed.


S. erythraea strain SGQ2 (BIOT-2175) is a quadruple mutant
lacking the eryA PKS genes, the two GTs eryCIII and eryBV ,
and eryCVI , an N,N-dimethyltransferase gene required for the
biosynthesis of TDP-D-desosamine. All of these are essential for
erythromycin (1) biosynthesis and were successively mutated by
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introducing deletions into the chromosome. S. erythraea Q42/1
(BIOT-2166) is a derivative of SGQ2 in which the biosynthesis
of TDP-L-mycarose (an additional deoxyhexose required for the
biosynthesis of 1) was disrupted by integration of a suicide vector
containing an internal fragment of eryBVI , a gene essential for its
biosynthesis. S. erythraea LB1 (BIOT-2634) is deleted in almost
the entire erythromcyin biosynthetic gene cluster, leaving only the
ermE and eryCI genes on one flank and the gene eryK encoding
a cyp450-dependent monooxygenase on the other flank. The host
strains described here all retain the ermE gene, which confers
resistance to macrolide antibiotics. A detailed description of host
preparation is given in the ESI† (also see ref. 18).


Three different GTs were cloned and separately introduced
into these host strains as required. When combined with appro-
priate aglycone substrates, these acted as reporter systems for
the production of activated deoxyhexoses and their subsequent
transfer to aglycone acceptor substrates. The first two GTs studied
were TylMII from S. fradiae and AngMII from S. eurythermus
(described above) both of which use tylactone (11) (see Fig. 4)
as their natural acceptor substrate. During tylosin biosynthesis
TylMII (in combination with TylMIII) catalyses transfer of D-
mycaminose to the C5-hydroxyl group of 11 to give 5-O-b-D-
mycaminosyltylactone (12) (Fig. 4). AngMII (plus AngMIII; this
study) is proposed to catalyze the analogous transfer of a D-
angolosamine moiety to 11 during biosynthesis of angolamycin.
The third GT utilized was EryCIII which (with EryCII) catalyses
attachment of D-desosamine to the C5-hydroxy group of 3-O-a-L-
mycarosylerythronolide B (13) during erythromycin biosynthesis.2


Fig. 4 Biotransformation of tylactone (11) to 5-O-b-D-angolo-
saminyltylactone (14) (BIOT-2945/2808) and 5-O-b-D-mycamino-
syltylactone (12) (BIOT-2879/3007); the structure of the previously
reported5 5-O-b-D-desosaminyltylactone (15) is given for comparison.


Construction of D-deoxyaminohexose biosynthetic gene cassettes


Biosynthetic gene cassettes were assembled in an integrative
expression vector using the cloning strategy outlined in detail
in the ESI†. This is an advancement of a procedure described
previously.7 In order to incorporate each gene into a cassette it
was amplified with an NdeI restriction site overlapping the start
codon and an XbaI restriction site adjacent to the stop codon.
These PCR products were then cloned into the conversion vector
pSGLit1 which was employed to introduce a Shine–Dalgarno
sequence/ribosome binding site and to incorporate an XbaI site
at the 5′-end of the gene that is sensitive to dam− methylation.
DNA from the resulting plasmids was isolated from a dam− strain
background, the gene isolated by XbaI digestion, and incorporated
into the gene cassette after XbaI digests. The presence of a single
methylation sensitive XbaI site allows for easy determination of the
direction of integration by restriction digest. A schematic overview
of the strategy is provided in the ESI as Fig. S1. This methodology
is extremely flexible and has been used extensively in other systems,
for example the combinatorial assembly of libraries of rapamycin
post-PKS gene cassettes.25


Production of novel macrolides containing D-angolosamine


A biosynthetic gene cassette for the production of TDP-D-
angolosamine (9) was assembled using genes from both the
angolamycin and the spinosyn biosynthetic gene clusters. Ang-
ORF4, a putative TDP-4-keto-6-deoxyhexose-2,3-dehydratase,
appears to be present as the C-terminal domain of a protein
whose N-terminal portion houses a thioesterase activity. To
avoid uncertainty being introduced by use of this apparently
bifunctional protein we substituted ang-ORF4 with spnO, which
encodes the counterpart gene required for TDP-D-forosamine (10)
biosynthesis in the spinosyn pathway of S. spinosa (see Fig. 2),21


and whose function has been confirmed.26 A gene cassette was
thus constructed comprising angAI , angAII , angMIII , spnO,
ang-ORF14, angB, angMI and angMII , and this cassette was
used to transform S. erythraea Q42/1 to give strain BIOT-2945.
The functions of these genes are described in Tables 1 and 2.
Tylactone (11) was added to growing cultures of BIOT-2945 and
after five days the fermentation broth was extracted with organic
solvent. LCMS analysis of the extracts revealed the presence of
a new 11-derived metabolite which was not present when 11 was


Table 2 Function of deoxysugar biosynthetic genes utilised/discussed


Gene Strain Accession number Proposed function


tylAI Streptomycs fradiae U08223 TDP-D-glucose synthase
tylAII Streptomycs fradiae U08223 TDP-D-glucose dehydratase
tylMI Streptomycs fradiae X81885 N,N-Dimethyltransferase
tylMII Streptomycs fradiae X81885 Glycosyltransferase
tylMIII Streptomycs fradiae X81885 Glycosyltransferase ancillary protein
tylB Streptomycs fradiae U08223 Aminotransferase
tylIa Streptomycs fradiae U08223 3,4-Ketoisomerase
eryBV Saccharopolyspora erythraea Y11199 Glycosyltransferase
eryBVI Saccharopolyspora erythraea AM420293 NDP-hexose 2,3-dehydratase
eryCII Saccharopolyspora erythraea Y14332 Glycosyltransferase ancillary protein
eryCIII Saccharopolyspora erythraea Y14332 Glycosyltransferase
eryCVI Saccharopolyspora erythraea Y11199 N,N-Methyltransferase
ermE Saccharopolyspora erythraea X51891 Methylase (erythromycin resistance)
spnO Saccharopolyspora spinosa AY007564 NDP-hexose 2,3-dehydratase
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fed to the control strain S. erythraea Q42/1. The new compound
(14) contained a deoxyaminohexose whose fragment mass (158
amu) corresponded to the presence of a D-angolosamine moiety.
The new product represented ∼50% of the tylactone (11) supplied.
The experiment was then repeated using a gene cassette in which
the GT-encoding angMII was replaced with tylMII to give strain
BIOT-2808, and the same novel macrolide (14) was produced with
similar efficiency from the added 11. A more polar analogue was
also observed in each case whose LCMS data was consistent with
this being 5-O-b-D-glucosyltylactone produced by an unidentified
native D-glucosyltransferase of broad substrate range as described
previously.5


To confirm the identity of 14 the biotransformation using strain
BIOT-2808 was scaled up to provide 20 mg of purified compound.
Its structure was confirmed as 5-O-b-D-angolosaminyltylactone
(Fig. 4) using multi-dimensional NMR experiments. The data
are reported in the experimental section, but key features are
the lack of an oxygen substituent at C-2′ and a hydroxyl group
at C-4′. Glycosidic linkage between C-5 and C-1′ was firmly
established through observation of the appropriate correlation
in the HMBC spectrum. The analysis was aided by comparison
to the equivalent D-desosamine5 (15) and D-mycaminose27 (12)
containing analogues reported previously. This result confirmed
that the assembled gene cassette was indeed capable of producing
TDP-D-angolosamine (9) in the heterologous host strain, and also
that the function of AngMII during 8 biosynthesis is the transfer of
a D-angolosamine moiety to the hydroxy group at C-5 of tylactone.


To examine whether AngMII could transfer D-angolosamine
to other macrolide aglycones, erythronolide B (16) (the agly-
cone of the erythromycin biosynthetic pathway) and 3-O-a-L-
mycarosylerythronolide B (13) (the subsequent intermediate of
erythromycin biosynthesis) were added separately to growing cul-
tures of strain BIOT-2945. A new macrolide product was observed
(>90% bioconversion) only with 16 as substrate. Following scale-
up, analysis of the purified compound using a combination of
LCMS and NMR methods was straightforward and allowed its
structure to be confirmed as 3-O-b-D-angolosaminylerythronolide
B (17) (Fig. 5A). The D-angolosamine moiety was readily assigned,
and HMBC data clearly located the glycosidic linkage as C3–C1′.
This result demonstrates that AngMII is reasonably relaxed in
choosing its aglycone acceptor substrate. Glycosylation at the C3-
hydroxyl group to yield 17 was unanticipated as AngMII normally
transfers a D-angolosamine residue to the C5-hydroxyl group of
its native substrate tylactone.


Previous work has suggested that, in general, GTs are more
specific for their acceptor substrate than for the deoxysugar
donor substrate. Therefore, to examine the possibility of transfer-
ring D-angolosamine to 13, and produce modified erythromycin
analogues, angMII was substituted within the biosynthetic gene
cassette by the GT eryCIII. This cassette was then transferred
into S. erythraea Q42/1 to give strain BIOT-2943. This host
strain contains eryCII whose gene product is the activator partner
protein for EryCIII.18,28 Analysis by LCMS/MS indicated a series
of erythromycin analogues which were not present in extracts
when 13 was not fed, nor when 16 was fed. The LCMS profile
of these compounds was consistent with the transfer to 13 of
a deoxyaminohexose with the appropriate MS characteristics
consistent for D-angolosamine (loss of 158 amu by MS/MS).
The LCMS data for the erythromycin analogue 18 (Fig. 6) is


Fig. 5 A. Biotransformation of erythronolide B (16) to 3-O-b-D-angolo-
saminylerythronolide B (17) (BIOT-2945); B. Biotransformation of 3-O-
a-L-mycarosylerythronolide B (13) to 3,5-bis-O-a-L-mycarosylery-
thronolide B (20) (BIOT-2191).


Fig. 6 Biotransformation of 3-O-a-L-mycarosylerythronolide B (13) to
erythromycin analogues in which the 5-O-b-D-desosamine moiety has been
replaced with D-angolosamine (18) and D-mycaminose (19) by engineered
S. erythraea strains expressing eryCII/CIII and producing TDP-forms
of the D-deoxyhexoses in place of TDP-D-desosamine (7) (BIOT-2943 &
-3010/2794 respectively).


provided in the experimental section. Unfortunately the yield
of this biotransformation was poor (∼5% total conversion) and
the compound was not isolated in sufficient yield and purity for
complete NMR analysis. The poor yield is presumably because of
a restricted specificity of EryCIII for TDP-D-angolosamine, or of
the efficiency of EryCII/III to catalyse its transfer.


Production of novel macrolides containing D-mycaminose


A biosynthetic gene cassette for the production of TDP-D-
mycaminose (4) was assembled using the same approach as
described above. This cassette contained the genes tylAI , tylAII ,
tylMIII , tylB, tyl1a, tylMI and tylMII and was used to transform
S. erythraea Q42/1 to give strain BIOT-2879. Tylactone (11) was
added to growing cultures and after five days the fermentation
broth was extracted and examined by LCMS/MS. A new com-
pound was produced only on addition of 11 (∼50% bioconversion)
whose retention time and MS/MS spectrum (loss of a 176 amu
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fragment) was identical with that of an authentic sample27 of
the anticipated product 5-O-b-D-mycaminosyltylactone (12) (see
Fig. 4). The same gene cassette was also used to transform S.
erythraea LB1 (lacking essentially all of the erythromycin gene
cluster) to give strain BIOT-3007. The efficient bioconversion of
11 to 12 by this strain was also confirmed by LCMS/MS.


We then examined the possibility that EryCIII could transfer
D-mycaminose to 3-O-a-L-mycarosylerythronolide B (13) in order
to produce the equivalent erythromycin analogues, e.g. 19. Such
compounds would contain an additional 4′′-hydroxy moiety and
have been reported previously, including through semi-synthesis
starting from erythromycin.28,29 Thus, the tylMII gene at the 3′-end
of the TDP-D-mycaminose biosynthetic gene cassette described
above was replaced by eryCIII . This cassette was then used
to transform S. erythraea Q42/1 to give strain BIOT-3010.
After addition of 13 to growing cultures, LCMS/MS analysis
showed the production of new compounds formed by the addition
of a D-mycaminose moiety (e.g. 19; Fig. 6). This indicated
that D-mycaminose was transferred to yield a mixture of the
corresponding erythromycin analogues A–D. Unfortunately the
efficiency of this bioconversion was low, with the majority (∼90%)
of the substrate 13 remaining at the end of the biotransformation.
When the gene cassette was used to transform S. erythraea LB1,
which does not contain eryCII encoding the activator protein for
EryCIII, bioconversion of 13 was not observed.


Unexpected production of 5-des-O-b-D-desosaminyl-5-O-b-
D-mycaminosylerythromycin A (19)


As demonstrated by the production of 12, the biosynthetic gene
cassette containing the 3,4-ketoisomerase tyl1a and other tylM
genes are sufficient for efficient TDP-D-mycaminose biosynthesis
in both S. erythraea mutants Q41/1 and LB1. Further, when the
GT tylMII is replaced with eryCIII , transfer of D-mycaminose
to 3-O-a-L-mycarosylerythronolide B (13) was observed, although
the production level of erythromycins bearing a D-mycaminose
moiety in place of D-desosamine at C5 was low.


In the course of this work we also assembled a gene
cassette which contained the majority of the genes for
TDP-D-angolosamine biosynthesis, angAI , angAII , ang-ORF14,
angMIII , angB and angMI , but not the gene ang-ORF4 which
encodes the putative TDP-4-keto-6-deoxyhexose-2,3-dehydratase.
This gene cassette was transferred into the host strain S. erythraea
SGQ2, which still contains a functional copy of the native
TDP-4-keto-6-deoxyhexose-2,3-dehydratase-encoding gene ery-
BVI whose gene product is responsible for 2-deoxygenation during
TDP-L-mycarose biosynthesis. The gene cassette additionally
contained the GT-encoding gene eryCIII (eryCII was present in
the genome). When the resulting strain S. erythraea BIOT-2794
was fermented in the presence of 3-O-a-L-mycarosylerythronolide
B (13), analysis by LCMS/MS indicated the surprising presence
of compounds consistent with 19. The bioconversion efficiency
(∼20%) was significantly greater than that observed in the previous
example and, after scale-up, 19 (15 mg) was purified and its
structure confirmed by NMR analysis; the data for erythromycin,
5-O-b-D-mycaminosyltylactone (12) and related compounds aided
the assignment. Significantly, no metabolites could be observed
by LCMS/MS containing a D-angolosamine moiety in place of
D-mycaminose.


EryCIII transfers L-mycarose to 3-O-a-L-mycarosylerythronolide
B (13)


Previous analysis of strains lacking in TDP-D-desosamine (7)
biosynthesis showed elevated levels of a compound with MS/MS
characteristics consistent with the addition of a second L-mycarose
moiety to 13.18 To confirm the identity of this compound, and to
determine whether EryCIII was responsible for the biosynthesis of
this compound, the plasmid pSGeryCIII was introduced in trans
into S. erythraea SGQ. pSGeryCIII contains eryCIII under the
control of a strong promoter. S. erythraea SGQ2, which lacks both
native erythromycin pathway GTs, was unable to biotransform
exogenously added 13 whereas S. erythraea SGQ2/pSGeryCIII
(BIOT-2191) converted ∼50% of exogenous 13 to the described
compound. This biotransformation was scaled up and the new
compound was isolated. NMR analysis clearly identified this as
3,5-bis-O-a-L-mycarosylerythronolide B (20) (Fig. 5B).


Discussion


In order to modify the glycosylation pattern of macrolide
antibiotics through engineered biosynthesis, it is important to
understand both the biosynthetic pathways leading to the ac-
tivated deoxyhexose components and the substrate tolerance of
the cognate GTs. The majority of published studies have focused
on the 14-membered macrolides erythromycin (1), oleandomycin
and picromycin, and the 16-membered macrolide tylosin (2).2


As a result, the biosynthetic routes to TDP-D-desosamine (for
1, oleandomycin and pikromycin), TDP-L-mycarose (1 and 2),
TDP-D-mycaminose (for 2), and TDP-D-forosamine (for 3) are
relatively well understood (see Fig. 2). These studies have led to
the identification of individual enzyme functions.


The identification and cloning of the angolamycin (8) biosyn-
thetic gene cluster, in combination with the experiments reported
here, is consistent with a pathway for the biosynthesis of TDP-D-
angolosamine (9) proposed elsewhere23,24 (Fig. 2). The common
intermediate TDP-4-keto-6-deoxy-D-glucose (5) first undergoes
C2-deoxygenation through the action of a TDP-4-keto-6-deoxy-
D-glucose 2,3-dehydratase (believed to be Ang-ORF4 in S. eury-
thermus). The resulting compound 21 is then reduced by Ang-
ORF14, a deoxyhexose 4-ketoreductase, to give 22. The amino
function is introduced at C3 by the aminotransferase AngB,
followed by N,N-dimethylation catalysed by AngMI to yield
TDP-D-angolosamine (9). It is noteworthy that several of the
ang genes are clear counterparts to those required for TDP-D-
mycaminose production during tylosin biosynthesis. It is now
understood that among the group of TDP-D-deoxyaminohexoses
discussed here only the biosynthesis of TDP-D-mycaminose (4)
requires a 3,4-ketoisomerase activity, and that this activity is
encoded by tyl1a (see Fig. 2).15,16,18 For biosynthesis of TDP-
D-desosamine (7) and TDP-D-angolosamine (9), generation of
the 3-keto functionality required for introduction of an amino
group originates via the action of a TDP-4-keto-6-deoxyhexose-
2,3-dehydratase (biosynthesis of 9) or a novel 4-deoxygenation
mechanism involving C4-aminotransfer and a deaminase activity
(biosynthesis of 7).11 We used this combined information to
prepare biosynthetic gene cassettes which, when expressed in an
appropriate host strain, confer upon the resulting mutant the
ability to biotransform various polyketide aglycones to produce
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novel macrolide structures. We believe that these gene cassettes
will have utility in systems other than those based on S. erythraea.
The construction of biosynthetic gene cassettes extended our
cloning strategy in which each gene is cloned using identical
restriction sites by virtue of iterative conversion of introduced
XbaI restriction sites to a methylation-sensitive sequence.7,18,25


This approach allows the same gene fragments to be used in
the construction of multiple cassettes without the limitations of
restriction site compatibility, and thus combinatorial assembly
processes are possible. Additionally, this method provides each
gene with an individual ribosome binding site.


When introduced into both S. erythraea strains Q42/1 and LB1
the biosynthetic gene cassette for TDP-D-mycaminose (4), con-
taining the cognate GT pairing of tylMII/tylMIII or the hybrid
pair tylMII/angMIII , conferred the ability to efficiently produce
and transfer D-mycaminose to exogenously added tylactone (11)
as anticipated (this is the native aglycone (acceptor) for both
of these GTs). Similarly, the cassette for TDP-D-angolosamine
(9) in combination with angMII/angMIII was able to efficiently
produce this D-deoxyaminohexose and transfer it to 11. These data
confirmed our biosynthetic gene cassette approach. Similarly, a
cassette was assembled for TDP-D-desosamine (7) biosynthesis
including the GT pairing of eryCII/eryCIII , and its effectiveness
was verified by transformation into S. erythraea LB1, which lacks
almost the entire erythromycin biosynthetic gene cluster (data not
shown). Addition of exogenous 3-O-a-L-mycarosylerythronolide
B (13) resulted in quantitative biotransformation to erythromycin
C as anticipated.


As described in this paper, all three GTs studied displayed
significant substrate flexibility and utilized both ‘non-native’ TDP-
deoxyhexose (donor) and polyketide aglycone (acceptor) sub-
strates. TylMII and AngMII were both able to accept and transfer
TDP-D-angolosamine to tylactone (11). TylMII has previously
been shown to efficiently transfer D-desosamine to 11.5 Thus
TDP-D-mycaminose (4), TDP-D-desosamine (7) and TDP-D-
angolosamine (9) are all effective deoxysugar donor substrates for
this enzyme. In addition, we found that TylMII is able to transfer
non-amino L-configured deoxyhexoses to 11 (Fig. 7). During our
investigations of biosynthetic gene cassette assembly we expressed
tylMII in a background lacking the aminotransferase angB. When
exogenous 11 was added to this strain, several novel compounds
were produced. Interestingly, two of these were only produced
when the GT helper gene tylMIII was co-expressed with tylMII ,
even though the counterpart gene eryCII from the erythromycin
biosynthetic gene cluster was present in the genome. The total
bioconversion yield of these experiments was between 20–50% of
the added material at an analytical scale. After scale-up biotrans-


Fig. 7 Structure of 5-O-a-L-rhamnosyltylactone (23) and 5-O-a-L-
mycarosyltylactone (24).


formation, 5 mg of the major new compound was isolated and
detailed NMR analysis confirmed it as 5-O-a-L-rhamosyltylactone
(23) (see experimental section). The MS spectrum of the closely
eluting minor new metabolite was identical to that of 23 and
most likely an analogue with a 6-deoxyhexose moiety attached
at C5 (possibly D-quinovose although sufficient material was not
obtained for complete characterization). The strain also produced
the previously reported 5-O-b-D-glucosyltylactone, which arises
through the action of an uncharacterized host GT.5 The TDP-L-
rhamnose required for 23 biosynthesis is believed to arise from
the background metabolism of the S. erythraea mutant host
as described previously.5,30 The synthesis of 23 was reported
previously during an in vitro study concerning the substrate
flexibility of the DesVII/DesVIII GT pairing.13


In addition to TDP-L-rhamnose, TylMII is also capable of
utilizing TDP-L-mycarose to make 5-O-a-L-mycarosyltylactone
(24) (Fig. 7). This material was observed at low levels in several
biotransformation experiments when tylactone (11) was fed to S.
erythraea mutants competent in TDP-L-mycarose (but not TDP-D-
desosamine) biosynthesis and which contained tylMII and either
tylMIII or angMIII . We were able to confirm the presence of
24 through the use of LCMS analysis and comparison to an
authentic sample.27 5-O-a-L-Mycarosyltylactone (24) is a known
and significant product, along with tylactone (11), of S. fradiae
mutants deficient in TDP-D-mycaminose biosynthesis.27 Thus,
TylMII shows a remarkably broad substrate tolerance towards
its deoxysugar donor substrate.


In addition to its natural 16-membered aglycone (acceptor)
substrate 11, AngMII was able to transfer D-angolosamine
to the C3-hydroxyl group of the 14-membered macrolide ery-
thronolide B (16). The corresponding activity has also been
observed for TylMII, in which an S. fradiae mutant blocked
in tylactone production31 biotransformed 16 to give 3-O-b-D-
mycaminosylerythronolide B (unpublished results32). The ability
of macrolide GTs to act on structurally related aglycones of
varying size may be a general phenomenon, and is a notable char-
acteristic of DesVII, which naturally transfers D-desosamine to
methonolide and narbonolide (12- and 14-membered aglycones re-
spectively) during methymycin/pikromycin biosynthesis.12 DesVII
can also glycosylate the 16-membered tylactone 11 both in vitro13


and in vivo.33


The biosynthetic gene cassettes for TDP-D-mycaminose (4) and
TDP-D-angolosamine (9) were also used in combination with
eryCIII . We were gratified to observe that EryCIII transferred
both of these D-deoxyaminohexoses to its native substrate 3-
O-a-L-mycarosylerythronolide B (13), although the transfer was
inefficient. These new macrolides were not produced in suffi-
cient yield for NMR characterization but LCMS/MS data was
consistent with the production of the anticipated erythromycin
analogues. As the biosynthetic gene cassettes utilized had been
shown to be efficient for the production of their respective
D-deoxyhexoses, we speculated that EryCIII may have limited
tolerance towards these substrates. Surprisingly, in a related
experiment we were able to produce the D-mycaminose-containing
erythromycin derivative 19 in an improved, albeit still modest,
yield. In this instance, a biosynthetic gene cassette was prepared
which contained the majority of the genes required for TDP-
D-angolosomine (9) biosynthesis, but lacked the TDP-4-keto-6-
deoxyhexose-2,3-dehydratase-encoding gene (neither ang-ORF4
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nor the heterologous spnO gene were included). This was trans-
formed into S. erythraea SGQ2, which contains eryBVI , the native
TDP-4-keto-6-deoxyhexose-2,3-dehydratase required for TDP-L-
mycarose biosynthesis, and this cassette also contained eryCIII .
This mutant was examined for its ability (or not) to biosynthesise 9.
When 13 was added to fermentations we were surprised to observe
reasonable bioconversion to give novel erythromycins with an
LCMS/MS profile consistent with D-mycaminosylated products.
After scale-up and purification the major new product was shown
to have a structure consistent with 19. This result was surprising
as the mutant does not contain a 3,4-ketoisomerase activity which
is believed to be essential for TDP-D-mycaminose production.
No metabolites containing a D-angolosamine moiety could be
observed, and the host strain itself was not capable of producing
19 when fed 13. We have no current explanation for this result
but did observe that while a mutant transformed with an identical
gene cassette lacking only ang-ORF14, a TDP-deoxyhexose C4-
ketoreductase, was also able to produce 19, its biotransformation
capacity was much reduced.


The ability of EryCIII to utilize TDP-D-mycaminose (4) as a
substrate in vitro has been reported elsewhere, although the activity
with this substrate appeared significantly lower than with the
native TDP-D-desosamine (7).28 The tolerance of EryCIII towards
alternative deoxyhexose templates appears relatively broad as we
also demonstrated its ability to utilize TDP-D-angolosamine (9),
and, surprisingly, a TDP-L-deoxyhexose (TDP-L-mycarose) and
convert 3-O-a-L-mycarosylerythronolide B (13) to 3,5-bis-O-a-L-
mycarosylerythronolide B (20) when expressed in BIOT-2191. This
is consistent with observations that 20 is a direct fermentation
product of an S. erythraea strain disrupted in the biosynthesis of
TDP-D-desosamine.18


This apparent general ability of macrolide GTs to accept
both TDP-D-deoxyaminohexoses and TDP-L-deoxyhexoses was
highlighted by us previously during studies of SpnP, a GT whose
native deoxysugar substrate is TDP-D-forosamine (10) during
spinosyn (3) biosynthesis.6 SpnP was shown to accept TDP-
L-mycarose when expressed in a S. erythraea mutant and to
produce novel spinosyn analogues. We proposed that SpnP may
recognize the 4C1 conformation of TDP-L-mycarose in which
the hexose ring ‘flips’ to an alternative conformation where
the b-TDP moiety sits in an axial conformation and would
be more readily recognized by SpnP (D-deoxyhexoses favour
the 4C1 conformation). Similar arguments have been forwarded
when discussing StaG required for staurosporine biosynthesis,
which also accepts L- and D-deoxyhexoses.34 Further publications
demonstrate that GTs in other engineered systems will accept both
NDP-D- and L-deoxyhexose substrates; notably ElmGT involved
in elloramycin biosynthesis35 and VinC involved in vicenistatin
biosynthesis.36


In summary, a procedure for the generation of biosynthetic
gene cassettes targeted towards the production of important D-
deoxyaminohexoses has been described. Such gene cassettes can be
expressed in appropriate heterologous hosts and, in combination
with macrolide GTs and their ancillary proteins. The resulting
organisms can be utilized as effective tools for the generation
of hybrid macrolide antibiotics. The macrolide GTs EryCIII,
AngMII and TylMII all exhibit usefully broad substrate tolerance,
accepting a range of TDP-D- and L-deoxyhexose donors and
several acceptor substrates.


Experimental


General methods


All solvents used were HPLC grade. LCMS/MS analysis was
performed on an Agilent HP1100 HPLC system in combination
with a Bruker Daltonics Esquire 3000+ ion trap mass spectrometer
fitted with an electrospray source. The MS was operated in both
positive and negative ion modes. UV analysis was performed at
210, 258 and 280 nm on an Agilent DAD detector. High resolution
mass spectra were acquired on a Bruker BioApex II FTICR mass
spectrometer. NMR spectra were recorded on a Bruker Avance 500
spectrometer at 298 K operating at 500 MHz and 125 MHz for 1H
and 13C respectively. Standard Bruker pulse programs were used
to acquire the 1H–1H COSY, APT, HMQC and HMBC spectra.
Coupling constants are given in Hertz. NMR experiments were
referenced to the residual resonance of the solvent.


Escherichia coli XL1-Blue MR (Stratagene), E. coli DH10B
(GibcoBRL) and E. coli ET1256737 were grown in 2TY medium as
described elsewhere.38 Vectors pUC18, pUC19 and Litmus 28 were
obtained from New England Biolabs. E. coli transformants were
selected with ampicillin (100 lg cm−3). S. erythraea NRRL2338
strains were cultured as described previously20 unless expressly
described otherwise below. Expression vectors in S. erythraea were
derived from plasmid pSG142.7 Plasmid-containing S. erythraea
were selected with thiostrepton (40 lg cm−3) or apramycin
(50 lg cm−3). DNA manipulations, PCR and electroporation
procedures were carried out using standard procedures.38 Proto-
plast formation and transformation procedures of S. erythraea
were as described previously.10,20 Southern hybridizations were
carried out with probes labelled with digoxigenin using the DIG
DNA labelling kit (Boehringer, Mannheim). DNA sequencing was
performed in the Department of Biochemistry DNA Sequencing
Facility at the University of Cambridge. An Applied Biosystems
800 molecular biology CATALYST robot was used to apply Taq
dideoxy terminator sequencing reactions (Big Dye Terminator
kit, ABI) to an ABI 373A sequencer according to manufacturers’
protocols.


Cloning and sequencing of the angolamycin (8) biosynthetic gene
cluster


S. eurythermus ATCC23956 was propagated in tryptic soy broth
(TSB; Difco) at 30 ◦C. Supercos (Stratagene) was used for
construction of the cosmid library and transfections were per-
formed in E. coli XL-Blue MR (Stratagene USA). Sub-cloning
from recombinant cosmids was into plasmid pSG39739 and
recombinants were selected by growth in media supplemented with
chloramphenicol (50 lg cm−3).


Total DNA was isolated from S. eurythermus by ‘Procedure B’
from the John Innes Streptomyces manual.40 For the generation
of the cosmid library, total DNA was partially digested with
Sau3A, dephosphorylated with shrimp alkaline phosphatase,
ligated directly into pSuperCos and packaged with Gigapack
Gold packaging extract (Stratagene) without size fractiona-
tion. All procedures were performed in accordance with the
manufacturer’s recommendations. Identification of the putative
angolamycin biosynthetic cluster was by direct sequencing of
cosmid DNA. Briefly, 768 colonies of the S. eurythermus cosmid
library were individually grown in TSB cultures (1 cm3), shaken
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in eight 96-well plates for 24 h at 37 ◦C. An aliquot of each
culture (0.05 cm3) was transferred to corresponding labelled wells
on a 96-well microtitre plate using a multi-channel pipette, and
stored at −80 ◦C after addition of an equal volume of 40%
glycerol (v/v). These stock suspensions were later used to inoculate
larger volumes of culture once individual target clones had been
identified from sequence data. Small scale DNA preparations
were made from the remainder of each culture (0.9 cm3; done
as recommended by ABI) and the sequence of the ends of each
insert was obtained using T3 and T7 primers as described below.
Six clones were identified by BLAST searching with very high
sequence homology to the genes of the tylosin biosynthetic cluster.
Liquid cultures of these clones were grown in 2 × LB medium
with appropriate antibiotic selection, and cosmid DNA was
prepared from them using Qiagen midi-prep DNA purification
kits. The complete DNA sequence of four of these cosmids,
designated 2C3, 2D8, 4h12 and 5B2 respectively, was obtained
by assembly of overlapping Sau3A fragments obtained from
partial digestion of the parent cosmid. Briefly, DNA fragments
of 2–5 kbp from the Sau3A digest were eluted from an agarose
gel using the Gene Clean kit (Bio101, BioRad) and sub-cloned
into pSG397. Remaining sequence gaps were filled using 21mer
synthetic oligonucleotides as primers. Plasmid sequencing was
perfomed using pUC forward and reverse primers. SeqEd v 1.0.3
was used for sequence editing. Sequence assembly employed the
GAP (Genome Assembly Program) version 4.2.41 DNA sequence
translations were performed with the GCG software package.
Database searches used the BLAST algorithm.


Analytical chemistry


An aliquot of fermentation broth was shaken vigorously with
an equal volume of methanol (20 min) and then clarified by
centrifugation. Supernatants were analysed by LCMS/MS and
chromatography was achieved over base-deactivated Luna C18


reversed-phase silica (5 micron particle size) using a Luna HPLC
column (250 × 4.6 mm; Phenomenex (Macclesfield, UK)) heated
at 40 ◦C. Gradient elution was from 25% mobile phase B to 75%
mobile phase B over 19 min at a flow rate of 1 cm3 min−1. Mobile
phase A was CH3CN–H2O (1 : 9), containing 10 mM ammonium
acetate and 0.15% formic acid; mobile phase B was CH3CN–H2O
(9 : 1), containing 10 mM ammonium acetate and 0.15% formic
acid.


General procedure for analytical scale biotransformation


This was based on published procedures.20,42


General procedure for scale up of biotransformations


S. erythraea strains were grown in TSB seed medium and then
sucrose–succinate (SSDM) production media using protocols
described previously.20,42 For a typical experiment the production
stage consisted of Erlenmeyer flasks (2 dm3) each containing
400 cm3 of SSDM medium (5% inoculum from seed). Substrate
aglycones were added as methanol solutions to achieve a final
concentration of 50 mg cm−3. These were added after the
production medium had been growing for 24 h.


Extraction and purification of new macrolides


The following general procedure was used unless described
otherwise below. The biotransformation broth was clarified by
centrifugation. The supernatant was adjusted to pH 9.0 (5 M
NaOH) and extracted three times with an equal volume of ethyl
acetate. The cell pellet was extracted twice with an equal volume
of acetone–methanol (1 : 1). The organic extracts were combined
and the solvents removed under reduced pressure. The resulting
aqueous fraction was extracted three times with an equal volume
of ethyl acetate and the combined organic solvent removed under
reduced pressure to leave a crude oily extract. This was dissolved
in methanol and chromatographed over base-deactivated Luna
C18 reversed-phase silica (5 micron particle size) using a Luna
HPLC column (250 × 21 mm; Phenomenex (Macclesfield, UK)).
A Gilson 315 binary HPLC system was used to deliver a linear
gradient of CH3CN–H2O (3 : 7) containing 10 mM ammonium
acetate to CH3CN–H2O (7 : 3) containing 10 mM ammonium
acetate at 21 cm3 min−1 over 20 min.


Production and isolation of 3,5-bis-O-a-L-mycarosylerythronolide
B (20)


S. erythraea SGQ2/pSGeryCIII (BIOT-2191) was grown initially
in TSB and this seed then used to inoculate SSDM medium (4 dm3;
5% inoculum) in a Applikon 7 dm3 bioreactor (30 ◦C; initial
pH 6.0–6.4; Rushton turbine agitator, tip speed 0.9–2.7 m s−1;
airflow 0.75 L L−1 min−1). 13 (100 mg, 0.183 mmol) dissolved in
methanol (1 cm3) was added after 24 h. After a further 46–68 h
the fermentation was harvested and clarified by centrifugation.
The supernatant was applied to a column (16 × 15 cm) of
Diaion R© HP20 resin (Supelco), washed with 10% acetone in water
(2 × 2 dm3), and then eluted with acetone (3.5 dm3). The cells
were extracted twice with an equal volume of acetone–methanol
(1 : 1). The organic extracts were combined and the solvents
removed under reduced pressure. The resulting aqueous fraction
was extracted three times with an equal volume of ethyl acetate
and the combined organic solvent removed under reduced pressure
to leave a crude oily extract. This was dissolved in methanol and
chromatographed over base-deactivated Luna C18 reversed-phase
silica (5 micron particle size) using a Luna HPLC column (250 ×
21 mm; Phenomenex (Macclesfield, UK)). A Gilson 315 binary
HPLC system was used to deliver the mobile phase at 21 cm3 min−1.
Elution involved a linear gradient of 32.5% B to 63% B was used
to initially to partially purify the sample. Fractions containing 20
were combined and finally purified by isocratic elution with 30%
B. Mobile phase A was 20 mM ammonium acetate and mobile
phase B was CH3CN.


3,5-Bis-O-a-L-mycarosylerythronolide B (20)


Isolated yield, 15.8% (20 mg, 0.029 mmol). dH (500 MHz; CD3OD)
0.88 (dd, J 7.5 & 7.3, C(15)Me), 0.92 (d, J 7.2, C(12)Me), 0.97 (d,
J 7.0, C(10)Me), 1.01 (d, J 7.7, C(4)Me), 1.12 (d, J 7.0, C(8)Me),
1.20 (d, J 7.0, C(2)Me), 1.20 (s, C(3′′)Me), 1.22 (s, C(3′)Me), 1.23
(d, J 6.4, C(6′′)Me), 1.29 (d, J 6.2, C(6′)Me), 1.38 (dd, J 14.9
& 4.1, C(7a)H), 1.45 (s, C(6)Me), 1.49 (dqd, J 17.1, 7.5 & 4.5,
C(14a)H), 1.64 (dqd, J 10.2, 7.2, 1.0, C(12)H), 1.74 (ddq, J 17.1,
9.8 & 7.3, C(14b)H), 1.81 (dd, J 14.5 & 4.4, C(2′′a)H), 1.86 (dd, J
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14.5 & 4.6, C(2′a)H), 2.00 (dd, J 14.9 & 9.0, C(7b)H), 2.05 (dd, J
14.5 & 1.1, C(2′′b)H), 2.12 (dd, J 14.5 & 1.5, C(2′b)H), 2.20 (qdd,
J 7.7, 7.3 & 1.4, C(4)H), 2.78 (m, C(8)H), 2.93 (dq, J 10.2 & 7.0,
C(2)H), 2.97 (d, J 9.4, C(4′)H), 2.97 (d, J 9.8, C(4′′)H), 2.99 (qd,
J 7.0 & 1.5, C(10)H), 3.63 (d, J 7.3, C(5)H), 3.92 (dq, J 9.8 &
6.4, C(5′′)H), 3.94 (dd, J 10.2 & 1.5, C(11)H), 3.97 (dd, J 10.2 &
1.4, C(3)H), 4.09 (dq, J 9.4 & 6.2, C(5′)H), 4.98 (d, J 4.6, C(1′)H),
5.08 (d, J 4.4, C(1′′)H), 5.38 (ddd, J 9.8, 4.5 & 1.0, C(13)H); dC


(125 MHz; CDCl3) 9.5 (C10-Me), 9.8 (C12-Me), 10.4 (C4-Me),
11.0 (C15), 16.5 (C2-Me), 18.2 (C6′′), 18.8 (C8-Me), 19.1 (C6′),
26.5 (C7′′), 26.8 (C7′), 27.0 (C14), 27.8 (C6-Me), 39.3 (C7), 39.7
(C4), 41.2 (C10), 41.8 (C2′′), 41.8 (C′2), 42.1 (C12), 44.8 (C8), 46.1
(C2), 67.0 (C5′′), 67.3 (C5′), 70.5 (C3′), 70.8 (C11), 71.3 (C3′′), 74.7
(C6), 76.2 (C13), 77.7 (C4′′), 77.9 (C4′), 84.8 (C3), 87.4 (C5), 99.0
(C1), 100.5 (C1′′), 177.0 (C1), 220.4 (C9); MS (ES) m/z 1403.1
[2M + Na]+, 713.3 [M + Na]+, 672.7 [M − H2O + H]+, 529 [M −
H2O − mycarose + H]+.


5-O-b-D-Mycaminosyltylactone (12)


The identity of this compound was verified versus an authentic
standard.27 kmax(DAD)/nm 281; MS (ES) m/z 568.4 [M + H]+,
550.3 [M − H2O + H]+, 411.4 [M − myc + H]+, 174.0 [myc −
OH]+: (myc, mycaminose).


5-O-b-D-Angolosaminyltylactone (14)


Isolated yield, 17.9% (20 mg, 0.036 mmol). This was pu-
rified from 1.6 dm3 of biotransformation broth (80 mg
(0.203 mmol) of 11 was used as substrate). kmax(DAD)/nm 281;
dH (500 MHz; CDCl3) 0.83 (t, J 7.2, C(6)CH2CH3), 0.91 (d
J 7.2, C(4)Me), 0.91 (t, J 7.2, C(17)H), 1.05 (d, J 6.5, C(14)Me),
1.15 (d, J 6.8, C(8)Me), 1.30 (d, J 6.0, C(6′)H), 1.45 (m, C(7a)H),
1.48 (m, C(2′a)H), 1.55 (m, C(7b)H), 1.55 (m, C(16a)H), 1.55
(m, C(6)CH2CH3), 1.56 (m, C(4)H), 1.76 (s, C(12)Me), 1.82 (m,
C(16b)H), 1.91 (d, J 16.8, C(2a)H), 2.05 (ddd, J 10.4, 3.9 & 1.6,
C(2′b)H), 2.46 (dd, J 16.8 & 10.5, C(2b)H), 2.48 (s, C(3′′)NMe2),
2.68 (m, C(6)H), 2.70 (m, C(8)H), 2.70 (m, C(14)H), 2.89 (td,
J 10.4 & 3.9, H(3′)H), 3.16 (dd, J 9.6 & 9.0, C(4′)H), 3.26 (dq,
J 9.6 & 6.0, C(5′)H), 3.68 (dd, J 10.5 & 1.2, C(3)H), 3.76 (d,
J 10.3, C(5)H), 4.41 (d, J 8.6, C(1′)H), 4.68 (td, J 9.7 & 2.4,
C(15)H), 5.60 (d, J 10.4, C(13)H), 6.26 (d, J 15.5, C(10)H), 7.27
(d, J 15.5, C(11)H); dC (125 MHz; CDCl3) 9.4 (C17), 9.7 (C4-Me),
11.8 (C6-CH2CH3), 13.0 (C12-Me), 16.1 (C14-Me), 17.1 (C8-Me),
17.7 (C6′), 21.0 (C6-CH2CH3), 24.7 (C16), 28.0 (C2′), 33.6 (C7),
38.3 (C14), 38.7 (C6), 39.4 (C3′′-NMe2), 39.8 (C2), 40.4 (C4), 45.0
(C8), 65.8 (C3′), 66.9 (C3), 70.5 (C4′), 73.2 (C5′), 78.8 (C15), 80.7
(C5), 101.0 (C1′), 118.3 (C10), 133.5 (C12), 145.4 (C13), 157.7
(C11), 174.4 (C1), 203.9 (C9); MS (ES) m/z 552.3 [M + H]+, 534.3
[M − H2O + H]+, 395.4 [M − ang + H]+, 158.2 [ang − OH]+: (ang,
angolosamine).


3-O-b-D-Angolosaminylerythronolide B (17)


Isolated yield, 36% (30 mg, 0.054 mmol). This was purified from
1.2 dm3 of biotransformation broth (60 mg (0.149 mmol) of 11 was
used as substrate). dH (500 MHz; CDCl3) 0.89 (d, J 7.7, C(12)Me),
0.90 (d, J 7.7, C(15)H), 0.98 (d, J 7.7, C(10)Me), 1.06 (d, J 6.7,
C(4)Me), 1.16 (d, J 6.1, C(8)Me), 1.19 (d, J 6.9, C(2)Me), 1.30 (s,


C(6)Me), 1.34 (d, J 6.0, C(6′)H), 1.44 (dd, J 14.6 & 5.4, C(7a)H),
1.49 (m, C(2′a)H), 1.51 (m, C(14a)H), 1.69 (m, C(12)H), 1.71 (qd,
J 7.2 & 2.2, C(14b)H), 1.92 (dd, J 14.6 & 5.4, C(7b)H), 1.99 (m
C(4)H), 2.00 (m, C(2′b)H), 2.48 (td, J 10.2 & 3.5, C(3′)H), 2.69 (m,
C(8)H), 2.81 (dq, J 10.5 & 6.7, C(2)H), 2.91 (bq, J 6.6, C(10)H),
3.03 (dd, J 9.5 & 9.5, C(4′)H), 3.34 (dq, J 8.7 & 6.0, C(5′)H),
3.66 (dd, J 10.5 & 10.5, C(3)H), 3.69 (bs, C(5)H), 3.78 (d, J 10.0,
C(11)H), 4.61 (dd, J 9.2 & 1.6, C(1′)H), 5.40 (dd, J 9.5 & 9.3,
C(13)H); dC (125 MHz; CDCl3) 8.3 (C4-Me), 8.5 (C10-Me), 9.1
(C15), 10.4 (C12-Me), 15.2 (C2-Me), 16.9 (C8-Me), 17.5 (C6′),
26.6 (C6-Me), 25.8 (C14), 27.0 (C2′), 36.5 (C4), 38.3 (C7), 40.1
(C10), 40.2 (C12), 43.4 (C8), 44.5 (C2), 65.2 (C3′), 70.3 (C4′), 70.6
(C11), 73.9 (C5′), 75.2 (C6), 75.6 (C13), 81.5 (C5), 89.7 (C3), 103.0
(C1′), 176.3 (C1), 217.8 (C9); MS (ES) m/z 582.5 [M + Na]+,
560.5 [M + H]+, 425.3 [M − ang + Na]+, 158.0 [ang − OH]+: (ang,
angolosamine).


5-Des-O-b-D-desosaminyl-5-O-b-D-angolosaminylerythromycin A
(18)


MS (ES) m/z 734.4 [M + H]+, 716.5 [M − H2O + H]+, 576.4
[M − cla + H]+, 558.3 [M − cla − H2O + H]+, 158.2 [ang −
OH]+: (cla, cladinose; ang, angolosamine). Additional peaks for
the erythromycin B analogue and other minor components were
also observed.


5-Des-O-b-D-desosaminyl-5-O-b-D-mycaminosylerythromycin A
(19)


Isolated yield, 7.1% (15 mg, 0.013 mmol). This was purified from
4 dm3 of biotransformation broth (100 mg (0.183 mmol) of 13 was
used as substrate). dH (500 MHz; CDCl3) 0.83 (dd, J 7.4 & 7.4,
C(15)H), 1.03 (d, J 7.4, C(4)Me), 1.12 (s, C(12)Me), 1.14 (d, J 7.0,
C(10)Me), 1.16 (d, J 7.0, C(8)Me), 1.18 (d, J 7.1, C(2)Me), 1.23 (s,
C(3′)Me), 1.27 (d, J 6.2, (C(6′)H), 1.29 (d J 6.1, C(6′′)H), 1.44 (s,
C(6)Me), 1.47 (dqd, J 14.3, 11.0 & 7.2, C(14b)), 1.55 (dd, J 15.2
& 4.8, C(2′b)H), 1.66 (dd, J 14.8 & 2.2, C(7a)H), 1.82 (dd, J 14.8
& 11.4, C(7b)H), 1.91 (ddq, J, 14.3, 7.5, & 2.2, C(14a)H), 2.00 (m,
C(4)H), 2.32 (dd, J 15.2 & 0.9, C(2′b)H), 2.48 (dd, J 10.4 & 10.3,
C(3′′)H), 2.58 (s, C(3′′)NMe2), 2.69 (dqd, J 11.3, 7.0 & 2.2, C(8)H),
2.83 (dq, J 9.7 & 7.1, C(2)H), 3.01 (d, J 9.3, C(4′)H), 3.06 (qd, J 6.9
& 1.3, C(10)H), 3.09 (dd, J 9.9 & 9.0, C(4′′)H), 3.29 (s, C3′)OMe),
3.31 (dq, J 9.0 & 6.1, C(5′′)H), 3.53 (d, J 6.8, C(5)H), 3.56 (dd,
J 10.4 & 7.3, C(2′′)H), 3.81 (d, J 1.3, C(11)H), 3.91 (dd, J 9.7 & 1.6,
C(3)H), 3.99 (dq, J 9.3 & 6.2, C(5′)H), 4.43 (d, J 7.4, C(1′′)H), 4.87
(d, J 4.8, C(1′)H), 5.04 (dd, J 11.0 & 2.3, C(13)H); dC (125 MHz;
CDCl3) 9.7 (C4-Me), 10.6 (C15), 12.0 (C10-Me), 16.0 (C2-Me),
16.2 (C12-Me), 18.1 (C6′′), 18.3 (C8-Me), 18.5 (C6′), 21.1 (C14),
21.4 (C3′-Me), 26.6 (C6-Me), 34.9 (C2′), 38.0 (C10), 38.5 (C7),
39.1 (C4), 41.7 (C3′′-NMe2), 44.9 (C2), 44.9 (C8), 49.4 (C3′-OMe),
65.6 (C5′), 68.9 (C11), 70.2 (C4′′), 70.6 (C3′′), 71.3 (C2′′), 72.8 (C3′),
72.9 (C5′′), 74.6 (C12), 74.8 (C6), 76.8 (C13*), 77.8 (C4′), 80.0 (C3),
85.4 (C5), 96.4 (C1′), 103.3 (C1′′), 175.4 (C1), 221.6 (C9). (* This
carbon was assigned from the HMQC spectrum); MS (ES) m/z
750.5 [M + H]+, 732.5 [M − H2O + H]+, 592.4 [M − cla + H]+, 574
[M − cla − H2O + H]+, 174.1 [myc − OH]+: (cla, cladinose; myc,
mycaminose); HRMS (ES) m/z 750.4654 calcd for C37H68NO14


requires 750.4634.
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5-O-a-L-Rhamnosyltylactone (23)


Isolated yield, 5 mg. kmax(DAD)/nm 281; dH (500 MHz; CDCl3)
0.89 (t, J 7.5, C(6)CH2CH3), 0.91 (d, J 6.8, C(4)Me), 0.92 (t, J 7.4,
C(17)H), 1.05 (d, J 6.5, C(14)Me), 1.19 (d, J 6.8, C(8)Me), 1.25
(m, C(6)CH2CH3), 1.26 (d, J 6.0, C(6′)H), 1.53 (m, C(16a)H),
1.55 (m, C(4)H), 1.77 (s, C(12)Me), 1.83 (ddd, J 14.3, 7.4 & 2.5,
C(16b)H), 1.91 (d, J 16.8, C(2a)H), 2.45 (dd, J 16.8 & 10.3,
C(2b)H), 2.70 (m, C(8)H), 2.70 (m, C(14)H), 3.46 (dd, J 9.4 &
9.4, C(4′)H), 3.67 (m C(3)H), 3.68 (dd, J 9.4 & 3.1, C(3′)H),
3.74 (m, C(5)H), 3.76 (d, J 9.4, C(5′)H), 4.03 (dd, J 3.1 & 1.5,
C(2′)H), 4.68 (td, J 8.9, C(15)H), 4.73 (bs, C(1′)H), 5.61 (d, J 10.3,
C(13)H), 6.26 (d, 13.7, C(10)H), 7.28 (d, J 13.7, C(12)H); dC


(125 MHz; CDCl3) 9.5 (C17), 9.5 (C4-Me), 12.1 (C6-CH2CH3),
12.9 (C12-Me), 16.1 (C14-Me), 17.2 (C8-Me), 17.2 (C6′), 21.9 (C6-
CH2CH3), 24.7 (C16), 33.8 (C7), 38.4 (C14), 38.7 (C6), 39.8 (C2),
40.8 (C4), 44.9 (C8), 67.0 (C3), 68.6 (C5′), 71.1 (C2′), 71.9 (C3′),
73.1 (C4′), 79.2 (C15), 83.4 (C5), 102.6 (C1′), 118.4 (C10), 136.7
(C12), 145.5 (C13), 148.1 (C11), 174.3 (C1), 204.0 (C9); MS (ES)
m/z 563.5 [M + Na]+, 545.4 [M − H2O + Na]+, 579.5 [M + K]+,
561.5 [M − H2O + K]+.


5-O-a-L-Mycarosyltylactone (24)


The identity of this compound was verified versus an authentic
standard.27 kmax(DAD)/nm 281; MS (ES) m/z 561.5 [M + Na]+,
543.5 [M − H2O + Na]+.
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An approach to 2,4,5-trisubstituted piperidines is reported, in which the key step is the Prins or
carbonyl ene cyclisation of aldehydes of the type 1. Prins cyclisation catalysed by concentrated
hydrochloric acid in CH2Cl2 at −78 ◦C afforded good yields of two of the four possible diastereomeric
piperidines, with the 4,5-cis product 7 predominating in a diastereomeric ratio of up to 94 : 6. The
diastereoselectivity of the cyclisation decreased as the 2-substituent increased in size, becoming
unselective for very bulky 2-substituents. In contrast, cyclisation catalysed by MeAlCl2 in CH2Cl2 or
CHCl3 at temperatures of between 20–60 ◦C, favoured the 4,5-trans diastereomer 8, in a diastereomeric
ratio of up to 99 : 1. The low-temperature cyclisations catalysed by HCl proceed under kinetic control
via a mechanism involving the development of significant carbocationic character, in which the 4,5-cis
cation is more stable than the 4,5-trans cation as a result of overlap with the neighbouring oxygen. The
cyclisations catalysed by MeAlCl2 proceed under thermodynamic control, affording the product in
which both the 4- and 5-substituents are equatorial.


Introduction


Functionalised piperidines occur widely in natural products1 and
feature in a number of successful pharmaceuticals, with the ring
system being regarded as an important scaffold for drug discovery.2


The biological importance of piperidines has led to the develop-
ment of numerous synthetic approaches,3 but the wide variety
of functionality and substitution patterns present in piperidine
targets continues to drive the search for new methodologies.4


We recently published an approach to 3,4-disubstituted
piperidines using a carbonyl ene reaction as the key ring-
closing step.5 The Type I intramolecular carbonyl ene reaction
is a very attractive method of ring closure, forming a carbon–
carbon bond with the concomitant generation of two contiguous
stereocentres.6 In our case, the Brønsted acid-catalysed reaction
at low temperatures strongly favoured a cis relationship between
the two new stereocentres, while the Lewis acid-catalysed reaction
at elevated temperatures gave the corresponding trans product,
providing a useful stereocontrol feature.


Extending our approach to 2,4,5-trisubstituted piperidines is an
important goal, since they form the core of a number of important
natural products, including the pseudodistomin family of anti-
tumour compounds. These were isolated by Kobayashi et al. from
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a tunicate,7 with an ascidian later providing other members of the
family,8 and have recently been the focus of synthetic attention.9


We now describe in full our efforts towards the synthesis of
2,4,5-trisubstituted piperidines, using cyclisation precursors in the
main derived from a-amino acids.10


Results and discussion


Our key cyclisation precursors were the aldehydes 1a–1g
(Fig. 1), and we envisaged that in most cases these could be pre-
pared from the N-tosyl b-amino acids, obtained by homologation
of the readily available a-amino acids or the corresponding a-
amino alcohols. Given that 3-aminobutyric acid is commercially
available, a simple N-tosylation of this material proved to be the
most expeditious route to the N-tosyl b-amino acid, although
nitrile 3a was also prepared for later studies (vide infra). The
preparation of 1g used homoserine as a starting material (vide
infra). Reduction of the corresponding amino acids according to
the procedure of Meyers et al. afforded the a-amino alcohols 2b–c
and 2e–f;11 we found reduction of alanine by this means to be
low-yielding, and so commercially available alaninol was used.
Bis-tosylation followed by treatment with NaCN in DMF gave


Fig. 1 Cyclisation precursors.
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good yields of the N-tosyl b-amino nitriles 3a–c and 3e–f
(Scheme 1).12


Scheme 1 Synthesis of nitriles 3a–c and 3e–f.


Preparation of nitrile 3d was achieved by a slightly modified
route (Scheme 2). Reduction of 1-aminocyclohexane carboxylic
acid by BH3·THF in refluxing THF gave an excellent yield of the
corresponding b-amino alcohol, but bis-tosylation was very low-
yielding and gave a complex mixture of products. Instead, methyl
ester formation, N-tosylation and subsequent LiAlH4 reduction
gave the N-tosyl amino alcohol 2d, which could be O-tosylated in
near-quantitative yield; treatment with NaCN in DMF smoothly
led to the desired nitrile 3d in 97% yield.


With the nitriles in hand, we explored two different routes to
the target aldehydes. Acid-catalysed hydrolysis of nitriles 3b–c and
3e–f to give the N-tosyl b-amino acids 4b–c and 4e–f (Scheme 3)
proceeded smoothly for 3b–c and 3e, but for 3f the inseparable
elimination product 5 was visible in the 1H NMR spectrum.


Conversion of the N-tosyl b-amino acids 4a–c into the cycli-
sation precursors was readily achieved by a three-step sequence
(Scheme 4) involving N,O-alkylation by prenyl bromide, LiAlH4


reduction to alcohols 6a–c and Swern oxidation to give 1a–c in
excellent overall yield.


Whilst the route was efficient for the preparation of 1a–c, it was
unsatisfactory for 1f, and we believed that the same compounds
should be accessible by a more direct route (Scheme 5). N-
Alkylation of N-tosyl amino nitriles 3a–f proceeded in excellent
yield, and Dibal-H reduction of the products proceeded smoothly
to afford the cyclisation precursors 1a–f. Both routes to the


Scheme 5 Route to cyclisation precursors from N-tosyl b-amino nitriles.


cyclisation precursors were used, although the Dibal-H reduction
route was shorter and generally higher-yielding.


With a range of cyclisation precursors in hand, we turned our
attention to their cyclisation. Initially, the cyclisation was catalysed
by three equivalents of concentrated HCl in CH2Cl2 at −78 ◦C. In
our earlier work on 3,4-disubstituted piperidines,5 these conditions
had favoured formation of the kinetic product, in which there is a
cis relationship between the hydroxyl and isopropenyl substituents.
For aldehydes 1a–f the results are summarised in Table 1.


In all cases except 1f, only two of the four possible stereoisomers
were observed, in excellent combined yields. Small amounts (0–
10%) of the HCl addition products 11 and 12 (vide infra) were
often present; although generally separable from the alkene, it
was also possible to treat the mixture with aqueous ammonia in
THF to effect elimination of HCl and return the pure alkene. The
identities of the cis, cis and trans, trans products were secured by
X-ray diffraction on single crystals grown from 7c and 8a (Fig. S1
and S2 in the ESI†).


As can be seen from Table 1, the diastereoselectivities were
generally good, and the reaction favoured the cis, cis product 7
for small- and medium-sized 2-substituents, although the reaction
became unselective for very bulky 2-substituents (entries 5 and 6).


The stereoselectivities can be rationalised by considering two
factors. Firstly, there is a strong preference for the 2-substituent
to adopt an axial disposition in the chair-like transition state,
thus avoiding the pseudo A1,3 strain with the sulfonamide


Scheme 2 Preparation of nitrile 3d.


Scheme 3 Hydrolysis of nitriles.


Scheme 4 Route to cyclisation precursors from N-tosyl b-amino acids.
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Table 1 Cyclisations of aldehydes 1a–f with concentrated hydrochloric acid


Entry Aldehyde R 7 : 8a Yield (%)b


1 1a Me 78 : 22 70 (22)
2 1b Bn 94 : 6 81 (0)
3 1c iPr 89 : 11 75 (5)
4 1d –(CH2)5– 89 : 11 68 (11)
5 1e tBu 47 : 53 42 (37)
6 1f Ph 54 : 46c 41 (40)


a Ratio was determined by integration of crude 1H NMR spectra. b Isolated yield of major (minor) isomers after chromatography. c Traces of two other
isomers were observed—see main text.


(Scheme 6); this stereochemical preference in N-acyl and N-
sulfonamido piperidines has been shown to be pronounced in a
number of cases.13 The second factor is the kinetic preference for
the ene component and the aldehyde to adopt a cis relationship in
the cyclisation transition state, as observed in our earlier work.5


According to our proposal, any carbocationic character developed
on the 5-substituent in the transition state (or a carbocationic
intermediate formed during cyclisation through a fully stepwise
mechanism) can be stabilised by interaction with the lone pair of
the oxygen when these two substituents adopt a cis relationship.
This cis relationship is achieved with the aldehyde lying in an
axial position in the transition state, and the more bulky ene
component lying equatorial. More bulky 2-substituents lead to
a lowering of the diastereoselectivity as a result of increased 1,3-
diaxial interactions with the aldehyde, forcing the aldehyde into
an equatorial position to give 8.


The rather modest selectivity observed for 1a appears to be
a result of equilibration of the initially formed kinetic isomer
7a to the thermodynamic product 8a due to the fact that the
reaction required 48 h to reach completion, compared with
around 18 h for the other examples. Later studies (vide infra)
supported the fact that Brønsted acid-catalysed isomerisation
to the thermodynamically more stable trans, trans piperidine
occurred readily for these compounds. This contrasts with our
previous work where Brønsted acid-catalysed isomerisation was
very slow for 3,4-disubstituted piperidines, reflecting the much
smaller 1,3-diaxial interactions with the hydroxyl group that are
present in these molecules.


In the case of 1f, two other isomers were isolated in very
small amounts: 9 in 4% yield and 10 in 2% yield. Compound
9 was confirmed by single-crystal X-ray analysis as the trans, cis
piperidine in which the 2-substituent is equatorial, Fig. 2 and
Fig. S3 in the ESI.† Compound 10 is presumed to be the fourth
diastereomer, although there was insufficient material for a full


Fig. 2 The two additional diastereomers isolated from cyclisation of 1f.


structural analysis. The equatorial 2-substituent in 9 is interesting.
Normally there is a very strong preference for the 2-substituent
of N-tosyl and N-acyl piperidines to lie in an axial position to
minimise the pseudo A1,3 strain with the nitrogen substituent. It
would appear that in this example the energetic penalty of placing
both the phenyl and the isopropenyl groups axial is greater than
the pseudo A1,3 strain, meaning that this conformer is not observed
for 9.


The successful results achieved with concentrated hydrochloric
acid led us to explore the cyclisation of 1a–f in dichloromethane
saturated with hydrogen chloride gas. Typically, hydrogen chlo-
ride gas was bubbled through a solution of the aldehyde in
dichloromethane at −78 ◦C for 1 h and the reaction mixture was
stirred for a further 4 h at −78 ◦C to complete the cyclisation. The
reaction mixture was then stirred for 24 h at room temperature to
ensure complete addition of HCl across the double bond in the
product. The results are presented in Table 2.


The cis/trans selectivities are broadly in line with those obtained
using concentrated hydrochloric acid, although the reactions are
slightly less cis selective. Although the cyclisations were more
rapid than those with concentrated hydrochloric acid, with starting
material consumed within 2–4 h rather than 18 h, the reactions had
to be left for around 24 h to get complete addition of HCl across
the double bond, and it appeared that this prolonged contact
with acid led to some equilibration to the trans, trans isomer. For
example, cyclisation of 1b to a mixture of alkenes and chlorides


Scheme 6 Stereocontrol model for Brønsted acid-catalysed cyclisations.
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Table 2 Cyclisations of aldehydes 1a–f in CH2Cl2 saturated with HCl


Entry Aldehyde R 11 : 12a Yield (%)a


1 1a Me 72 : 28 55 (20)
2 1b Bn 88 : 12 83 (11)
3 1c iPr 81 : 19 68 (12)
4 1d –(CH2)5– 87 : 13 65 (10)
5 1e tBu 46 : 54 28 (36)
6 1f Ph 57 : 43c 42 (34)


a Ratio was determined by integration of crude 1H NMR spectra. b Isolated yield of major (minor) isomers after chromatography. c Traces of two other
isomers were observed in the crude NMR spectra, but were not isolated—see main text.


was complete after 3 h with an overall cis : trans ratio of 93 : 7.
After 24 h, conversion to the chlorides was complete, but the cis :
trans ratio had dropped to 88 : 12.


Addition of HCl to the 4,5-trans alkenes was noticeably slower
than addition to the 4,5-cis alkenes, supporting our assertion that
overlap between the oxygen lone pair of the hydroxyl and the
empty p-orbital of the cationic centre stabilises the 4,5-cis cation
but not the 4,5-trans cation, in which such overlap is geometrically
unfavourable.


Turning to the Lewis acid-catalysed reaction, aldehydes 1a–f
were treated with one equivalent of methylaluminium dichloride,
which had been found to be the optimal Lewis acid in our earlier
studies;5 the results are summarised in Table 3.


The stereoselectivities for the Lewis acid-catalysed cyclisation
ranged from good to excellent (up to 99 : 1), with good overall
yields (typically over 70% of the major isomer was isolated
after chromatography). Generally 40–60 ◦C afforded the best


stereoselectivities, although in some cases, a small loss in stere-
oselectivity occurred on switching from dichloromethane at 40 ◦C
to chloroform at 60 ◦C.


Under these Lewis acid conditions, equilibration to the ther-
modynamic trans, trans product is favoured to minimise the
large 1,3-diaxial interactions that result in the transition state
between the axial 2-substituent and the Lewis acid-coordinated
oxygen, Scheme 7. This accounts for the increased prefer-
ence for the trans, trans isomer as the 2-substituent becomes
larger.


Pipecolic acid derivatives


Pipecolic acid (piperidine 2-carboxylic acid) is an important non-
proteinogenic amino acid and one of the constituents of a variety
of natural products such as rapamycin and FK506. A variety of
substituted pipecolic acids feature in natural products, as well as


Table 3 Cyclisations of aldehydes 1a–f with MeAlCl2


Entry Aldehyde R Temp/◦Ca 7 : 8b Yield (%)c


1 1a Me 20 12 : 88 76 (5)
2 1a Me 40 7 : 93 60 (4)
3 1a Me 60 4 : 96 71 (4)
4 1b Bn 20 10 : 90 61 (10)
5 1b Bn 40 5 : 95 64 (5)
6 1b Bn 60 9 : 91 73 (9)
7 1c iPr 20 4 : 96 74 (2)
8 1c iPr 40 2 : 98 82 (2)
9 1c iPr 60 3 : 97 83 (0)


10 1d –(CH2)5– 20d 3 : 97 76 (3)
11 1e tBu 60 1 : 99 88 (1)
12 1f Ph 60 2 : 98e 80 (2)


a Reactions were carried out in dichloromethane (20 ◦C and 40 ◦C) or chloroform (60 ◦C). b Ratio was determined by integration of crude 1H NMR
spectra. c Isolated yield of major (minor) isomers after chromatography. d Carrying out the reaction in refluxing chloroform resulted in very low yields of
product. e Traces of two other isomers were observed—see main text.
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Scheme 7 Stereocontrol model for Lewis acid-catalysed cyclisations.


in pharmaceuticals such as the HIV protease inhibitor Palinavir,
and synthetic work in this area continues apace.14 We believed that
substituted pipecolic acids or their derivatives should be accessible
using our chemistry, starting from the readily available amino acid
homoserine.


O-tert-Butyldimethylsilylhomoserine methyl ester 13, prepared
in two steps from homoserine by the method of Kline et al.,15 was
N-tosylated and N-alkylated using prenyl bromide to give 14 in
80% overall yield (Scheme 8). Removal of the TBDMS group
by pyridinium p-toluenesulfonate in methanol and subsequent
Swern oxidation gave the aldehyde cyclisation precursor 1g in
near-quantitative yield.


Stirring 1g at −78 ◦C in dichloromethane saturated with
hydrogen chloride gas (Scheme 9) resulted in a completely
stereoselective reaction and afforded a mixture of four products,
all of which had the cis, cis stereochemistry: the expected carbonyl
ene product 7g and the HCl addition product 11g, along with
lactones 15 and 16. None of the corresponding trans products was
detected. In contrast, treating 1g with one equivalent of MeAlCl2


at room temperature gave solely the lactone 15 in 79% yield after
chromatography; the structure of 15 was confirmed by single
crystal X-ray diffraction (Fig. S4, ESI†).


Although the two lactones 15 and 16 could be separated from the
two esters 7g and 11g, these pairs of compounds were inseparable
from one another, and so we attempted to convert the two mixtures
entirely to the corresponding chlorides. Stirring the mixture of
esters in dichloromethane saturated with hydrogen chloride gas
resulted in complete HCl addition and partial lactonisation to
afford a separable mixture of 11g and 16 in roughly equal


amounts, allowing us to confirm the structure of 11g by X-ray
diffraction (Fig. S5, ESI†). In contrast, lactone 15 proved to be
completely unreactive towards HCl addition, so that an unchanged
mixture of 15 and 16 was returned after stirring for two days in
dichloromethane saturated with hydrogen chloride gas.


Given that alkene 7g readily underwent HCl addition, and that
chlorolactone 16 appeared to be completely stable, the failure of
lactone 15 to add HCl is interesting. Addition of HCl to both
compounds would be considered to proceed through a carbocation
(Scheme 10).


In the case of 7g, addition of HCl will proceed via cation
17, in which the lone pair of the hydroxyl provides a stabilising
interaction with the empty p-orbital. In contrast, the delocalised
oxygen lone pair in 18 will have little, if any, overlap with the empty
p-orbital, and it would appear that without this stabilisation, 18
does not form.


The facile lactonisation of 1g on treatment with MeAlCl2 meant
that isomerisation to the trans, trans isomer would not be possible
under these conditions. Instead, lactone 15 was reduced to diol 19
by LiBH4, but this proved resistant to isomerisation by MeAlCl2 in
refluxing CHCl3, presumably due to chelation of the Lewis acid by
the two hydroxyl groups. Protection of the primary hydroxyl as a
TBDPS ether overcame this problem, and treatment of the cis, cis
silyl ether 20 with one equivalent of MeAlCl2 in refluxing CHCl3


afforded an 86 : 14 ratio of 21 : 20 after 1 h, from which 21 was
isolated in 61% yield (Scheme 11). Longer reaction times resulted
in a lower recovery of 21, along with unidentified side-products.


The success of the cyclisations of the substrates containing a
prenyl ene moiety led us to investigate the corresponding crotyl


Scheme 8 Preparation of cyclisation precursor 1g.


Scheme 9 Brønsted acid-catalysed cyclisation of 1g.
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Scheme 10 Proposed HCl addition pathway.


Scheme 11 Lactone opening and isomerisation.


compounds 23a,b,e. These were prepared via nitriles 22a,b,e
(Scheme 12) using commercial crotyl chloride, which afforded the
products as roughly 5 : 1 mixtures of E : Z isomers. In our earlier
work on the synthesis of 3,4-disubstituted piperidines, we found
that the geometry of the crotyl double bond did not influence
the stereochemical outcome of the reaction, with both the E
and Z crotyl compounds giving the cis piperidine on cyclisation
with MeAlCl2 at room temperature.5 Aldehydes 23a,b,e, chosen to
provide a range of steric demands at the 2-position, were treated


with three equivalents of MeAlCl2 in CH2Cl2 at room temperature;
the results are summarised in Table 4.


The major product was identified by NOE studies as the trans,
cis piperidine 26, and this was subsequently confirmed by X-ray
diffraction in the case of 26b (Fig. S6, ESI†). The other two
products, formed in roughly equal amounts, were the cis, cis and
trans, trans products 24 and 25, respectively. Small amounts of the
product of b-elimination 27 were also observed, as well as some
trace products from dimerisation (vide infra).


Scheme 12 Preparation of crotyl cyclisation precursors 23a,b,e.


Table 4 Cyclisations of aldehydes 23a,b,e with MeAlCl2


Entry Aldehyde R Temp/◦Ca Time/h 24b 25b 26b


1 23a Me −78 16 10 8 22
2 23a Me 20 3 8 11 35
3 23a Me 20 16 12 10 33
4 23a Me 20c 22 8 8 25
5 23a Me 40 3 8 11 33
6 23b Bn 20 16 18 16 44
7 23e tBu 20 16 7 27 18


a Reactions were carried out in dichloromethane with 3 equiv of MeAlCl2 unless otherwise stated. b Isolated yield after chromatography. c Reaction carried
out with 1 equiv of MeAlCl2.
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It is interesting that the cyclisation of 23 should favour
formation of the previously unobserved 26. Assuming cyclisation
via a cationic mechanism (although the arguments hold for a
more concerted mechanism in which partial cationic character is
generated), in intermediate 28 (leading to 24) and intermediate 29
(leading to 26) the hydroxyl can stabilise the carbocation (Fig. 3).
However, in 29 the relatively sterically undemanding ethyl cation
can adopt an axial disposition, allowing the cis relationship to be
maintained with the Lewis acid-coordinated oxygen, which now
lies in an equatorial position to avoid the 1,3-diaxial interaction
with the 2-substituent.


Fig. 3 Stabilising interactions in intermediates 28 and 29.


The product ratio was rather insensitive to reaction time, tem-
perature and the amount of Lewis acid used. The three products
were separated and re-subjected to MeAlCl2 at room temperature


for four days; only in the case of 24 did any isomerisation occur,
with small amounts of 25 (4%) and 26 (9%) produced, along with
recovered starting material (60%) and decomposition products
(accounting for the remaining mass).


The cyclisation of 23a,b,e was also screened using the
Lewis acids AlCl3, Me2AlCl, TiCl4, SnCl4, Sc(OTf)3 and
BF3·Et2O. Me2AlCl gave product ratios similar to MeAlCl2, but
the reactions were not as clean. AlCl3, TiCl4 and BF3·Et2O
gave rather less of the three piperidines 24–26 and led to the
formation of significant amounts of dimerisation products 30–
32 (Scheme 13), analogous to those isolated in our earlier work,
which were identified by mass spectrometry.


The attempted cyclisation of 23a in dichloromethane saturated
with hydrogen chloride gas (Scheme 14) gave chiefly the b-
elimination product 27, along with small amounts of three
piperidines: 26a and two chlorine-containing compounds, iden-
tified as 33 and 34, both as mixtures of epimers at the carbon
bearing the chlorine.


Removal of the p-toluenesulfonyl protecting group


Removal of the p-toluenesulfonyl protecting group was carried
out on a representative range of examples by stirring the N-
tosylpiperidines with sodium naphthalenide in THF at −78 ◦C


Scheme 13 Proposed route to dimerisation products.
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Scheme 14 Cyclisation of 23a in CH2Cl2 saturated with HCl.


(Scheme 15). The yields were good to excellent in most cases, with
some loss of material noted for the alanine derivatives 35a and 36a
due to their significant polarity and water solubility.


Conclusion


In summary, we have discovered a diastereoselective synthesis
of cis, cis and trans, trans 2,4,5-trisubstituted piperidines from
simple acyclic precursors. Cyclisation catalysed by HCl at low
temperature affords predominantly the kinetic cis, cis product
resulting from the preferred axial disposition of the 2- and 4-
substituents. The 2-substituent adopts an axial orientation to
minimise pseudo A1,3 strain with the N-tosyl group, while the axial
4-hydroxyl group is able to provide a stabilising interaction with
the carbocationic centre attached to the 5-position. The diastere-
oselectivity of the reaction is good for small and medium sized
2-substituents, although an unfavourable 1,3-diaxial interaction
with the 4-hydroxyl results in a loss of stereoselectivity for larger
2-substituents. Cyclisation catalysed by MeAlCl2 at 20–60 ◦C
affords the thermodynamically more stable trans, trans isomer
with good to excellent diastereoselectivity. The method should
find application in the synthesis of more complex molecules.


Experimental section


Typical procedure for tosylation: (2S)-O-(p-toluenesulfonyl)-N-(p-
toluenesulfonyl)phenylalaninol


To a solution of p-toluenesulfonyl chloride (19.43 g, 101.99 mmol)
and pyridine (26.2 mL, 324.50 mmol) in CH2Cl2 (50 mL) at 0 ◦C
was added a solution of (S)-phenylalalinol (7.00 g, 46.36 mmol) in
CH2Cl2 (50 mL). The resulting solution was warmed to ambient
temperature and stirred until the reaction was judged to be
complete by TLC analysis (ca. 24 h). The reaction mixture was
poured into a separating funnel containing cold aqueous HCl
(1 M, 60 mL) and CH2Cl2. The organic phase was separated


and the aqueous phase re-extracted with CH2Cl2. The combined
organic phases were washed with aqueous CuSO4, brine, dried
over MgSO4 and concentrated in vacuo to give the crude product
as a solid. Purification by flash column chromatography (silica;
eluent 1 : 2 EtOAc–petroleum ether, Rf = 0.36) afforded the title
compound as a white powder (15.93 g, 75%): mp 96–98 ◦C (from
EtOAc–petroleum ether); [a]23


D −42.7 (c 1.0 in CHCl3); (Found: C,
60.19; H, 5.49; N, 2.99. C23H25NO5S2 requires C, 60.11; H, 5.48; N,
3.05%); mmax (KBr)/cm−1 3290 (NH), 3067 (CH aromatic), 2953 (mas


CH2), 2892 (ms CH2), 1598 (C=C aromatic), 1495 (C=C aromatic),
1456 (C=C aromatic), 1160 (ms SO2); dH (300 MHz, CDCl3) 2.40
(3H, s, Ph-CH3), 2.46 (3H, s, Ph-CH3), 2.65 (1H, dd, J 13.9 and
7.2, Ph-CHH), 2.80 (1H, dd, J 13.9 and 7.4, Ph-CHH), 3.52–3.60
(1H, m, CH), 3.84 (1H, dd, J 10.1 and 5.3, CHH-OPh), 3.97 (1H,
dd, J 10.1 and 3.5, CHH-OPh), 4.71 (1H, d, J 7.7, NH), 6.86
(2H, d, J 7.2, Ar CH), 7.11–7.18 (5H, m, Ar CH), 7.35 (2H, d, J
8.5, Ar CH), 7.51 (2H, d, J 8.1, Ar CH), 7.75 (2H, d, J 8.1, Ar
CH); dC (75 MHz, CDCl3) 21.6 (Ph-CH3), 21.8 (Ph-CH3), 37.7
(Ph-CH2), 53.7 (CH), 70.3 (CH2-OPh), 127.0 (Ar CH), 128.1 (Ar
CH), 128.8 (Ar CH), 129.2 (Ar CH), 129.8 (Ar CH), 130.1 (Ar
CH), 132.4 (Cq), 135.8 (Cq), 136.9 (Cq), 143.6 (Cq), 145.3 (Cq);
m/z (ES+) 482.1 (100%, [M + Na]+), 310.1 (85) [HRMS Found:
(M + Na)+ 482.1060. C23H25NNaO5S2 requires M, 482.1072].


Typical procedure for preparation of nitriles:
(3S)-(p-toluenesulfonyl)amino-4-phenylbutyronitrile (3b)


To a suspension of NaCN (2.24 g, 45.70 mmol) in DMF
(90 mL) was added a solution of (2S)-O-(p-toluenesulfonyl)-N-
(p-toluenesulfonyl)phenylalaninol (7.00 g, 15.25 mmol) in DMF
(60 mL), and stirring was continued until the reaction was judged
to be complete by TLC analysis (24 h). The reaction mixture
was diluted with water and extracted with Et2O. The combined
organic phases were washed with water, brine, dried over MgSO4


and concentrated in vacuo to give nitrile 3b as colourless crystals
(4.32 g, 90%), which were used without further purification:


Scheme 15 Removal of the p-toluenesulfonyl protecting group.
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Rf = 0.38 (silica; eluent 2 : 1 toluene–diethyl ether); mp 82–84 ◦C
(from toluene–diethyl ether) (lit.16 oil); [a]23


D −65.5 (c 1.0 in CHCl3)
(lit.16 [a]D −58.6 (c 4.0 in CHCl3)); (Found: C, 64.79; H, 5.84;
N, 8.81. C17H18N2O2S requires C, 64.94; H, 5.77; N, 8.91%); mmax


(KBr)/cm−1 3350 (NH), 2920 (mas CH2), 2850 (ms CH2), 2246 (CN),
1597 (C=C aromatic), 1380 (mas SO2), 1160 (ms SO2); dH (300 MHz,
CDCl3) 2.42 (3H, s, Ph-CH3), 2.56 (1H, dd, J 16.8 and 3.9, CHH-
CN), 2.67 (1H, dd, J 16.8 and 6.3, CHH-CN), 2.77 (1H, dd, J
14.0 and 7.7, Ph-CHH), 2.90 (1H, dd, J 14.0 and 7.0, Ph-CHH),
3.58–3.69 (1H, m, CH), 4.85 (1H, d, J 7.0, NH), 6.99 (2H, m, Ar
CH), 7.20–7.22 (5H, m, Ar CH), 7.55 (2H, d, J 8.1, Ar CH); dC


(75 MHz, CDCl3) 21.6 (Ph-CH3), 24.3 (CH2-CN), 39.9 (Ph-CH2),
51.5 (CH), 116.9 (CN), 127.0 (2 × Ar CH), 127.4 (Ar CH), 129.0
(2 × Ar CH), 129.1 (2 × Ar CH), 129.9 (2 × Ar CH), 135.3
(Cq), 136.6 (Cq), 143.8 (Cq); m/z (ES+) 337.1 (100%, [M + Na]+)
[HRMS Found: (M + Na)+ 337.0993. C17H18N2NaO2S requires
M, 337.0987].


Typical procedure for nitrile hydrolysis: (3S)-(p-toluenesulfonyl)-
amino-4-phenylbutyric acid (4b)


A mixture of nitrile 3b (1.01 g, 3.2 mmol), glacial acetic acid
(3.2 mL), water (3.2 mL) and concentrated sulfuric acid (3.2 mL)
was stirred at 110 ◦C overnight under a reflux condenser. After
cooling, the reaction mixture was diluted with water and the
aqueous phase extracted with CH2Cl2. The combined organic
phases were washed with brine, dried over MgSO4 and concen-
trated in vacuo to afford the crude acid. Purification by flash
column chromatography (silica; eluent 1 : 1 petroleum ether–ethyl
acetate, Rf = 0.33) afforded acid 4b as a grey powder (0.87 g,
81%): mp 63–65 ◦C (from petroleum ether–EtOAc) (lit.17 85 ◦C
(from petroleum ether–EtOAc)); [a]20


D −21.2 (c 1.0 in CHCl3)
(lit.18 [a]23


D −14.6 (c 0.9 in CH2Cl2)); (Found: C, 61.16; H, 5.84;
N, 4.01. C17H19NO4S requires C, 61.24; H, 5.74; N, 4.20%); mmax


(KBr)/cm−1 3500 (OH), 3280 (NH), 2926 (mas CH2), 2875 (ms CH2),
1712 (C=O), 1599 (C=C aromatic), 1496 (C=C aromatic), 1454
(C=C aromatic), 1325 (mas SO2), 1157 (ms SO2); dH (300 MHz,
CDCl3) 2.40 (3H, s, Ph-CH3), 2.54 (2H, d, J 5.2, CH2-COOH),
2.78 (1H, dd, J 13.6 and 7.0, Ph-CHH), 2.87 (1H, dd, J 13.6
and 7.7, Ph-CHH), 3.70–3.81 (1H, m, CH), 5.59 (1H, br d, J
5.9, NH), 7.01–7.03 (2H, m, Ar CH), 7.19–7.23 (5H, m, Ar CH),
7.62 (2H, d, J 8.6, Ar CH); dC (75 MHz, CDCl3) 21.7 (Ph-CH3),
37.8 (CH2-COOH), 40.7 (Ph-CH2), 51.8 (CH), 127.0 (Ar CH),
127.1 (2 × Ar CH), 128.9 (2 × Ar CH), 129.4 (2 × Ar CH),
129.8 (2 × Ar CH), 136.8 (Cq), 137.4 (Cq), 143.6 (Cq), 175.9
(COOH); m/z (EI+) 334 (9%, [M + H]+), 242 (52), 155 (38), 91 (100)
[HRMS Found: (M + H)+ 334.1110. C17H20NO4S requires M,
334.1113].


Typical procedure for alkylation of the acid: 3-methylbut-2-enyl
(3S)-[N-(3-methylbut-2-enyl)-N-(p-toluenesulfonyl)amino]-4-
phenylbutanoate


Caesium carbonate (1.70 g, 5.2 mmol) was added to a solution of
acid 4b (0.87 g, 2.6 mmol) in acetonitrile (110 mL). The reaction
mixture was stirred at ambient temperature for 30 min before
1-bromo-3-methylbut-2-ene (0.60 mL, 5.2 mmol) was added and
stirring was continued until the reaction was judged to be complete


by TLC analysis (12 h). The solvent was removed in vacuo to give
a white solid, which was partitioned between water and Et2O (4 ×
100 mL). The combined organic phases were washed with water
and brine, dried over MgSO4 and concentrated in vacuo to give
the crude product. Purification by flash column chromatography
(silica; eluent 5 : 1 hexane–EtOAc, Rf = 0.3) afforded the title
compound as a colourless oil (1.02 g, 83%): [a]21


D −6.7 (c 1.0 in
CHCl3); (Found: C, 69.00; H, 7.44; N, 2.92. C27H35NO4S requires
C, 69.05; H, 7.51; N, 2.98%); mmax (film)/cm−1 3028 (=CH), 2971
(mas CH3), 2929 (mas CH2), 1731 (C=O), 1675 (C=C aliphatic), 1600
(C=C aromatic), 1496 (C=C aromatic), 1453 (C=C aromatic),
1338 (mas SO2), 1155 (ms SO2); dH (300 MHz, CDCl3) 1.64 (9H, s,
3 × C=C(CH3)2), 1.72 (3H, s, C=C(CH3)2), 2.38 (3H, s, Ph-CH3),
2.52 (1H, dd, J 15.8 and 6.6, CHH-COO), 2.71 (1H, dd, J 15.8
and 7.7, CHH-COO), 2.87 (1H, dd, J 13.6 and 8.1, Ph-CHH),
2.97 (1H, dd, J 13.6 and 6.6, Ph-CHH), 3.81 (2H, d, J 6.8, N-
CH2), 4.35–4.38 (1H, m, N-CH), 4.41 (2H, d, J 7.3, O-CH2), 5.08
(1H, t, J 6.8, N-CH2-CH), 5.24 (1H, t, J 7.3, O-CH2-CH), 7.12–
7.27 (7H, m, Ar CH), 7.59 (2H, d, J 8.1, Ar CH); dC (75 MHz,
CDCl3) 17.9 (C=C(CH3)2), 18.1 (C=C(CH3)2), 21.6 (Ph-CH3),
25.8 (C=C(CH3)2), 25.9 (C=C(CH3)2), 38.4 (CH2-COO), 40.8
(Ph-CH2), 44.0 (N-CH2), 57.5 (Ph-CH2-CH), 61.7 (CH2-O-CO),
118.6 (O-CH2-CH), 121.5 (N-CH2-CH), 126.7 (Ar CH), 127.5
(2 × Ar CH), 128.6 (2 × Ar CH), 129.41 (2 × Ar CH), 129.45
(2 × Ar CH), 135.4 (Cq), 138.2 (Cq), 138.5 (Cq), 139.1 (Cq),
142.9 (Cq), 171.2 (C=O); m/z (ES+) 492.3 (100%, [M + Na]+)
[HRMS Found: (M + Na)+ 492.2169. C27H35NNaO4S requires
492.2185].


Typical procedure for reduction of the ester: (3S)-[N-(3-methylbut-
2-enyl)-N-(p-toluenesulfonyl)amino]-4-phenylbutanol (6b)


To a solution of 3-methylbut-2-enyl (3S)-[N-(3-methylbut-
2-enyl)-N-(p-toluenesulfonyl)amino]-4-phenylbutanoate (0.34 g,
0.72 mmol) in THF (1.6 mL) at 0 ◦C was added LiAlH4 (1.0 M
in Et2O, 0.59 mL, 0.59 mmol) dropwise. The ice bath was
removed and stirring continued for 3 h. After cooling to 0 ◦C,
the reaction mixture was carefully acidified with 2 M aqueous
HCl and the aqueous phase extracted with EtOAc. The combined
organic phases were washed with brine, dried over MgSO4 and
concentrated in vacuo to afford the crude alcohol. Purification by
flash column chromatography (silica; eluent 2 : 1 petroleum ether–
EtOAc, Rf = 0.32) afforded alcohol 6b as a colourless oil (0.22 g,
78%): [a]23


D −43 (c 1.0 in CHCl3); (Found: C, 68.19; H, 7.31; N, 3.62.
C22H29NO3S requires C, 68.18; H, 7.54; N, 3.61%); mmax (neat)/cm−1


3436 (OH), 2928 (mas CH2), 1651 (C=C aliphatic), 1599 (C=C
aromatic), 1495 (C=C aromatic), 1454 (C=C aromatic), 1331 (mas


SO2), 1153 (ms SO2), 1050 (C–O); dH (500 MHz, CDCl3) 1.57 (1H, tt,
J 12.9 and 3.3, CHH-CH2-OH), 1.65–1.72 (7H, stack, C=C(CH3)2


and CHH-CH2-OH), 2.41 (3H, s, Ph-CH3), 2.50–2.63 (2H, m, Ph-
CH2), 3.55 (1H, ddd, J 11.7, 4.8 and 3.3, CHH-OH), 3.78 (1H, td,
J 11.7 and 3.3, CHH-OH), 3.83 (1H, dd, J 16.2 and 5.5, N-CHH),
3.94 (1H, dd, J 16.2 and 8.1, N-CHH), 4.14–4.24 (1H, m, N-CH),
5.17 (1H, t, J 6.5, CH=C), 6.95–7.0 (2H, m, Ar CH), 7.18–7.23
(5H, m, Ar CH), 7.61 (2H, d, J 8.1, Ar CH); dC (125 MHz,
CDCl3) 17.9 (=C-CH3), 21.5 (Ph-CH3), 25.7 (=C-CH3), 34.6
(CH2-CH2-OH), 40.1 (Ph-CH2), 41.6 (N-CH2), 56.4 (N-CH), 58.4
(CH2-OH), 121.6 (CH=C), 126.5 (Ar CH), 127.1 (2 × Ar CH),
128.6 (2 × Ar CH), 129.1 (2 × Ar CH), 129.6 (2 × Ar CH),
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134.9 (CH=C(CH3)2), 137.9 (Cq), 138.1 (Cq), 143.2 (Cq); m/z
(ES+) 410 (100%, [M + Na]+) [HRMS Found: (M + Na)+ 410.1761.
C22H29NNaO3S requires M, 410.1766].


Typical procedure for alkylation of the nitrile: (3S)-[N-(3-
methylbut-2-enyl)-N-(p-toluenesulfonyl)amino]-4-
phenylbutyronitrile


Caesium carbonate (0.23 g, 0.70 mmol) was added to a solution
of nitrile 3b (0.20 g, 0.64 mmol) in CH3CN (15 mL). The reaction
mixture was stirred at ambient temperature for 30 min before
1-bromo-3-methylbut-2-ene (74 lL, 0.64 mmol) was added. The
resulting mixture was stirred until the reaction was judged to be
complete by TLC analysis (12 h), before the solvent was removed
in vacuo. The resulting solid was partitioned between water and
Et2O. The combined organic phases were washed with water (2 ×
50 mL), brine (50 mL), dried over MgSO4 and concentrated in
vacuo to afford the crude alkylated product. Purification by flash
column chromatography (silica; eluent 5 : 1 hexane–EtOAc, Rf =
0.24) afforded the title compound as a yellow powder (0.20 g, 82%):
mp 65–67 ◦C (from hexane–EtOAc); [a]21


D −24.6 (c 0.5 in CHCl3);
(Found: C, 68.91; H, 6.80; N, 7.27. C22H26N2O2S requires C, 69.08;
H, 6.85; N, 7.32%); mmax (film)/cm−1 3029 (=CH aliphatic), 2927
(mas CH2), 2249 (CN), 1599 (C=C aromatic), 1496 (C=C aromatic),
1454 (C=C aromatic), 1379 (ds CH3), 1340 (mas SO2), 1157 (ms SO2),
1092 (C-N); dH (300 MHz, CDCl3) 1.67 (3H, s, =C-CH3), 1.70
(3H, s, =C-CH3), 2.41 (3H, s, Ph-CH3), 2.52 (1H, dd, J 16.9 and
5.5, CHH-CN), 2.83 (1H, dd, J 16.9 and 8.5, CHH-CN), 2.94–
3.08 (2H, m, Ph-CH2), 3.85 (2H, br d, J 6.8, N-CH2), 4.10–4.20
(1H, m, N-CH), 5.10 (1H, br t, J 6.8, =CH), 7.10–7.14 (2H, m,
Ar CH), 7.23–7.30 (7H, m, Ar CH), 7.66 (2H, d, J 8.1, Ar CH); dC


(75 MHz, CDCl3) 18.0 (=C-CH3), 21.6 (Ph-CH3), 22.2 (CH2-CN),
25.9 (=C-CH3), 39.6 (Ph-CH2), 43.8 (N-CH2), 56.9 (N-CH), 117.8
(CN), 120.6 (=CH), 127.3 (Ar CH), 127.5 (2 × Ar CH), 129.0 (2 ×
Ar CH), 129.1 (2 × Ar CH), 129.8 (2 × Ar CH), 136.6 (Cq), 136.9
(Cq), 137.5 (Cq), 143.7 (Cq); m/z (ES+) 405.4 (100%, [M + Na]+)
[HRMS Found: (M + Na)+ 405.1611. C22H26N2NaO2S requires
M, 405.1613].


Typical procedure for oxidation of the alcohol: (3S)-[N-(3-methyl-
but-2-enyl)-N-(p-toluenesulfonyl)amino]-4-phenylbutanal (1b)


Distilled DMSO (88 lL, 1.24 mmol) was added dropwise at a
rapid rate to a solution of oxalyl chloride (54 lL, 0.62 mmol) in
CH2Cl2 (8 mL) at −60 ◦C. After 5 min a solution of alcohol 6b
(0.20 g, 0.52 mmol) in CH2Cl2 (5 mL) was added dropwise. The
mixture was stirred for another 20 min before dry Et3N (362 lL,
2.59 mmol) was added dropwise and then the solution was stirred
for a further 3 h at −60 ◦C. The mixture was allowed to warm to
room temperature before addition of water (25 mL). The aqueous
phase was separated and extracted with CH2Cl2 (4 × 25 mL). The
combined organic phases were washed with aqueous HCl (1 M,
50 mL), water (50 mL), brine (50 mL), dried over MgSO4 and
concentrated in vacuo to afford aldehyde 1b as a colourless oil
(0.20 g, 100%), which was used without further purification: [a]20


D


−20 (c 0.5 in CHCl3); mmax (neat)/cm−1 3028 (=CH aliphatic), 2965
(mas CH3), 2925 (mas CH2), 2863 (ms CH3), 1724 (CHO), 1599 (C=C
aromatic), 1495 (C=C aromatic), 1454 (C=C aromatic), 1337 (mas


SO2), 1156 (ms SO2); dH (300 MHz, CDCl3) 1.69 (6H, s, C(CH3)2),


2.40 (3H, s, Ph-CH3), 2.52 (1H, dd, J 17.1 and 5.7, CHH-CHO),
2.71–2.80 (2H, stack, Ph-CHH and CHH-CHO), 2.89 (1H, dd, J
13.6 and 5.9, Ph-CHH), 3.84 (2H, d, J 6.6, N-CH2), 4.43–4.53 (1H,
m, N-CH), 5.08 (1H, t, J 6.6, =CH), 7.08–7.11 (2H, m, Ar CH),
7.12–7.29 (5H, m, Ar CH), 7.62 (2H, d, J 8.5, Ar CH), 9.44 (1H, s,
CHO); dC (75 MHz, CDCl3) 18.0 (=C-CH3), 21.6 (Ph-CH3), 25.8
(=C-CH3), 40.6 (Ph-CH2), 43.5 (N-CH2), 46.7 (CH2-CHO), 55.3
(N-CH), 121.2 (CH=C), 126.9 (Ar CH), 127.3 (2 × Ar CH),
128.8 (2 × Ar CH), 129.3 (2 × Ar CH), 129.7 (2 × Ar CH), 135.8
(Cq), 137.7 (Cq), 138.1 (Cq), 143.3 (Cq), 200.2 (CHO); m/z (ES+)
408.0 (100%, [M + Na]+), 274.0 (17) [HRMS Found: (M + Na)+


408.1622. C22H27NNaO3S requires M, 408.1609].


Typical procedure for reduction of the nitrile: (3S)-[N-(3-methyl-
but-2-enyl)-N-(p-toluenesulfonyl)amino]-4-phenylbutanal (1b)


To a solution of (3S)-[N-(3-methylbut-2-enyl)-N-(p-toluene-
sulfonyl)amino]-4-phenylbutyronitrile (0.31 g, 0.80 mmol) in
CH2Cl2 (5 mL) at −78 ◦C was added dropwise a solution of
DIBAL-H (1.0 M in toluene, 960 lL, 0.96 mmol). The mixture
was stirred for 3 h, after which it was quenched by addition
of MeOH (1 mL). The reaction mixture was allowed to warm
to room temperature and then poured into ice-cold aqueous
sulfuric acid (1 M, 2.5 mL) and stirred vigorously. The aqueous
phase was separated and extracted with CH2Cl2. The combined
organic phases were washed with brine, dried over MgSO4 and
concentrated in vacuo to afford aldehyde 1b (0.31 g, 100%) as a
colourless oil, which was used without further purification. Data
as above.


Typical procedure for Lewis acid-catalysed cyclisation:
(2S,4S,5S)-2-benzyl-4-hydroxy-5-isopropenyl-1-(p-
toluenesulfonyl)piperidine (8b)


To a solution of aldehyde 1b (100 mg, 0.26 mmol) in CHCl3 (10 mL)
was added methylaluminium dichloride (1.0 M in hexane, 260 lL,
0.26 mmol). The solution was stirred overnight at reflux, after
which it was quenched by addition of water and the aqueous
phase was extracted with CH2Cl2. The combined organic phases
were washed with brine, dried over MgSO4 and concentrated in
vacuo to afford the crude piperidine. Purification by flash column
chromatography (silica; eluent 1 : 2 EtOAc–hexane, Rf = 0.19)
afforded piperidine 8b as a colourless oil (73 mg, 73%): [a]27


D −16.1
(c 0.18 in CHCl3); mmax (film)/cm−1 3498 (OH), 3058 (mas =CH2),
2925 (mas CH2), 2855 (ms CH2), 1644 (C=C aliphatic), 1599 (C=C
aromatic), 1495 (C=C aromatic), 1454 (C=C aromatic), 1378 (ds


CH3), 1337 (mas SO2), 1155 (ms SO2), 1087 (C–O); dH (500 MHz,
CDCl3) 1.30–1.40 (1H, m, N-CH-CHH), 1.77 (3H, s, =C-CH3),
1.88–2.02 (2H, stack, N-CH-CHH and N-CH2-CH), 2.08 (1H,
br s, OH), 2.40 (3H, s, Ph-CH3), 2.80–2.83 (2H, m, Ph-CH2), 2.99
(1H, dd, J 14.3 and 11.7, N-CHH), 3.82 (1H, dd, J 14.3 and
4.1, N-CHH), 3.95 (1H, td, J 10.8 and 4.4, CH-OH), 4.40–4.47
(1H, m, N-CH), 4.90 (1H, s, =CHH), 5.03 (1H, s, =CHH), 7.14–
7.31 (7H, m, Ar CH), 7.56 (2H, d, J 8.5, Ar CH); dC (125 MHz,
CDCl3) 20.3 (=C-CH3), 21.3 (Ph-CH3), 34.1 (N-CH-CH2-CH),
37.9 (Ph-CH2), 44.2 (N-CH2), 51.9 (N-CH2-CH), 55.2 (N-CH),
65.8 (CH-OH), 114.9 (=CH2), 127.1 (Ar CH), 127.4 (2 × Ar CH),
129.2 (2 × Ar CH), 129.6 (2 × Ar CH), 130.2 (2 × Ar CH), 138.4
(Cq), 143.0 (Cq), 143.8 (Cq); m/z (ES+) 408.1 (40%, [M + Na]+),
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386.1 (100, [M + H]+), 376.1 (26), 368.1 (11), 270.1 (64), 226.1 (42)
[HRMS Found: (M + Na)+ 408.1601. C22H27NNaO3S M, requires
408.1609].


Typical procedure for Brønsted acid-catalysed cyclisation:
(2S,4R,5S)-2-benzyl-4-hydroxy-5-isopropenyl-1-
(p-toluenesulfonyl)piperidine (7b)


Concentrated hydrochloric acid (37%, 130 lL, 1.54 mmol) was
added to a solution of aldehyde 1b (197 mg, 0.51 mmol) in CH2Cl2


(15 mL) at −78 ◦C. The solution was stirred at −78 ◦C overnight,
after which water was added and the aqueous phase was extracted
with CH2Cl2. The combined organic phases were washed with
brine, dried over MgSO4 and concentrated in vacuo to afford the
crude piperidine. Purification by flash column chromatography
(silica; eluent 1 : 2 EtOAc–hexane, Rf = 0.36) afforded piperidine
7b as a colourless thick oil (160 mg, 81%): [a]27


D −16.1 (c 0.18
in CHCl3); mmax (neat)/cm−1 3530 (OH), 3027 (=CH), 2923 (mas


CH2), 1644 (C=C aliphatic), 1599 (C=C aromatic), 1495 (C=C
aromatic), 1453 (C=C aromatic), 1340 (mas SO2), 1157 (ms SO2),
1105 (C–O); dH (300 MHz, CDCl3) 1.55–1.68 (2H, stack, N-CH-
CHH and OH), 1.76 (3H, s, =C-CH3), 1.93 (1H, dd, J 14.3 and
2.0, N-CH-CHH), 2.23 (1H, br d, J 11.8, N-CH2-CH), 2.39 (3H, s,
Ph-CH3), 2.87 (1H, dd, J 13.0 and 6.6, Ph-CHH), 3.19 (1H, dd, J
13.0 and 9.6, Ph-CHH), 3.43 (1H, dd, J 13.6 and 12.1, N-CHH),
3.64 (1H, dd, J 13.6 and 3.9, N-CHH), 4.04 (1H, app d, J 2.0, CH-
OH), 4.20–4.30 (1H, m, N-CH), 4.74 (1H, s, =CHH), 5.05 (1H, s,
=CHH), 7.17–7.29 (7H, m, Ar CH), 7.53 (2H, d, J 8.1, Ar CH);
dC (75 MHz, CDCl3) 21.6 (Ph-CH3), 22.9 (=C-CH3), 31.5 (N-CH-
CH2), 38.3 (CH2), 38.9 (CH2), 46.2 (N-CH2-CH), 53.3 (N-CH),
64.8 (CH-OH), 112.5 (=CH2), 126.3 (Ar CH), 127.2 (2 × Ar CH),
128.5 (2 × Ar CH), 129.7 (2 × Ar CH), 129.8 (2 × Ar CH), 138.2
(Cq), 139.4 (Cq), 143.1 (Cq), 144.2 (Cq); m/z (ES+) 408.1 (90%, [M
+ Na]+), 386.1 (26, [M + H]+), 368.1 (9), 286.0 (27), 274.0 (100)
[HRMS Found: (M + Na)+ 408.1598. C22H27NNaO3S M, requires
408.1609].


Typical detosylation procedure: (2S,4S,5S)-2-benzyl-4-hydroxy-5-
isoproprenyl piperidine (36b)


To a solution of piperidine 8b (99 mg, 0.26 mmol) in THF (1.5 mL)
at −78 ◦C was added a freshly prepared solution of sodium
naphthalenide (1.0 M in THF, 1.18 mL, 1.18 mmol). After 5 min
the reaction was quenched with MeOH (0.3 mL), warmed up to
room temperature, diluted with water and acidified to pH 1 with
aqueous HCl. The aqueous phase was washed with Et2O, basified
to pH 9 with aqueous NaOH (2 M) and extracted with EtOAc.
The combined organic phases were washed with brine, dried over
MgSO4 and concentrated in vacuo to afford piperidine 36b as a
white powder (52 mg, 87%): [a]23


D −49 (c 0.98 in CHCl3); mp 119–
121 ◦C (from CH2Cl2–hexane); (Found: C, 77.80; H, 9.22; N, 6.19.
C15H21NO requires C, 77.88; H, 9.15; N, 6.05%); mmax (film)/cm−1


3306 (OH, NH), 2917 (mas CH2), 1641 (C=C aliphatic), 1602 (C=C
aromatic), 1493 (C=C aromatic), 1455 (C=C aromatic), 1090 (C–
O); dH (300 MHz, CDCl3) 1.63 (1H, ddd, J 12.9, 9.9 and 5.1,
N-CH-CHH), 1.79 (3H, s, CH3), 1.91 (1H, br s, OH and NH),
1.97 (1H, dt, J 12.9 and 3.7, N-CH-CHH), 2.07–2.15 (1H, m,
N-CH2-CH), 2.72 (1H, dd, J 13.4 and 6.4, N-CHH), 2.86–2.94
(3H, stack, N-CHH and Ph-CH2), 3.32–3.41 (1H, m, N-CH), 3.99


(1H, td, J 9.4 and 4.1, CH-OH), 4.94 (1H, s, =CHH), 4.98 (1H, s,
=CHH), 7.16–7.33 (5H, m, Ar CH); dC (75 MHz, CDCl3) 21.2
(CH3), 37.0 (N-CH-CH2-CH), 38.8 (Ph-CH2), 43.7 (N-CH2), 53.4
(N-CH2-CH), 54.4 (N-CH), 66.4 (CH-OH), 113.3 (=CH2), 126.4
(Ar CH), 128.7 (2 × Ar CH), 129.1 (2 × Ar CH), 139.6 (Cq),
144.4 (Cq); m/z (ES+) 232.1 (65%, [M + H]+), 214.1 (100) [HRMS
Found: (M + H)+ 232.1700. C15H22NO requires M, 232.1701].
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An efficient protocol has been developed for the genetic manipulation of Streptomyces fradiae NCIMB
8233, which produces the 2-deoxystreptamine (2-DOS)-containing aminoglycoside antibiotic
neomycin. This has allowed the in vivo analysis of the respective roles of the glycosyltransferases Neo8
and Neo15, and of the deacetylase Neo16 in neomycin biosynthesis. Specific deletion of each of the
neo8, neo15 and neo16 genes confirmed that they are all essential for neomycin biosynthesis. The
pattern of metabolites produced by feeding putative pathway intermediates to these mutants provided
unambiguous support for a scheme in which Neo8 and Neo15, whose three-dimensional structures are
predicted to be highly similar, have distinct roles: Neo8 catalyses transfer of N-acetylglucosamine to
2-DOS early in the pathway, while Neo15 catalyses transfer of the same aminosugar to ribostamycin
later in the pathway. The in vitro substrate specificity of Neo15, purified from recombinant Escherichia
coli, was fully consistent with these findings. The in vitro activity of Neo16, the only deacetylase so far
recognised in the neo gene cluster, showed that it is capable of acting in tandem with both Neo8 and
Neo15 as previously proposed. However, the deacetylation of N-acetylglucosaminylribostamycin was
still observed in a strain deleted of the neo16 gene and fed with suitable pathway precursors, providing
evidence for the existence of a second enzyme in S. fradiae with this activity.


Introduction


2-Deoxystreptamine (2-DOS)-containing antibiotics1,2 comprise
the largest subgroup of the aminoglycoside class of antimicrobial
compounds, which includes the clinically-useful gentamicin and
neomycin. Neomycin, first isolated from Streptomyces fradiae and
Streptomyces albogriseus in 1949,3 is a broad-spectrum antibiotic
active against both Gram-positive and Gram-negative bacteria.
Like most aminoglycosides, it targets the bacterial 30S ribosomal
subunit and inhibits protein synthesis by inducing codon mis-
reading and interfering with initiation and translocation.4,5 The
aminoglycosides are significantly nephrotoxic and ototoxic and are
therefore normally reserved for treatment of deadly infections such
as those caused by Mycobacterium tuberculosis and methicillin-
resistant Staphylococcus aureus (MRSA). More recent work has
indicated the potential of neomycin and its analogues as a new
class of anti-HIV agents,6,7 and the demonstration of their in vitro
anti-angiogenesis activity has led to their evaluation in anticancer
drug development.8


As with other broad-spectrum antibiotics, the emergence among
human pathogens of antibiotic resistance to aminoglycosides
has blunted their clinical effectiveness. Encouragingly, chemical
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modification of the structure has in several cases produced valuable
semisynthetic aminoglycosides such as amikacin9 that circumvent
such resistance mechanisms. This has prompted increasing interest
in the possibility of producing novel aminoglycoside antibiotics
by engineering of the biosynthetic pathway. For this approach
to be applied effectively, we will require a much more detailed
understanding of the genes and enzymes involved.


Neomycin obtained from fermentation comprises a mixture
of three structurally-related compounds: neomycin A (usu-
ally referred to as neamine), neomycin B and neomycin C
(Fig. 1). Neamine consists of 2,6-diamino-2,6-dideoxy-D-glucose
(neosamine C, ring II) attached by a glycosidic linkage to
the aminocyclitol aglycone 2-deoxystreptamine (2-DOS, ring I).
Neomycin B has a neamine core to which 2,6-diamino-2,6-
dideoxy-L-idose (neosamine B, ring IV) and D-ribose (ring III)
are attached via ring I. Neomycin C and neomycin B are identical
except for the different configuration of the aminomethyl group
at C5′′′ in ring IV. The paromomycins, which are produced by


Fig. 1 Structure and ring numbering of neomycins and paromomycins.


3306 | Org. Biomol. Chem., 2008, 6, 3306–3314 This journal is © The Royal Society of Chemistry 2008







Streptomyces rimosus,10 have been reported as minor components
of the fermentation in S. fradiae.11


Extensive early studies on the biosynthesis of the 2-DOS-
derived aminoglycosides, including the isolation of compounds
from blocked mutants of S. fradiae, and the feeding of labelled
putative precursors to 2-DOS idiotrophs, have strongly implicated
paromamine, neamine and ribostamycin as intermediates in the
formation of neomycin, and provided the first evidence for
the order of assembly.1,2 More recently, the biosynthetic gene
cluster for neomycin has been cloned, by four research groups
independently, from S. fradiae NCIMB 8233 (or the equivalent
strain deposited elsewhere under other reference numbers) and
sequenced (accession numbers: AJ843080,12 AJ629247, AJ786317
and AB21195913). This information, together with comparison
of the gene organisation with that of biosynthetic gene clusters
for other aminoglycosides, has allowed a detailed biosynthetic
pathway to be proposed.12,13 The enzymes responsible for for-
mation of the aglycone 2-DOS, in four steps from D-glucose-6-
phosphate, have been fully characterised in vitro.12–14 In contrast,
many of the details of the proposed pathway from 2-DOS to
neomycin (Scheme 1) remain to be clarified. For example, Neo16
(NeoL), which shows significant sequence similarity to BtrD
in the butirosin gene cluster, was initially suggested to provide
NDP-glucose/NDP-glucosamine sugar donors for glycosylation
of 2-DOS to form paromamine.15 However, as summarised in
Scheme 1, Neo16 is now thought instead to act as a deacetylase


acting to remove the acetyl group on N-acetylglucosamine moi-
eties of aminoglycoside intermediates, based on its significant
sequence similarity to BtrD which has also been recently un-
veiled as a deacetylase.16 Given this insight, it would appear
that neomycin biosynthesis from 2-DOS requires two distinct
cycles of transfer of an N-acetyl-D-glucosamine (GlcNAc) from
UDP-N-acetylglucosamine (UDP-GlcNAc) (to 2-DOS in cycle
1 and to ribostamycin in cycle 2) followed by deacetylation,
and C6 modification of the newly-introduced sugar (Scheme 1).
This raises the intriguing question of whether different enzymes
carry out the comparable step in each cycle, or whether a
single enzyme has the requisite dual specificity. Recombinant
Neo8 and Neo15 were recently reported to catalyse in vitro
the specific transfer of GlcNAc to 2-DOS and to ribostamycin
respectively, while Neo16 in vitro was reported to be active
in deacetylation of both N-acetylparomamine and 2′′′-N-acetyl-
6′′′-hydroxyneomycin (N ′-acetylglucosaminylribostamycin).17 We
report here our own independent findings on the specificity
of Neo15 and Neo16 in vitro, as well as the development of
an efficient method for genetic manipulation of the neomycin-
producing S. fradiae. This has allowed us to demonstrate by an in
vivo approach that the two glycosyltransferases Neo8 and Neo15
must act specifically and in that order, at different points in the
pathway. In contrast, Neo16 is sufficient in vitro to accomplish
deacetylation in both cycles, but it is not essential in vivo
for the second cycle of deacetylation. This provides the first


Scheme 1 Proposed biosynthetic pathway of neomycin C. PRPP: 5-phosphoribosyl-1-diphosphate.
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evidence for overlapping enzymatic activities in aminoglycoside
biosynthesis.


Results and discussion


Attachment of N-acetyl-D-glucosamine to 2-deoxystreptamine


Since the early observation18 that a mutant of S. fradiae could be
isolated which only produced ribostamycin, it has been considered
likely that the two glycosylation steps in neomycin biosynthesis
require two independent glycosyltransferases. However, initial
inspection of the proteins encoded by the neomycin gene cluster
only readily identified Neo8 (NeoD) as a candidate glycosyl-
transferase catalysing one or both of the required transfers of an
aminohexose in neomycin biosynthesis.12,13 Neo8 has homologues
in many aminoglycoside biosynthetic gene clusters that share
high percentage amino acid sequence identities: most strikingly
RibM (ribostamycin, 90%); but also LivM (lividomycin, 72%),
ParM (paromomycin, 69%), TobM1 (tobramycin, 64%), KanM1
(kanamycin, 63%), AprM (apramycin, 61%) and GenM1 (gen-
tamicin, 54%). All of these aminoglycoside pathways require
attachment of at least one hexosamine sugar.


The neo8 gene of S. fradiae was knocked out by targeted in-
frame deletion, which removed 840 bp of the gene (out of a total
of 1185 bp). The identity of the mutant was confirmed by PCR
screening, followed by sequencing of the PCR products (Fig. S1-b).
The mutant, Dneo8, failed to produce neomycin. However, Dneo8
did produce neomycin when the medium was supplemented with
neamine (0.1 mg mL−1) or ribostamycin (0.2 mg mL−1) (Fig. S1-d
and Table S1) but not when the medium was supplemented with
2-DOS (0.1 mg mL−1). This provides direct evidence that Neo8
is essential for the first transfer of UDP-GlcNAc but not for the
second. Feeding of paromamine (0.2 mg mL−1) led, interestingly, to
the production of paromomycin in good yield (Fig. S1-e and Table
S1), accompanied by minor amounts of neomycin. This unusual
production of paromomycin likely reflects a broad substrate
specificity of the downstream enzymes, especially those involved in
ribosylation. In agreement with this, it has previously been shown
that BtrL, the homologue of Neo17 in butirosin biosynthesis,
acts as a phosphoribose transferase in vitro on both neamine
and paromamine substrates.19 In the S. fradiae Dneo8 mutant,
Neo17 apparently competes effectively for the added paromamine
against the dehydrogenase and aminotransferase enzymes Neo11
and Neo18, which normally convert paromamine to neamine. As a
control, ribostamycin and paromamine were also fed to wild-type
S. fradiae, and in each case there was an approximately three-fold
decrease in neomycin production. Production of paromomycin
was again observed with the addition of paromamine.


The Dneo8 mutant was complemented by introduction of a
plasmid (pQZ53) in which neo8 is under the control of the
constitutively-expressed ermE promoter; or alternatively by intro-
duction of a plasmid (pQZ60) in which neo8 is under the control of
its natural promoter. In either case, production of neomycin was
restored (Fig. S1-c), albeit at a reduced level compared to wild-
type, confirming that the loss of neomycin production in Dneo8
was not caused by an unintended polar effect on the expression of
any gene downstream of neo8.


Heterologous expression of the Neo8 protein was also at-
tempted, in order to test its substrate specificity in vitro. Neo8 was


expressed using the vector pET28a(+) in E. coli and with plasmid
pCJW9320 in Streptomyces lividans. The protein was expressed
poorly, and was found to be insoluble under a wide range of
conditions tried. While this manuscript was in preparation, it was
reported that Neo8 (NeoD) could be successfully co-expressed
with E. coli chaperone proteins GroES and GroEL.17 Although
the enzyme could not be purified, its activity in the E. coli lysate
revealed an apparent specificity for 2-DOS as the acceptor of a
GlcNAc group, while ribostamycin, neamine and paromamine
were not substrates.17 Thus, in vitro and in vivo data are in
agreement in suggesting that a distinct, second glycosyltransferase
is required to transfer a GlcNAc group to ribostamycin.


Attachment of N-acetyl-D-glucosamine to ribostamycin


Further, extensive BLAST searches against the open reading
frames in the neomycin biosynthetic cluster12 revealed Neo15
as a second candidate hexosaminyltransferase. Its closest three
potential homologues in the available gene clusters of aminoglyco-
sides are RibF (ribostamycin, 77%), LivF (lividomycin, 65%) and
ParF (paromomycin, 60%). Both lividomycin and paromomycin
possess the same ring IV as neomycin, a further hint that Neo15
could be the glycosyltransferase responsible for its addition. The
neo15 gene was knocked out by an in-frame deletion, which
removed 759 bp of the gene (out of a total of 1101 bp). The
mutation was confirmed by PCR screening and by sequencing
of the PCR products (Fig. S2-c). Neomycin production was
abolished in Dneo15. Instead, ribostamycin was detected in the
culture supernatant (Fig. S2-a), indicating that the biosynthetic
pathway has been disrupted at the stage of the addition of the
last sugar (ring IV). This result agrees with the glycosyltransferase
activity proposed for Neo15. Complementation of the Dneo15
mutant was carried out in three alternative ways: first, by using
a plasmid (pQZ54) containing neo15 under the control of the
ermE promoter; secondly, using a plasmid (pQZ61) housing
neo15 under the control of its natural promoter together with
the other genes in the operon (neo12–neo16); or, finally, using
a plasmid (pQZ62) in which only neo15 is placed downstream
of its natural promoter. In each case, neomycin production
was restored (Fig. S2-b), consistent with Neo15 catalysing the
specific transfer of the GlcNAc moiety from UDP-GlcNAc to
ribostamycin.


To confirm the role of the neo15 gene product in neomycin
biosynthesis, the Neo15 protein was expressed with an N-terminal
His6-tag in E. coli BL21 (DE3) and purified by nickel chelate-
affinity chromatography in a yield of 0.9 mg L−1. The mass of
the purified protein was determined to be 41 295 Da (Fig. S2-d)
(including the His6-tag, and with loss of N-terminal methionine)
by LC–ESI-MS (calculated, 41 289 Da). A peak (41 466 Da)
corresponding to the a-N-gluconoylated21 Neo15 (calculated,
41 467 Da) was also observed. The purified His6-tagged Neo15
was tested for its glycosyltransferase activity in vitro. Incubation
of Neo15 with UDP-GlcNAc and ribostamycin overnight at 30 ◦C
converted all ribostamycin to N-acetylglucosaminylribostamycin
([M + H]+ = 658) as observed by LC–ESI-MS (Fig. 2). The
same conversion was detected using a cell-free extract of E. coli
carrying the Neo15 expression plasmid (pQZ39), but not with
an extract of E. coli containing an empty pET28a(+) vector.
Neo15 was found to be relatively stable, retaining significant
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Fig. 2 LC–MS analysis of Neo15 glycosyltransferase activity in vitro. (a) Control with the substrate ribostamycin but without Neo15. (b) Conversion of
ribostamycin to N-acetylglucosaminylribostamycin by Neo15.


enzymatic activity in Tris-HCl buffer, pH 8.4 at 4 ◦C even after
37 days. The in vitro identification of Neo15 (NeoK) as the
glycosyltransferase required to transfer GlcNAc to ribostamycin
has also recently been independently reported by Eguchi and
colleagues.17


Neo15 appears to have a narrow specificity for its ribostamycin
substrate. Incubation of Neo15 with 2-DOS under the same
conditions did not produce any N-acetylparomamine, confirming
that Neo15 and Neo8 act independently. Replacing UDP-GlcNAc
with UDP-D-glucosamine (UDP-GlcN) or TDP-glucosamine
(TDP-GlcN) as alternative sugar donors did not yield any
product. Neo15 also failed to catalyse glycosylation of butirosin,
which differs from ribostamycin by having an (S)-4-amino-2-
hydroxybutyrate substituent at the C1 amine of 2-DOS (data not
shown).


Structural comparisons between glycosyltransferases Neo8 and
Neo15


Neo8 and Neo15 share only modest amino acid sequence identity
(23.5%) but their three-dimensional structures are likely to be
more similar than this might suggest. Glycosyltransferases are
currently classified into 91 distinct sequence families22 (CAZy;
carbohydrate-active enzymes database at http://www.cazy.org/)
but almost all display only two different three-dimensional folds,
referred to as GT-A and GT-B.23 Both Neo8 and Neo15 are
classified by CAZy in Family 4, the second largest described


family (7868 entries at time of writing), all of which are retaining
glycosyltransferases and have the GT-B fold.


Both Neo8 and Neo15 show significant sequence matches
to four GT-B glycosyltransferases from Family 4 whose crystal
structures have been determined. WaaG, also known as RfaG, is
an a-1,3-glucosyltransferase responsible for transferring glucose
from UDP-D-glucose onto L-glycerol-D-manno-heptose II in the
biosynthesis of the core structure of lipopolysaccharide (LPS).23


AviGT4 is one of several glycosyltransferases required for the
biosynthesis of the polyketide antibiotic avilamycin A. WaaG and
AviGT4 display only 16% sequence identity, but their GT-B fold
(two distinct domains each with a “Rossmann-like” (b/a/b) fold)
and their conserved catalytic residues reveal their close structural
resemblance.23 PimA, the third Family 4 glycosyltransferase,
is an essential phosphatidylinositol mannosyltransferase from
Mycobacterium tuberculosis24 and MshA, the fourth, is involved
in mycothiol biosynthesis in Corynebacterium glutamicum.25 Al-
though they all utilise different NDP-hexose substrates, the C-
terminal domain housing the donor binding site is particularly
highly conserved, and contains a signature sequence which is
universally found in the retaining glycosyltransferases of CAZy
Family 4.26 This sequence contains two conserved glutamate
residues (Fig. 3), spaced eight residues apart, and it is also present
in the C-terminal region of both Neo8 and Neo15. Interestingly,
MshA and the following enzyme in the mycothiol biosynthetic
pathway (MshB) together also catalyse transfer of a GlcNAc group
from UDP-GlcNAc to an acceptor, followed by deacetylation of
the product.27
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Fig. 3 Conserved active site motif in Neo8, Neo15 and closely-related glycosyltransferases of known structure. Fully conserved residues are in white text
with a red background. Similar (at least 70%) residues are in red text and framed in blue. The conserved glutamate residues are marked with wedges (�).


Neo16 as a dual-function N-deacetylase in neomycin biosynthesis


Since both Neo8 and Neo15 use the same sugar donor, UDP-
GlcNAc, deacetylation of the glucosamine moiety must take
place twice during neomycin biosynthesis. We have previously
characterised BtrD as a deacetylase responsible for converting N-
acetylparomamine to paromamine in butirosin biosynthesis, where
only one deacetylation reaction is required.16 Therefore Neo16
(NeoL), a potential homologue of BtrD (19% identity) in the neo
cluster, was a candidate to fulfil at least one, and possibly both, of
these roles.


The Neo16 protein was expressed with an N-terminal His6-
tag in E. coli BL21 (DE3) and purified by nickel-chelate affinity
chromatography in a yield of 0.7 mg L−1 of culture. The mass of
the purified protein was determined to be 32 138 Da (Fig. S3-b)
(including the His6-tag, and with loss of N-terminal methionine)
by LC–ESI-MS (calculated, 32 141 Da). A peak (32 313 Da)
corresponding to the a-N-gluconoylated21 Neo16 (calculated,
32 319 Da) was also observed. Purified Neo16 was found to lose
its activity within a few days, so fresh samples of Neo16 were
used for all in vitro assays. Neo16 was found to function as a
deacetylase in vitro with broad substrate specificity. Incubation
of Neo16 with N-acetylparomamine overnight at 30 ◦C led to
the formation of paromamine ([M + H]+ = 324) (Fig. 4b) as
observed by LC–ESI-MS. Under the same conditions, incubation
of Neo16 together with Neo15, ribostamycin and UDP-GlcNAc
led to the formation of glucosaminylribostamycin ([M + H]+ =
616) (Fig. 4c). The outcome was the same if Neo16 was added after
the completion of the reaction of Neo15 and removal of Neo15
protein by chloroform precipitation. A competitive assay between
N-acetylparomamine and N-acetylglucosaminylribostamycin re-
vealed that Neo16 does not have a clear preference for either
substrate (data not shown). These results demonstrate that Neo16
is a deacetylase fully capable in vitro of accepting either N-
acetylparomamine or N-acetylglucosaminylribostamycin, as also
shown independently by Eguchi and colleagues.17


In view of these results, we tested the ability of purified
BtrD to deacetylate N-acetylglucosaminylribostamycin. Given
its normal activity in the formation of butirosin,16 BtrD was
expected to show selectivity for N-acetylparomamine as a sub-
strate. Surprisingly, it acted on N-acetylglucosaminylribostamycin
as effectively as did Neo16 to form glucosaminylribostamycin
(Fig. S4). Moreover, like Neo16 it showed no substrate preference
in a competitive assay between N-acetylparomamine and N-
acetylglucosaminylribostamycin (data not shown). This suggests
that BtrD and Neo16 have probably evolved to accommodate
multiple substrates and their actions in vivo are controlled by other
factors such as substrate availability or upstream regulators.


To complement the in vitro experiments, the neo16 gene was
disrupted by the insertion of a thiostrepton resistance gene (tsr)


at a unique BsaXI site internal to the gene. An in-frame deletion
was not required because the location of neo16 means that there
is no possibility of an unwanted polar effect on a downstream
gene. The mutant was verified by PCR screening and Southern
blot (Fig. S3-a & c). Neomycin production was abolished in
the Dneo16 mutant and no neomycin was detected when 2-DOS
was fed to the mutant. However when neamine (0.2 mg mL−1)
was added to the medium, neomycin production was restored
(Fig. S3-d and Table S1). Paromomycin was again detected
in the culture supplemented with paromamine (0.2 mg mL−1)
(Fig. S3-e). Ribostamycin feeding (0.2 mg mL−1) led to only
small amounts of neomycin (Fig. S3-f), which is surprising when
contrasted with the ability of ribostamycin to complement the
Dneo8 mutant with high efficiency. However, if Neo16 were the
only enzyme competent to carry out both of the deacetylation steps
in neomycin biosynthesis then none of these feeding experiments
should have given rise to neomycin or paromomycin. These
data taken together strongly suggest the presence of a second
deacetylase in S. fradiae capable of the deacetylation of N-
acetylglucosaminylribostamycin. Therefore, even though Neo16
shows the requisite broad specificity in vitro, and therefore is likely
to have a dual specificity in vivo too, another deacetylase enzyme,
perhaps located outside the boundaries of the currently-recognised
neo gene cluster, cannot be excluded from a role in neomycin
biosynthesis.


Conclusion


Evidence has been obtained for the respective roles of two
specific glycosyltransferases and a deacetylase in the biosynthetic
pathway to neomycin from S. fradiae. A convenient system for
genetic manipulation of the neomycin producer was developed
and this allowed the role of Neo8 to be studied in vivo. A
specific Dneo8 mutant was created and found to incorporate
paromamine and later intermediates but not 2-DOS. These results
complement the in vitro data17 that suggest Neo8 specifically
adds N-acetylglucosamine to the aglycone 2-DOS. Meanwhile,
a Dneo15 mutant accumulated ribostamycin in its supernatant,
and recombinant Neo15 was purified and shown specifically to
transfer GlcNAc from UDP-GlcNAc to ribostamycin to form N-
acetylglucosaminylribostamycin. Both Neo16, the sole deacety-
lase to be recognised in the gene cluster, and BtrD, its counterpart
in butirosin biosynthesis, show broad deacetylase activity for
neomycin biosynthetic intermediates in vitro, consistent with a
dual specificity for Neo16. Nevertheless, such dual specificity is
not essential, for a second enzyme with the ability to substitute
for Neo16 in deacetylation of N-acetylglucosaminylribostamycin
appears to be present in S. fradiae. There is a precedent for this
finding in mycothiol biosynthesis, where the deacetylase mshB was
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Fig. 4 LC–MS analysis of Neo16 deacetylase activity in vitro. (a) Control assay with the substrate N-acetylparomamine but without Neo16.
(b) Conversion of N-acetylparomamine to paromamine by Neo16. (c) Conversion of N-acetylglucosaminylribostamycin to glucosaminylribostamycin by
Neo16.


found not to be essential, because the mshB mutant still produced
approximately 20% of the wild-type level of mycothiol.28


Experimental


Bacterial strains and culture conditions


S. fradiae NCIMB 8233 was maintained on SFM solid medium29


or in tryptic soy broth (TSB) (Difco). The Dneo16 mutant was
maintained on SFM plates containing thiostrepton (25 lg mL−1),
and the complemented Dneo8 and Dneo15 mutants on plates
containing apramycin (25 lg mL−1). For fermentation, S. fradiae
and its mutants were grown in TSB (50 mL) without any antibiotics


in a flask (250 mL) containing a spring (to aid dispersal of mycelial
growth) at 30 ◦C in a rotary shaker (200 rpm) for seven days. For
feeding studies, filter-sterilised compounds were added to TSB
just before inoculation. Escherichia coli DH10B strain was used
for general cloning; ET12567/pUZ8002 strain,30 as a donor strain
for conjugation with S fradiae; BL21 (DE3) strain, as a host for
protein expression.


Construction and verification of mutants


The neo8 deletion plasmid, pQZ27, was constructed based on an
E. coli–Streptomyces shuttle vector, pQZ21, derived from pYH731


by HindIII and MscI digestion followed by blunting the ends and
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self-ligation of an 8615 bp fragment. A SapI (3613 bp) fragment
from the cosmid FR3F712 of the neomycin gene cluster, containing
neo8, was first cloned into the SmaI site of pUC18 vector. The
resulting plasmid, pQZ25, was digested with EcoRI and BamHI to
recover a 3637 bp fragment, which was further digested by BspHI
and NcoI. Two fragments, EcoRI-BspHI (1243 bp) and NcoI-
BamHI (1554 bp), were ligated into EcoRI and BamHI digested
pUC18 to form pQZ26. Finally, a blunt-ended EcoRI-BamHI
fragment (2797 bp) from pQZ26 was cloned into the blunt-ended
BamHI site of pQZ21 to form pQZ27.


The neo15 deletion plasmid, pQZ37, was also constructed based
on pQZ21. An FspI fragment (4592 bp) from the cosmid FR3F7,
containing neo15, was first cloned into the SmaI site of pUC18.
The resulting plasmid, pQZ35, was linearised by AfeI digestion be-
fore it was used as a PCR template for the construction of pQZ36.
The following primers were used: 5′-GACGCCCTGGTGGACC-
3′ and 5′-GGACCGGTAGAACTCCG-3′. The PCR reaction was
performed using Phusion High-Fidelity Master Mix with GC
buffer (New England Biolabs) under the following conditions:
98 ◦C, 2 min; 35 cycles of 10 s at 98 ◦C, 20 s at 60 ◦C and
3 min at 72 ◦C, and a final extension at 72 ◦C for 5 min. A
typical reaction mixture contained AfeI-digested pQZ35 (1 lL),
primers (1 lL each, stock concentration at 50 lM), DMSO (3 lL),
MgCl2 (1.5 lL, 50 mM), the master mix (25 lL) in a final volume
of 50 lL. The product (6519 bp) was phosphorylated by T4
polynucleotide kinase (New England Biolabs) before self-ligation
to form pQZ36. Finally, a blunt-ended KpnI–PvuII fragment (3465
bp) from pQZ36 was cloned into the blunt-ended BamHI site of
pQZ21 to form pQZ37. During this work, a mistake was noted
in the publicly deposited neo15 sequence (AJ843080) at nucleotide
520, which should be G not C. This correction changes an aspartic
acid into a histidine residue.


The neo16 deletion plasmid, pQZ22, was also based on pQZ21.
A SacI fragment (4242 bp) from the cosmid FR3F7, containing
neo16, was cloned into the SacI site of pUC18 to form pQZ15. This
plasmid was modified to remove the BsaXI site by TfiI digestion,
followed by recovery of a 6788 bp fragment which then self-ligated
to form pQZ15′. Digestion of pQZ15′ with BsaXI and blunting of
the ends allowed the insertion of a thiostrepton resistance marker
(tsr), an SfoI fragment (1461 bp) from pJTU41232 to form pQZ16.
A blunt-ended SacI fragment (5670 bp) was then ligated into the
blunt-ended BamHI site of pQZ21 to form pQZ22.


The plasmids pQZ27 (neo8), pQZ37 (neo15) and pQZ22 (neo16)
were introduced into S. fradiae through conjugation from the
E. coli ET12567/pUZ8002 strain transformed with the relevant
plasmids. Conjugation SFM plates (20 mL) were incubated at
30 ◦C for 16 hours before being overlaid with water (1 mL each)
containing nalidixic acid (500 lg), and additionally apramycin
(500 lg) for all except for the pQZ22 plates for which thiostrepton
(500 lg) was added. Exconjugants (usually >102 per plate) were
picked after four days and were verified on corresponding SFM
plates with nalidixic acid (25 lg mL−1), and additionally apramycin
(25 lg mL−1) or thiostrepton (25 lg mL−1). Confirmed colonies
were then propagated on SFM plates without antibiotics. Single
colonies of the putative Dneo8 and Dneo15 mutants from the
non-selective plates were patched onto paired SFM plates, one
of them containing apramycin (25 lg mL−1). Patches showing
sensitivity to apramycin were screened by PCR. Single colonies
of the putative Dneo16 mutant from the non-selective plates were


patched onto paired SFM plates, one with apramycin (25 lg mL−1)
and the other with thiostrepton (25 lg mL−1). The patches
with resistance to thiostrepton and sensitivity to apramycin were
screened by PCR. The following primers were used for PCR
mutant screening: (Dneo8) 5′-TCTCCCCGTGGAGTCCCC-3′


and 5′-CCACGTTCACCACCAGATAGATG-3′; (Dneo15) 5′-
TCGTCAACATCCTCAACCG-3′ and 5′-TCACCCACCGTG-
CTCCT-3′; (Dneo16) 5′-TCCTCGTAGAACAGGGTCAGC-3′


and 5′-GGACGGGAGGAGGAGCAC-3′. PCR reactions were
performed using BioMixTM Red (Bioline) under the following
conditions: 94 ◦C, 5 min; 35 cycles of 30 s at 94 ◦C, 30 s at
55 ◦C and 1 min at 72 ◦C, and a final extension at 72 ◦C for
7 min. A typical reaction mixture contained genomic or plasmid
DNA template (1 lL), primers (1 lL each, stock concentration at
50 lM), DMSO (1.5 lL), BioMixTM Red (15 lL) in a final volume
of 30 lL. An 865 bp PCR product (Dneo8) (Fig. S1-b) and a
486 bp PCR product (Dneo15) (Fig. S2-c) were recovered from
0.7% agarose gel for sequencing to confirm the in-frame deletion.
The Dneo16 mutant was also checked by Southern blot using AgeI-
digested pQZ16 (2606 bp and 2040 bp fragments) as a probe (Fig.
S3-c). The genomic DNA of the mutants and the wild-type, and the
plasmid controls were all digested with AgeI and SacI separately.


Metabolite purification and identification


After seven days of fermentation in TSB, the culture was harvested
by centrifugation. The supernatant was collected and its pH was
adjusted to 6 with HCl (2 M). The supernatant was then filtered
through a GF/A glass fibre filter before being loaded onto a
column (2 g) of DOWEX R© 50 WX8–200 ion-exchange resins, that
had been pre-washed with acetonitrile (50 mL) followed by water
(50 mL), and equilibrated with sodium phosphate buffer (50 mM,
pH 5.4). The column was washed with sodium phosphate buffer
(60 mL, 50 mM) and then with ammonium hydroxide solution
(1 mL, 1 N). Target compounds were eluted with ammonium
hydroxide solution (10 mL, 1 N). The eluate was freeze-dried
before being redissolved in water (1 mL). It was washed twice with
an equal volume of chloroform. The aqueous layer was analysed
by LC–ESI-MS on a Hewlett-Packard HPLC 1100 series system
(Agilent), coupled to a Finnigan LCQ (Thermo Finnigan) mass
spectrometer. The sample was eluted from a 2.0 × 250 mm Gemini
5 l C18 column (Phenomenex) using a linear gradient of 15% to
100% acetonitrile (+ 0.1% pentafluoropropionic acid) in water (+
0.1% pentafluoropropionic acid) over 30 minutes, at a flow rate of
0.15 mL min−1. MS/MS was carried out with 20% relative collision
energy (helium as collision gas). Fragmentation patterns of the
products were compared to those of commercial or synthesised
standards when available.


Complementation of the Dneo8 and Dneo15 mutants


a) Plasmid pIB139-based complementation. The neo8 gene
was amplified using the following primers: 5′-CGTCGGGC


¯
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CAGGTGCAGATCCT-3′ (NdeI) and 5′-ACAGCGCC-
GCAGCG


¯
A
¯


A
¯


T
¯
T
¯
C
¯


ACGG-3′ (EcoRI). The neo15 gene was
amplified using the primers for its protein expression. The products
were digested with NdeI and EcoRI, before being ligated into NdeI-
and EcoRI-digested integrative vector pIB13933 to give pQZ53
(neo8) and pQZ54 (neo15). These complementation plasmids were
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introduced into the Dneo8 and Dneo15 mutants respectively by
conjugation from E. coli ET12567/pUZ8002. As a control, the
empty vector pIB139 was used for conjugation with the mutants.
Exconjugants were verified based on their apramycin resistance.
Complemented mutants were confirmed by PCR from their
genomic DNA using the original mutants as a negative control,
and the wild-type DNA and the plasmids as positive controls.


b) Plasmid pSET152-based complementation. The neo8 gene
was excised from pQZ25 with FspI. The 2890 bp fragment
was inserted into PvuII-digested pSET15234 to form pQZ60.
A 4914 bp fragment containing the genes neo12 to neo16 was
cut out from pQZ35 with PvuII, and then ligated into PvuII-
digested pSET152 to form pQZ61. This plasmid was digested
with AgeI and a 9839 bp fragment was recovered to be used
as a template for a PCR reaction, which amplified the 6537 bp
vector flanking the genes neo12 to neo16. The PCR reaction was
carried out with 3 min extension times using the following primers:
5′-CCCGGCCTCGTGGAGGCACGGC-3′ and 5′-GGCGTGT-
CTCCTCGTTCGGGACGCTG-3′. Meanwhile, the neo15 gene
was amplified using the following primers: 5′-GTGGCTGAGG-
CGCCTGCCGGG-3′ and 5′-TCACCCACCGTGCTCCTCC-
TCCCGT-3′. The neo15 product was phosphorylated before being
ligated into the 6537 bp vector to form pQZ62 (forward insertion
selected only). The sequence of the plasmid was checked by DNA
sequencing. The complementation plasmids were again introduced
into the Dneo8 (pQZ60) and Dneo15 (pQZ61 and pQZ62) mutants
by conjugation from E. coli ET12567/pUZ8002. As a control, the
empty vector pSET152 was used. The complemented mutants were
again checked by PCR from their genomic DNA.


Cloning, overexpression and purification of proteins


The neo15 gene was amplified by PCR from the cosmid FR3F7
using the following primers: 5′-CCGCCGGAGGTGCC


¯
A
¯


T
¯
A
¯


T
¯
-


G
¯


GCTGAG-3′ (NdeI) and 5′-TCCGCCGCCTCCG
¯


A
¯


A
¯


T
¯
T
¯
C
¯


-
GGCTC-3′ (EcoRI). The neo16 gene was amplified with
the primers: 5′-CGGGAGGAGGAGCC


¯
A
¯


T
¯
A
¯


T
¯
G
¯


GGTGAGCC-
3′ (NdeI) and 5′-ACGAGGCG


¯
A
¯


A
¯


T
¯
T
¯
C
¯


ACCGGGCACCC-3′


(EcoRI). The PCR reactions were performed under the same
conditions as for the construction of pQZ36 except that 1 min
extension time at 72 ◦C was used instead of 3 min. The prod-
ucts were separately digested and ligated into the appropriate
restriction sites of pET28a(+) (Novagen) expression vector to form
plasmids pQZ39 (Neo15) and pQZ30 (Neo16), which were used
to transform E. coli BL21 (DE3) competent cells. The sequences
of neo15 in pQZ39 and neo16 in pQZ30 were verified by DNA
sequencing.


The E. coli cells harbouring the recombinant plasmids were
grown in LB medium (1 L) containing kanamycin (50 lg mL−1)
with shaking (250 rpm) at 30 ◦C until the A600 reached 0.6 to 0.9.
Protein overexpression was induced by the addition of isopropyl b-
D-thiogalactopyranoside (0.2 mM), and the culture was incubated
further with shaking (200 rpm) at 18 ◦C overnight. The cells were
harvested by centrifugation and the pellet was resuspended in
binding buffer (30 mL, containing 5 mM imidazole, 0.5 M NaCl,
20 mM Tris-HCl, pH 7.9). The cells were lysed by sonication,
followed by centrifugation. His6-Neo15 and His6-Neo16 were
purified on a Ni2+-NTA affinity column (Novagen) at 4 ◦C (Fig.
S2-d and S3-b). After elution, the protein solution was exchanged


into a storage buffer (100 mM NaCl, 20 mM Tris-HCl, pH 7.5)
by ultrafiltration. The sample was applied on a 2.0 × 250 mm
Jupiter 5 l C4 column (Phenomenex). The method used a linear
gradient of 35% to 75% acetonitrile (+ 0.1% trifluoroacetic acid)
in water (+ 0.1% trifluoroacetic acid) over 25 min with a flow rate
of 0.3 mL min−1.


Protein expression of BtrD and Providencia stuartii 2′-N-
acetyltransferase (AAC(2′)-Ia)35 was carried out as described
previously.16


Chemicals


Paromamine and neamine were synthesised by acid methanolysis
of paromomycin and neomycin (Sigma) using the method of
Dutcher and Donin.36 N-Acetylparomamine was synthesised
with AAC(2′)-Ia.16 UDP-GlcN and TDP-GlcN were made as
previously described.37 Ribostamycin and UDP-GlcNAc were
purchased from Sigma.


Enzymatic assays


A typical reaction mixture for assay of glycosyltransferase activity
(50 lL) contained Tris-HCl (25 mM, pH 8.4), ribostamycin
(1 mM) or butirosin (1 mM) or 2-DOS (1 mM), UDP-GlcNAc
(2 mM) and Neo15 (0.15 mg mL−1) and was incubated at 30 ◦C
overnight. For assay of deacetylase activity, Neo16 (1 mg mL−1)
or BtrD (1 mg mL−1) was included in the reaction mixture.
The assay for the first deacetylation reaction contained Tris-
HCl (25 mM, pH 8.4) and N-acetylparomamine (0.15 mM).
The competitive assays included N-acetylparomamine (0.5 mM)
and N-acetylglucosaminylribostamycin (0.5 mM) as substrates,
which were obtained from quenched completed reactions of
Neo15 and AAC(2′)-Ia. The reaction goes to completion overnight
with ribostamycin concentration up to 10 mM for Neo15 and
paromamine concentration up to 5 mM for AAC(2′)-Ia. All
control reactions omitted either the substrate(s) or the protein(s).
All reactions were quenched with chloroform (50 lL), followed
by vortexing and centrifugation. The aqueous layer was analysed
by LC–ESI-MS using the same method as for the knockout
experiments.
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Macrocyclic molecules containing several amide or urea functions may serve as anion receptors. We
describe the synthesis of 32-membered macrocycles, in which four rigid xanthene units (X) and/or
diphenyl ether units (D) as flexible analogues are linked via urea groups. All six possible combinations
of these units (XXXX, XXXD, XXDD, XDXD, XDDD and DDDD) were synthesized and two
examples were characterised by single-crystal X-ray analyses (DDDD and two structures for XXXD).
Both macrocycles showed distinct differences in their overall conformation and consequently in their
hydrogen-bonding pattern. Hydrogen-bonded solvent molecules are found for both compounds and
intramolecular hydrogen bonds for the two structures of XXXD, but surprisingly no direct
intermolecular hydrogen bonds between the macrocyclic tetraurea molecules. The interaction with
various anions was studied by 1H NMR spectroscopy. Stability constants for all tetramers were
determined by UV spectroscopy for complexes with chloride, bromide, acetate and
dihydrogenphosphate in acetonitrile–THF (3 : 1). The strongest binding was found for XXXD and
acetate (log b = 7.4 ± 0.2), the weakest for XXXX and acetate (log b = 5.1 ± 0.5). MD simulations in
chloroform and acetonitrile boxes show that all molecules except DDDD adopt very similar
conformations characterized by an up–down–up–down arrangement of the spacer groups. Clustered
solvation shells of acetonitrile molecules around XXXX and DDDD suggest their preorganization for
spherical/planar and tetrahedral/bidentate anions, respectively, which in turn was corroborated by
simulation of the corresponding complexes with chloride and dihydrogenphosphate.


Introduction


In spite of all the progress made during recent decade(s), the search
for novel anion receptors is still a field of current interest.1 Efficient
ligands for a common anion such as nitrate are rare,2–4 although
nitric acid or nitrates are frequently used in technical processes (for
instance as explosives or fertilizers), or appear in the environment
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as pollutants. Many of the synthetic ligands synthesized so far
contain pyrrole,5 amide6 or urea functions,4,7 arranged as podands8


or incorporated in a cyclic4,9,10 or bicyclic2,10 skeleton. (Thio)urea
groups have the ability to form two hydrogen bonds to the same
acceptor (e.g. a carbonyl oxygen).11 Thus, the appropriate/suitable
arrangement of three urea groups in a macrocyclic molecule should
lead to host molecules for the planar nitrate or similar anions.12


We have recently reported the synthesis and the properties
of cyclic triurea molecules in which the three urea groups are
connected via rigid xanthene (X) or flexible diphenyl ether (D)
fragments.13 Unfortunately the affinity towards nitrate, predicted
on the basis of MD-simulations, was low for all four combinations
of X and D. On the other hand, a cyclic hexamer (XXDXXD)
revealed an unusual and completely unexpected affinity towards
chloride anions.14 The formation of the hexamer is strongly favored
by chloride, and the 2 : 1 complex is the only well defined species
identified in solution by NMR and characterised by a crystal
structure.


With this background we extended our studies on cyclic ureas
composed of xanthene and diphenyl ether units. We now describe
the whole series of six cyclic tetraureas available by combina-
tion of “flexibility” (expressed by the D-units) and “rigidity”
(introduced by the X-units), addressing in this way the interplay
between rigidity and flexibility of the skeleton in a more detailed
manner.
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Scheme 1 Synthesis of cyclic tetraureas and their precursors.


Results and discussion


Syntheses


The known 2,7-di-tert-butyl-9,9-dimethyl-4,5-diaminoxanthene 1
was chosen as a building block (X-unit) for the synthesis of
macrocycles, since it is easily prepared from the commercially
available dicarboxylic acid.15 This xanthene-derived spacer has
already been used in some simple open-chain urea-based anion
receptors which demonstrated promising results.16 In addition to
the rigid xanthene units, the diphenyl ether derivative 2 (D-unit)
was used as the more flexible unit, which could be also prepared
following relatively simple procedures.17 The synthesis of their
mono-Boc protected derivatives 3 and 4, of the diisocyanates 5
and 6 and of the dimers 7 and 8 has been described before.13


There are various possibilities or strategies for the preparation
of tetramers depending on their composition. According to the
number and size of the D- or X-fragments combined in the
cyclisation step, they may be distinguished as 4 × 1 (or 2 × 1 +
2 × 1), 2 + 2 and 3 + 1 condensations. The direct condensation of
monomeric diamine units 1 or 2 with 4-nitrophenyl chloroformate
(4 × 1) was used for the synthesis of 12 (XXXX) and 17 (DDDD).
Other possibilities, such as the 4 × 1 reaction of a mono-isocyanate
or the 2 × 1 + 2 × 1 reaction of a bis-isocyanate 5 or 6 with the
diamine 1 or 2, were not checked. A 2 + 2 reaction between 7 and
8 was used for the synthesis of 15 (XXDD), as suggested by its
structure. All other cyclisations followed the 3 + 1 principle, using
the monomeric bis-isocyanates 5 and 6 and the linear trimers 9,
10, and 11, which in their turn were prepared by reaction of 5
and 6 with the mono-Boc protected compounds 3 and 4, followed


by deprotection. These cyclisation reactions and the syntheses of
novel intermediates are summarized in Scheme 1.


The direct cyclisation of diamines 1 and 2 using 4-nitrophenyl
chloroformate as a bifunctional reagent may lead to a variety of
cyclic oligomers. Usually the reaction mixture contains in addition
also linear oligomers. Nevertheless, conditions were found (CHCl3


as solvent, addition of the reagent over 10 h, followed by the
addition of N-diisopropylethylamine, 4 h at r. t.) under which
the pure cyclic tetramer 12 precipitates as a white solid from the
mixture in 15% yield; 17 crystallized from a concentrated solution
in ethyl acetate in yields as high as 58%. From the cyclisation
reaction of D-diamine 2, a “cyclic mono-urea”18 and a cyclic
di-urea19 were also isolated. Cyclic trimers, however, were not
detected in significant quantity for either system.


The following general procedure was used to prepare the
trimeric diamines: the diisocyanate 5 or 6 (for X or D) was reacted
with the stoichiometric quantity of the respective monoprotected
derivative 3 or 4 in CH2Cl2 at r.t. for 10–18 h. The crude product
was directly deprotected with trifluoroacetic acid and the desired
products 9, 10 and 11 were obtained after neutralisation of the
excess acid in yields of 60–94%.


For the preparation of the cyclic tetramers 13 and 14 (XXXD
and XDXD), the trimeric diamines 9 and 10 were reacted with
the respective diisocyanates 6 and 5 in dichloromethane. The pure
compounds were isolated with yields of 69 and 55%. In case of the
more flexible 16 (XDDD), the cyclisation under these conditions
produced significant amounts of byproducts, which made the
isolation of the pure tetramer difficult or impossible. To avoid
the unwanted association via hydrogen bonding, the reaction was
performed finally in acetonitrile.
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Table 1 Characterisation of the conformation in the crystal by interplanar angles (◦) between aromatic rings (first four columns) and between urea
groups (N–C(O)–N) and the adjacent aromatic units (last four columns)


Compound Ph1/Ph2 Ph3/Ph4 Ph5/Ph6 Ph7/Ph8 Ph2–Ur–Ph3 Ph4–Ur–Ph5 Ph6–Ur–Ph7 Ph8–Ur–Ph1


13·2CH3CN 12.0 29.5 5.7 71.7 24.0/13.1 52.6/20.0 5.6/25.8 62.9/53.8
(XXXD) X X X D X–X X–X X–D D–X


13·5EtOH 9.7 41.9 7.1 74.5 10.6/12.8 64.8/41.1 10.7/9.2 64.8/53.9
(XXXD) X X X D X–X X–X X–D D–X


17·5THF 81.3 74.8 80.2 76.5 13.2/22.4 17.4/14.8 11.0/10.6 12.2/18.9
(DDDD)a


a Values for one of the two crystallographically independent molecules with very similar shape.


Moreover, tetrabutylammonium chloride was added to the
solution of diamine 11 (one mole per mole of the diamine) as an
additional acceptor for hydrogen bonds. These conditions finally
allowed to isolate the desired compound 16 with 25% yield. The
tetramer 15 was formed by the reaction of the dimeric diisocyanate
8 with the diamine 7 in dichloromethane and could be isolated in
yields up to 45%.


Crystal structures


The structures of two tetraureas 13 (XXXD) and 17 (DDDD)
were confirmed by single-crystal X-ray analysis. The conformation
of the two molecules 13 and 17 is entirely different, with small
differences being found for 13 when it was crystallized from
different solvents. Table 1 contains a comparison on the basis
of interplanar angles between the aromatic planes and the plane
based on N–C(O)–N atoms of the urea.


Suitable crystals of 17 were obtained by slow evaporation of
its solution in THF. The asymmetric unit has two molecules of
the tetramer 17 and ten THF molecules. In each case four THF
molecules are bound by the four urea groups of each tetramer.
Neither intramolecular hydrogen bonds within a tetramer nor in-
termolecular hydrogen bonds (tetramer-to-tetramer) are present.
The remaining two THF molecules are located between tetramer
molecules, obviously filling gaps in the crystal lattice.


Each tetramer molecule is folded into a compact “box” with
THF molecules lying between the aromatic rings of the opposite
sides of this box. This conformation, with alternate urea functions
pointing in opposite directions, is somehow reminiscent of a
calix[4]arene in the 1,3-alternate conformation.


The urea groups are nearly coplanar with the neighbouring
aromatic rings, while the angles between the planes of the
aromatic rings in each diphenyl ether unit are in the range of
75–81◦ (Table 1). The box-like conformation is possible due
to this flexibility of these units. The crystal cell contains two
molecules (I, II) with slightly different geometry. Therefore, there
are two pairs of distances between two opposite urea carbons (N–
C(O)–N): 7.443/7.458 Å (I) and 7.802/7.428 Å (II), as well as
between opposite diphenyl ether oxygens (9.095/8.152 Å (I) and
8.539/8.848 Å (II)). The arrows in Fig. 1 illustrate the deviation
from an entirely symmetrical square.


In the crystal lattice the molecules of 17 are arranged in sheets
parallel to the a–c-plane. Adjacent sheets are shifted towards each
other and the molecules are neither directly aligned within a sheet,
nor exactly stapled to columns perpendicular to the sheets. The
packing is illustrated by Fig. 2.


Fig. 1 Molecular conformation of 17, seen from two different directions.
Intermolecular hydrogen bonds are indicated by thin dashed lines. Black
arrows between ether oxygens illustrate the distortion of the square-like
conformation.


Fig. 2 Packing diagram of 17, seen from two directions; left: along the
b-axis; right: along the c-axis.


Single crystals for 13 (XXXD) were obtained by slow
evaporation from a solution in dichloromethane–acetonitrile
(13·2CH3CN) and from a solution in dichloromethane–ethanol
(13·5EtOH). The conformations of 13 in both crystal structures are
very similar as shown by the root-mean-square deviation (rmsd)
of 0.47 Å for all heavy atoms excluding the tert-butyl and the
methyl groups (see Fig. 3). In contrast to 17 (DDDD), which
forms hydrogen bonds exclusively to the solvent, the molecular
conformation of 13 is mainly determined by intramolecular hy-
drogen bonds between pairs of adjacent urea groups This requires
the folding of the macrocycle shown in Fig. 3. Additionally, the
urea groups form hydrogen bonds to the solvent, alternately acting
as donor (NH groups) and acceptor (C=O groups). The systems
of hydrogen bonds are illustrated in Fig. 4.


Although the molecular conformations of 13 are similar (Fig. 3),
the pattern of hydrogen bonds of the four urea functions is quite
different for 13·2CH3CN and 13·5EtOH (see Fig 4). This must be
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Fig. 3 Superimposition of the molecular skeletons from the two different
X-ray structures of the tetramer 13 (13·2CH3CN on the left, 13·5EtOH
on the right). Hydrogen atoms, methyl and tert-butyl groups, as well as
solvent molecules, are omitted for clarity.


Fig. 4 Hydrogen-bonded arrays formed by the urea groups of 13 in the
crystal. Left: 13·2CH3CN; right: 13·5EtOH.


due to the different hydrogen-bonding abilities of the two solvents.
While acetonitrile is an acceptor of hydrogen bonds by its nitrogen
atom, ethanol is able both to accept and to donate hydrogen
bonds. Thus, ethanol forms a hydrogen-bonded network which
interconnects the tetramer molecules in the lattice.20 Remarkably,
direct intermolecular hydrogen bonds between the tetraurea
macrocycles are not observed again. This has already been found
for cyclic triureas built from xanthene and diphenyl units,13 but
it is even more surprising for the more flexible cyclic tetraureas,
especially since intermolecular hydrogen bonds are often found for
diaryl ureas.21 The different molecular arrangement is illustrated
by the packing diagrams in Fig. 5.


NMR studies


Distinct changes of the 1H NMR spectrum are usually observed
upon addition of a tetrabutylammonium salt to the solution of a
tetramer. Usual responses comprise a sharpening or broadening
of the whole spectrum, as well as more or less pronounced up- or
downfield shifts of single signals, where those for the urea protons
are most strongly affected. Since we deal with compounds which
tend very strongly to intra- and intermolecular hydrogen bonding,
we are forced to use polar, hydrogen-bond-breaking NMR solvents


Fig. 5 Crystal cells of two different crystalline samples of the tetramer 13
(left: 13·2CH3CN, seen along the c-axis; right: 13·5EtOH seen along the
b-axis). Hydrogen atoms are omitted for clarity.


to obtain sharp, interpretable spectra under normal conditions.
The best results were achieved with DMSO-d6, although two of
the six tetraureas were not soluble at r.t., and in the other cases we
were not always able to obtain interpretable spectra.


The following tetrabutylammonium salts were checked with
the tetramers: chloride, bromide, iodide, nitrate, hydrogensulfate,
dihydrogenphosphate and acetate.


Tetramer 12 (XXXX). At normal temperature the compound
is either completely insoluble or at least insufficiently soluble
in the majority of organic solvents. However, a sharp spectrum
was obtained at 120 ◦C in DMSO-d6, which contains signals
corresponding to the expected time-averaged D4h symmetry
(tBu/Me/ArH/ArH/NH = 9 : 3 : 1 : 1 : 1). The addition of more
than twofold excess of tetrabutylammonium (= TBA) chloride
leads to a strong downfield shift of the urea signal from 8.66 ppm
to 9.69 ppm, while other signals are (nearly) not affected. The shift
is less pronounced for dihydrogenphosphate (0.39 ppm), acetate
(0.27 ppm), bromide (0.19 ppm) and other anions (<0.1 ppm).


Tetramer 13 (XXXD). The compound is less affected by the
solubility issues mentioned above, but also insufficiently soluble
in DMSO up to 80 ◦C. Even though it is soluble in other solvents
(e.g. THF or chloroform), the spectra are broad and insignificant.
However, the spectrum sharpens drastically upon addition of
selected tetrabutylammonium salts. The example shown in Fig. 6,
obtained with TBA chloride, clearly reveals the expected dynamic
C2v symmetry.


With TBA acetate and bromide the sharpening is far less
significant, obviously due to weaker interactions with the anion,
while entirely broadened spectra were obtained with the other
anions checked.


Tetramer 14 (XDXD). The compound is soluble in DMSO-
d6 and produces a well resolved spectrum which reflects the
time-averaged D2h symmetry. It contains two signals for the urea
protons, two for aromatic protons of the xanthene skeleton, four
for the aromatic protons of the diphenyl units, a singlet for the
methyl protons and a singlet for the tert-butyl groups.


The spectrum remains sharp upon addition of halides and
the downfield shifts for signals observed upon addition of TBA
bromide and chloride are more pronounced for the latter. The
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Fig. 6 Top: the low-field part of the spectrum of the tetramer 13 in
THF-d8 in the presence of excess of TBA chloride; bottom: without salt.


addition of acetate, hydrogensulfate and dihydrogenphosphate led
to completely broadened and unclear spectra, while nitrate and
iodide showed no effect.


Tetramer 15 (XXDD). The different sequence of X and D units
in the skeleton of 15 (time averaged C2v-symmetry) compared to
14 led to strong changes in the NMR behaviour of the compound.
The tetramer does not produce sharp spectra in DMSO-d6 with
the exception of the mixture with TBA chloride (Fig. 7), although
the interaction with other anions (first of all hydrogensulfate,
dihydrogenphosphate and acetate) is evident from downfield shifts
of several signals.


Tetramer 16 (XDDD). Although not entirely sharp, the spec-
trum of 16 in DMSO-d6 at room temperature is well resolved and
this is also true for the spectra in the presence of anions. Among
the anions studied, chloride, acetate and especially dihydrogen-
phosphate cause pronounced downfield shifts (up to 1.5 ppm),
while bromide and hydrogensulfate only slightly change the shape
of the signals. Iodide and nitrate have no visible effect.


The evidently strong influence caused by the addition of the
non-spherical (!) anions dihydrogenphosphate and acetate in
comparison to the usually more effective chloride and bromide
is especially intriguing. Obviously, the more flexible skeleton
of XDDD is also more responsive to the different geometrical
requirements of the guests.


Tetramer 17 (DDDD). This compound produces sharp spectra
corresponding to the dynamic D4h symmetry under all conditions.
It contains one urea singlet and four signals for the aromatic
protons of the diphenyl ether unit. Interestingly, addition of
bromide and chloride causes no visible effect at all, while it is


Fig. 7 The 1H NMR spectrum of the solution of tetramer 15 mixed with
TBA chloride (DMSO-d6, 25 ◦C).


quite pronounced in the case of dihydrogenphosphate and acetate
(Fig. 8).


Fig. 8 Interaction of the tetramers 14, 16 and 17 with selected anions
(DMSO-d6, 25 ◦C, c = 0.1 mM).


For the side-by-side comparison we have used conditions under
which all tetramers produce sharp NMR spectra with and without
the anion. This is possible in the highly polar DMSO-d6 at
120 ◦C for all tetramers, where comparative measurements were
performed. TBA chloride was chosen as the salt for these studies.
A combined view of the NMR spectra of all tetramers is presented
in Fig. 9.


The compounds show various responses to the addition of
chloride, which are difficult to place in a row. In all cases more
or less significant downfield shifts of the urea proton signals were
observed, while the signals of the aromatic protons (especially
those with a neighbouring urea group) shift most frequently
upfield.


Two main conclusions can be drawn:
1. The observed downfield shift for the signals for the urea


protons decreases with increasing flexibility of the skeleton;
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Fig. 9 Summarized view of the 1H NMR spectra of all tetramers at 120 ◦C
in DMSO-d6 without (above) and with TBA chloride (below). Colors: blue
for urea protons, green for aromatic protons of xanthene, brown for the
protons of the diphenyl ether unit.


2. Addition of chloride to XXXD and XXDD leads to signifi-
cant changes even in the order of the urea signals. Relatively strong
shifts are also observed for the aromatic protons. Such pronounced
variations of the magnetic environment unambiguously indicate
conformational changes. The variations may be caused by the
involvement of urea protons in the binding of a chloride instead
of their participation in intramolecular hydrogen bonding.


Complexation studies


The interactions between the six tetramers and TBA chloride,
bromide, acetate and dihydrogenphosphate have been studied by
UV absorption spectrophotometry (for exact conditions see the
Experimental section). In general, the spectral changes induced
by acetate and dihydrogenphosphate are more distinct than those
observed with spherical chloride and bromide.


The spectrophotometric titration of the tetramer 16 (XDDD)
by acetate is shown in Fig. 10 as an example. No spectral changes
occurred for 17 (DDDD) with chloride and with all ligands except
14 (XDXD) upon addition of bromide. This seems to be consistent
with the fact that the NMR spectra show smaller shifts with
increasing flexibility of the ligands.


Fig. 10 Changes in the UV spectra of tetramer 16 (XDDD) upon addition
of acetate (CL = 6.4 × 10−6 M, 0≤ CA/CL ≤ 3). The arrows indicate: a)
the spectrum of 16; b) increasing amounts of acetate.


Stability constants which could be obtained from the UV spectra
are given in Table 2. The following trends can be observed:


(a) Ligands 13 (XXXD), 15 (XXDD), 16 (XDDD) and 17
(DDDD) form exclusively 1 : 1 complexes with all the anions
studied. For 14 (XDXD) mainly 1 : 2 (anion:ligand) complexes
were found, accompanied in the case of acetate and dihydrogen-
phosphate by 1 : 1 complexes. A small positive cooperative effect is
observed for the formation of the biligand complex in the former
case. The more rigid macrocycle 12 (XXXX) forms 1 : 1 complexes
with acetate, chloride and dihydrogenphosphate and an additional
2 : 1 species with the last two anions. No positive cooperative effect
is found; the stability constant is lower for the second complexation
step than for the 1 : 1 complexes. For instance, log b = 6.34 for the
1 : 1 chloride complex, whereas the stepwise stability constant for
the corresponding 2 : 1 complex (which can be derived from the
data in Table 2) is log K2 = 5.16.


(b) The ligand 12 (XXXX) prefers the spherical chloride anion
while all other macrocycles show the highest stability constants
for the multidentate acetate and dihydrogenphosphate. Selectivity
for acetate, although not very pronounced, was observed for 13
(XXXD), 15 (XXDD) and 16 (XDDD), whereas 14 (XDXD)
and 17 (DDDD) exhibit a comparable affinity for acetate and
dihydrogenphosphate.
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Table 2 Overall stability constants (log b ± r) of the complexes formed by the tetramers with chloride, bromide, acetate and dihydrogenphosphate
(counterion: Bu4N+) in acetonitrile–THF (3 : 1) mixture


Ligands


Anions 12 (XXXX) 13 (XXXD) 14 (XDXD) 15 (XXDD) 16 (XDDD) 17 (DDDD)


Cl− 6.34 ± 0.05 (AL) 6.4 ± 0.3 (AL) — 5.44 ± 0.05 (AL) 5.4 ± 0.3 (AL) —a


11.5 ± 0.6 (A2L) — 10.30 ± 0.01(AL2) — — —
Br− —a —a 9.2 ± 0.3 (AL2) —a —a —a


OAc− 5.1 ± 0.5 (AL) 7.4 ± 0.2 (AL) 6.8 ± 0.3 (AL) 6.4 ± 0.1 (AL) 6.4 ± 0.4 (AL) 5.2 ± 0.5 (AL)
— — 12.89 ± 0.01 (AL2) — — —


H2PO4
− 5.6 ± 0.3 (AL) 5.3 ± 0.2 (AL) 6.3 ± 0.1 (AL) 5.53 ± 0.06 (AL) 6.1 ± 0.1 (AL) 5.8 ± 0.4 (AL)


9.5 ± 0.2 (A2L) — 13.0 ± 0.2 (AL2) — — —


a Spectral variations too small.


(c) The more rigid ligands 12 (XXXX) and 13 (XXXD) form
the most stable 1 : 1 chloride complexes, which is consistent with
the shift values observed by NMR spectroscopy. For acetate the
introduction of one flexible diphenyl ether unit in the rigid ligand
12 (XXXX) leads to an important increase of stability of the
complex (from 5.1 to 7.4 log units), and the stability decreases
again when two or more of these units are present in the ligand.
With dihydrogenphosphate, 14 (XDXD) forms the most stable 1 :
1 complex. Notably, the sequence of the different spacers seems to
have a decisive influence, as shown by the different stabilities of the
1 : 1 complex with 14 (XDXD) (log b = 6.3) and with 15 (XXDD)
(log b = 5.53). Such a variation is not observed with acetate, for
which the complexes with both ligands have a similar stability.


Molecular dynamics simulations


Molecular dynamics (MD) simulations were carried out to explore
structure and dynamics of the tetramers as well as their preorgani-
zation for the complexation of anions. In order to investigate the
influence of solvent polarity and intermolecular hydrogen bonding
on the conformation of the tetramers, we used boxes of acetonitrile
(the solvent used for the determination of stability constants) and
chloroform, respectively.


A priori, we did not expect the tetramers to adopt single,
preferred conformations during the MD simulations due to the
putative high flexibility of their 32-membered macrocyclic ring
system. However, as illustrated by the average structures in Fig. 11,
five of the six tetramers (the exception being DDDD (17), see
below) adopt on average very similar conformations in the two
solvents used for the simulations.22 In this preferred conformation
the bridging xanthene and diphenyl ether units arrange in an up–
down–up–down fashion while the urea functions form a belt in the
middle. This enables intramolecular hydrogen bonding between
the urea groups as well as p · · · p stacking interactions of the
aromatic ring systems. The tetramer 12, however, adopts the up–
down–up–down conformation without forming these stabilizing
intramolecular interactions. Instead, all the urea protons point
to the center of the macrocycle where on average 3.2 acetonitrile
molecules are captured in the cavity by intermolecular NH · · · N
hydrogen bonding (Fig. 12a). A similar clustered solvation shell
was obtained for the DDDD tetramer 17 in acetonitrile solution
(Fig. 12b). Its average structure closely resembles the X-ray
structure (rmsd value for the heavy atoms 0.37 Å) but is different
from the conformations of the other tetramers. In the case of 17 the


up–down arrangement is caused by an interplanar angle of about
90◦ between the aromatic rings of the diphenyl ether units, while
in all other structures it is caused by the more or less parallel
arrangement of opposite urea units required by the xanthene
building blocks.


The pronounced complexation of acetonitrile molecules by the
urea groups of 12 and 17 (for a comparison with a statistically
distributed solvation shell see Fig. 12c) suggests that both macro-
cycles should be preorganized for the complexation of suitably
sized anions. Because of the different spatial arrangement of the
ligating urea functions (Fig. 11) we hypothesized that the XXXX
tetramer 12 should prefer spherical or planar anions while the
DDDD tetramer 17 could recognize tetrahedral anions.


To test this assumption we performed MD simulations of the
complexes with TBA chloride and TBA dihydrogenphosphate in
acetonitrile solution.23 The average structures of the simulations
in acetonitrile illustrated in Fig. 13 show the complexation of the
anions by a network of hydrogen bonds to the urea groups. On
average, 7.5 to 8.6 hydrogen bonds exist between the macrocycle
and the anion (Table 3). A comparison of the structures of free
and complexed macrocycles in Figs. 11 and 13 reveals that 12
is indeed preorganized for chloride and 17 for dihydrogenphos-
phate, respectively. The macrocycles have to undergo only minor
conformational changes upon complexation of the anion, which is
also reflected in the small energy contributions necessary for their
reorganization (Table 3). A closer inspection of the interaction
and complexation energies listed in Table 3 suggests that for
both macrocycles the complexation of chloride is energetically
more favourable than the complexation of dihydrogenphosphate,
although the complexation energies differ only slightly in the
case of 17. Here, the highly attractive interactions between the
macrocycle and the chloride anion are in part counterbalanced
by a high reorganization energy due to a complete change
of the conformation (Fig. 13). It is interesting to note that
dihydrogenphosphate is bound to 17 only via its nonprotonated
oxygen atoms while the hydroxyl oxygen atoms form no hydrogen
bonds to the macrocycle. This suggests that 17 should be a good
receptor for bidentate anions such as carboxylate.


Conclusion


Six tetraurea macrocycles involving flexible and rigid spacers
have been synthesised and characterised by NMR spectroscopy


3250 | Org. Biomol. Chem., 2008, 6, 3244–3255 This journal is © The Royal Society of Chemistry 2008







Fig. 11 Minimized average structures from the MD simulations in chlo-
roform (left column) and acetonitrile (right column) for the macrocycles
12–17 (from top to bottom). Nonpolar hydrogen atoms have been omitted,
and the carbon atoms of the diphenyl ether units are colored in yellow.


and partly by single-crystal X-ray spectroscopy. Their complexes
with different spherical, planar and bidentate anions have been
investigated by NMR spectroscopy, UV spectrophotometry and in
part by MD simulations. Despite unexpected solubility problems


Fig. 12 Distribution of the nitrogen atoms of the twelve closest acetoni-
trile molecules around the empty receptors 12 (a), 17 (b) and 15 (c) during
the 10 ns MD simulation, seen from two different directions. The carbon
atoms of the diphenyl ether units are colored in yellow.


it could be established that all macrocycles act as anion receptors,
although with different affinity and selectivity. In general, no
complexes were observed with iodide and nitrate and only weak
interactions were found for bromide. This may be attributed to the
nonplanar, box-like conformation of the macrocycles (observed
in the MD simulations and corroborated by the X-ray analyses
of two examples), which spans a cavity that is too small for
the larger halide anions. For nitrate the discrepancy between the
number of donating and accepting sites seems to be the excluding
factor for complexation. Among the complexed anions, chloride
seems to prefer the more rigid macrocycles while acetate and
dihydrogenphosphate are best complexed by ligands combining
both flexible and rigid elements.


Experimental


All solvents were of analytical quality (p. a.) and were used
without additional purification. Deuterated solvents for NMR
were purchased from Deutero GmbH. 1H NMR spectra were
recorded on a Bruker Avance DRX 400 spectrometer at 400 MHz
using the solvent signals as an internal reference. Mass spectra
were recorded with a Finnigan MAT 8230 instrument. The melting
points are not corrected.
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Table 3 Selected average energies (kcal mol−1) and geometrical parameters for the complexes of 12 and 17 with chloride and dihydrogenphosphate


12 (XXXX) 17 (DDDD)


Cl− H2PO4
− Cl− H2PO4


−


Interaction energy MC · · · X−a −126.8 −102.1 −146.7 −113.3
Interaction energy MC · · · TBA+ −7.7 0.0 −1.8 −2.5
Interaction energy TBA+ · · · X− −14.9 −0.4 −5.1 −7.4
Sum of the interaction energies −149.4 −102.5 −153.7 −123.2
Steric energy MCcomplex 243.4 243.3 −71.8 −88.0
Steric energy MCfree 247.2 247.2 −100.0 −100.0
Reorganization energy MCfree → MCcomplex −3.8 −3.9 28.2 12.0
Complexation energy R Ecomplex − R Efree −128.8 −91.5 −101.8 −95.4
Number of hydrogen bonds MC · · · X− 7.5 8.6 7.7 7.6
Average NH · · · X− distanceb 2.16 2.82 2.11 3.07


a MC: macrocycle. b For dihydrogenphosphate the NH · · · P distances were chosen.


Fig. 13 Minimized average structures of the complexes of 12 (left)
and 17 (right) with chloride (top) and dihydrogenphosphate (bottom) in
acetonitrile. Nonpolar hydrogen atoms have been omitted, and the carbon
atoms of the diphenyl ether units are colored in yellow.


Diamine 9 (XXX)


A solution of diisocyanate 5 (1.0 g, 2.5 mmol) in dichloromethane
(90 cm3) was added dropwise over 30 min to a stirred solu-
tion of the mono-BOC-protected amine 3 (2.23 g, 5 mmol) in
dichloromethane (90 cm3) under nitrogen. After 18 h of stirring
the solvent was removed under reduced pressure and the residual
sticky solid was triturated with acetonitrile (20 cm3). The solid
was filtered off and washed with acetonitrile (2 × 10 cm3) yielding
the protected trimeric diamine as a light-yellow powder (2.38 g,
1.81 mmol). The compound was dissolved in dichloromethane
(50 cm3), and trifluoroacetic acid (30 cm3) was added to the stirred
solution cooled in an ice bath. The reaction mixture was allowed
to warm up to room temperature over the next 3 h and slowly
poured into a 5 N solution of sodium carbonate (400 cm3). The
pH was controlled to be 9–10. The organic layer was separated and
the water layer was washed with dichloromethane (2 × 50 cm3).
The combined dichloromethane solutions were dried over MgSO4,
and evaporated. The crude product was triturated with 20 cm3


acetonitrile and the solid was filtered off yielding the trimeric
diamine 9 (1.68 mg, 60%) as a white powder; mp >360 ◦C
(decomp.); dH (400 MHz, DMSO-d6): 8.79 (2 H, s, NH), 8.74
(2 H, s, NH), 8.08 (2 H, d, J 2.0, ArH), 7.97 (2 H, d, J 2.0, ArH),
7.20 (2 H, d, J 2.0, ArH), 7.13 (2 H, d, J 2.0, ArH), 6.62 (2 H, d,
J 2.0, ArH), 6.26 (2 H, d, J 1.6, ArH), 4.83 (4 H, s, NH2), 1.66
(6 H, s, CH3), 1.50 (12 H, s, CH3), 1.32 (18 H, s, tBu), 1.27 (18 H, s,
tBu), 1.15 (18 H, s, tBu); m/z (ESI) 1132.4 [M+ + Na, 100%].


Diamine 10 (DXD)


A solution of the monoprotected diamine 4 (215 mg, 0.716 mmol)
in dichloromethane (10 cm3) was added to the solution of
diisocyanate 5 (145 mg, 0.358 mmol) in dichloromethane (10 cm3).
After 12 h of stirring under nitrogen the solvent was removed
under reduced pressure yielding BOC-protected trimeric diamine
as a light-brown glass-like solid. The crude diurea (360 mg,
0.358 mmol) was dissolved in dichloromethane (10 cm3), cooled in
an ice bath and then trifluoroacetic acid (10 cm3) was added. The
mixture was allowed to warm up to room temperature over the next
4 h, with stirring. The reaction was stopped by pouring the mixture
slowly into a 5 N solution of sodium carbonate (100 cm3). The pH
of the solution was controlled to be 9–10. The organic layer was
separated, the aqueous layer was washed with dichloromethane
(2 × 25 cm3), and the combined organic phase was dried over
MgSO4. The solvent was removed under reduced pressure yielding
diamine 10 (0.272 g, 94%) as a brown powder; mp > 190 ◦C
(decomp.); dH (400 MHz, DMSO-d6): 8.91 (2 H, s, NH), 8.67
(2 H, s, NH), 8.19 (2 H, d, J 2.3, ArHxan), 7.86–7.80 (2 H, m,
ArHdiph), 7.14 (2 H, d, J 2.3, ArHxan), 7.00–6.92 (4 H, m, ArHdiph),
6.86 (2 H, ddd, 3J 8.0, 3J 7.0, 4J 1.6, ArHdiph), 6.71 (2 H, dd, 3J 8.0,
4J 1.4, ArHdiph), 6.63 (dd, 2 H, 3J 7.8, 4J 1.2, ArHdiph), 6.53–6.47
(2 H, m, ArHdiph), 6.34 (2 H, ddd, 3J 7.6, 3J 7.6, 4J 1.4, ArHdiph),
4.89 (4 H, s, NH2), 1.62 (6 H, s, CH3), 1.30 (18 H, s, tBu); m/z
(ESI) 827.6 [M+ + Na, 100%].


Diamine 11 (DDD)


This was prepared as described for 10. Diisocyanate 6 (329 mg,
1.3 mmol) and the monoprotected diamine 4 (300 mg, 2.6 mmol)
yielded the dimeric diamine 11 (510 mg, 60%) as a brownish
powder; mp 185 ◦C; dH (400 MHz, DMSO-d6): 9.23 (2 H, s, NH),
9.17 (2 H, s, NH), 8.29 (2 H, dd, 3J 8.2, 4J 1.2, ArH), 8.15 (2 H,
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dd, 3J 8.2, 4J 1.6, ArH), 7.10 (2 H, ddd, 3J 7.8, 4J 1.6, ArH), 7.00–
6.83 (8 H, m, ArH), 6.81–6.72 (6 H, m, ArH), 6.57–6.50 (4 H, m,
ArH), 4.92 (4 H, s, NH2). m/z (ESI) 675.7 [M+ + Na, 100%].


Tetramer 12 (XXXX)


Solutions of the diamine 1 (124 mg, 0.35 mmol) and 4-nitrophenyl
chloroformate (71 mg, 0.35 mmol) in CHCl3 (50 cm3 each) were
simultaneously added dropwise with stirring over 10 h into a
flask containing 100 cm3 of chloroform. The solvent was removed
in vacuo and a solution of N-ethyldiisopropylamine (46 mg,
0.35 mmol) in THF (50 cm3) was added. Stirring was continued for
the next 4 h. A white solid appeared in the reaction mixture, which
was filtered off and identified as the cyclic tetramer 12 (33 mg,
15%); mp >320 ◦C (decomp.); dH (400 MHz, DMSO-d6, 120 ◦C):
8.67 (8 H, s, NH), 7.87 (8 H, s, ArH), 7.19 (8 H, s, ArH), 1.65
(24 H, s, CH3), 1.38 (72 H, s, tBu); m/z (FD) 1514.9 [M+, 100%].


Tetramer 13 (XXXD)


Solutions of the diisocyanate 6 (40 mg, 0.158 mmol) in
dichloromethane (10 cm3) and the diamine 9 (176 mg, 0.158 mmol)
in dichloromethane (10 cm3) were simultaneously added dropwise
with stirring over 10 min to a flask containing dichloromethane
(20 cm3). After 18 h at room temperature the solvent was removed
under reduced pressure and the crude product was triturated
with acetonitrile (15 cm3). The solid was filtered off yielding
the tetramer 13 (148 mg, 68%) as a white powder; mp >270 ◦C
(decomp.); dH (400 MHz, DMSO-d6, 120 ◦C): 9.52 (2 H, s, NH),
8.63 (2 H, s, NH), 7.90 (2 H, s, NH), 7.86 (4 H, s, ArHxan, NH),
7.82 (2 H, d, J 7.4, ArHdiph), 7.59 (2 H, s, ArHxan), 7.42 (2 H, s,
ArHxan), 7.33 (2 H, d, J 2.3, ArHxan), 6.97 (2 H, d, J 2.3, ArHxan),
6.91–6.88 (4 H, m, ArHdiph), 6.87 (2 H, d, J 2.0, ArHxan), 6.60 (2 H,
t, ArHdiph), 1.76 (6 H, s, CH3), 1.38 (6 H, s, CH3), 1.33 (18 H, s,
tBu), 1.12 (18 H, s, tBu), 1.11 (18 H, s, tBu); m/z (FD) 1362.6 [M+,
100%].


Tetramer 14 (XDXD)


Solutions of the diisocyanate 5 (85 mg, 0.21 mmol) in
dichloromethane (25 cm3) and diamine 10 (170 mg, 0.21 mmol)
in dichloromethane (25 cm3) were simultaneously added dropwise
under nitrogen over 30 min to a flask containing dichloromethane
(25 cm3). After 8 h of stirring the solvent was removed under
reduced pressure. The crude product was triturated with boiling
acetonitrile (15 cm3). After 1 h a beige solid appeared and was
filtered off. The tetramer 14 (140 mg, 55%) was obtained as a light-
beige powder; mp >235 ◦C (decomp.); dH (400 MHz, DMSO-d6):
8.78 (4 H, s, NH), 8.39 (4 H, s, NH), 8.22 (4 H, d, J 2.0, ArHxan),
7.60 (4 H, m, ArHdiph), 7.13 (4 H, d, J 2.0, ArHxan), 7.00–6.92 (8 H,
m, ArHdiph), 6.86–6.79 (4 H, m, ArHdiph), 1.59 (12 H, s, CH3), 1.28
(36 H, s, tBu); m/z (ESI) 1231.8 [M+ + Na, 100%].


Tetramer 15 (XXDD)


Solutions of the diisocyanate 8 (100 mg, 0.21 mmol) in
dichloromethane (25 cm3) and the dimeric diamine 7 (153 mg,
0.21 mmol) in dichloromethane (25 cm3) were simultaneously
added dropwise under nitrogen over 30 min to a flask containing
dichloromethane (20 cm3). After 18 h of stirring the solvent was


removed under reduced pressure. The crude product was triturated
with acetonitrile (15 cm3) to furnish the tetramer 15 (104 mg, 41%)
as a white powder; mp >260 ◦C (decomp.); dH (400 MHz, DMSO-
d6, 120 ◦C): 9.25 (2 H, s, NH), 8.40 (2 H, s, NH), 8.21 (2 H, s,
NH), 7.97–7.59 (10 H, br.m, NH, ArHdiph, ArHxan), 7.21 (2 H, d,
J 2.0, ArHxan), 7.18 (2 H, d, J 2.0, ArHxan), 6.75–6.42 (12 H, br.m,
ArHdiph), 1.65 (12 H, s, CH3), 1.31 (18 H, s, tBu), 1.29 (18 H, s,
tBu); m/z (ESI) 1231.9 [M+ + Na, 100%].


Tetramer 16 (XDDD)


The diamine 11 (100 mg, 0.15 mmol) and tetrabutylammonium
chloride (43 mg, 0.15 mmol) were dissolved in acetonitrile (25 cm3).
A solution of the diisocyanate 5 (62 mg, 0.15 mmol) in acetonitrile
(10 cm3) was added dropwise under nitrogen over 1 h to the
stirred diamine solution. After 12 h the solvent was removed
under reduced pressure and the crude product was dissolved in
ethyl acetate (10 cm3). The solution was washed three times with
10 cm3 water to remove the chloride. The organic layer was dried
with MgSO4. Then hexane (50 cm3) was added to the solution
and the beige precipitate was filtered off yielding the tetramer 16
(41 mg, 25%); mp >220 ◦C (decomp.); dH (400 MHz, DMSO-d6,
120 ◦C): 8.78 (2 H, s, NH), 8.68 (2 H, s, NH), 8.38 (2 H, s, NH),
8.27 (2 H, s, NH), 8.00 (2 H, d, J 8.2, ArHdiph), 7.90 (2 H, s,
ArHxan), 7.85 (4 H, t, J 8.0, ArHdiph), 7.14 (2 H, d, J 2.0, ArHxan),
7.12–6.82 (14 H, m, ArHdiph), 6.79 (2 H, d, J 7.8, ArHdiph), 6.74
(2 H, d, J 7.8, ArHdiph), 1.61 (6 H, s, CH3), 1.30 (18 H, s, tBu); m/z
(ESI) 1079.5 [M+ + Na, 100%].


Tetramer 17 (DDDD)


Solutions of the diamine 2 (500 mg, 2.5 mmol) in ethyl acetate
(50 cm3) and 4-nitrophenyl chloroformate (503 mg, 2.5 mmol)
in ethyl acetate (50 cm3) were simultaneously added dropwise
over 10 h (nitrogen, stirring) to a flask containing ethyl acetate
(100 cm3). A white precipitate appeared in the reaction mixture.
Then the solution of N-diisopropylethylamine (323 mg, 2.5 mmol)
in ethyl acetate (25 cm3) was added dropwise over 2 h. The reaction
mixture was stirred for 12 h. The white precipitate (112 mg, 20%)
was filtered off, and identified as the cyclic tetramer. The liquid
was filtered through silica gel (100 g), which was then washed with
ethyl acetate (3 × 60 cm3). The eluent was concentrated to 10 cm3


and then left for 12 h in an open 250 cm3 flask. The tetramer 17
(330 mg, 58%) was obtained as a colorless crystals; mp >215 ◦C
(decomp.); dH (400 MHz, DMSO-d6): 9.19 (8 H, s, NH), 8.34 (8 H,
d, J 7.4, ArH), 7.06 (8 H, t, J 7.6, ArH), 6.91 (8 H, t, J 7.4, ArH),
6.69 (8 H, d, J 7.6, ArH); m/z (ESI) 927.1 [M+ + Na, 100%].


UV spectrophotometry


The apparent overall stability constants b were determined in
a mixture of acetonitrile and THF (3 : 1 v/v) by absorption
spectrophotometry as previously described.13 The spectra were
recorded between 230 and 320 nm with a VARIAN (Cary 3)
spectrophotometer using quartz cells (Hellma) with an optical
path length of 1 cm. The concentration of the ligands was ca. 5 ×
10−6 M. The various anions studied were used as tetrabutylam-
monium salts : Bu4NCl (Fluka, ≥97%), Bu4NBr (Fluka, ≥99%),
Bu4NOAc (Aldrich, ≥97%), and Bu4NH2PO4 (Fluka, ≥97%)). No
background electrolyte was added to the solutions because of (i)
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Table 4 Summary of crystallographic data


13 (XXXD) 13 (XXXD) 17 (DDDD)


Chemical formula C85H100N8O8·2CH3CN C85H100N8O8·5C2H5OH C52H40N8O8·5C4H8O
CCDC ref. numbers 687874 687875 687873
M 1443.84 1592.07 1265.44
Crystal system Triclinic Monoclinic Monoclinic
Space group P1̄ P21/c P21/c
a/Å 14.9282(13) 29.7280(13) 25.808(2)
b/Å 18.9297(17) 16.1350(5) 19.667(2)
c/Å 19.2836(16) 20.0431(9) 25.792(2)
a/◦ 61.351(6) 90 90
b/◦ 86.758(7) 107.696(3) 93.206(7)
c /◦ 71.553(7) 90 90
V/Å3 4506.7(7) 9159.0(6) 13071(2)
Z 2 4 8
T/K 173(2) 173(2) 100(2)
Reflections 47861 73886 112990
Unique reflections 16476 16079 24137
Rint 0.0586 0.0710 0.1890
wR(F 2), all data 0.3104 0.2593 0.0915


the insolubility of most inert salts in the solvent and (ii) the very
small ligand and anion concentrations used. The anion-to-ligand
ratios which were reached at the end of the titrations were in
the range 1.5–13. The spectral changes were interpreted using the
program SPECFIT.24 The values of the stability constants given in
Table 2 are the average of at least 3 experiments and the precision
corresponds to the standard deviation of these mean values.


Molecular dynamics simulation


All molecular dynamics simulations were performed using the
AMBER 9 software package and the gaff parameter set.25 The
initial geometry of the macrocycles was obtained either by manual
construction with an all-trans arrangement of the urea amide
groups, by converting other tetramer structures into the desired
structure or from the X-ray structures of 13 and 17. Charges
(see ESI† and ref. 13) were derived following the standard RESP
procedure26 from a 6-31G* electrostatic potential calculated with
the Gaussian98 program,27 and the molecule structures were trans-
ferred into the LEaP format. Subsequently, a rectangular box of
chloroform or acetonitrile molecules, respectively (approximately
14 Å solvent layer thickness on each side) was added. For the
chloroform solvent model, the corresponding parameters28 of
AMBER 7, and for the acetonitrile model the parameters by
Kollman et al.29 were used. Missing parameters for the ca–oh bond
length, the ca–ca–oh and ca–oh–ho bond angles, as well as the X–
ca–oh–X and ca–ca–c–oh dihedral angles were adopted from the
AMBER 7 parm98 parameter set. The missing parameter for ca–
c3–ca was taken from Kirchhoff et al.30 The solvated structures
were subjected to 5000 steps of minimisation followed by a 30 ps
belly dynamics (300 K, 1 bar, 1 fs timestep) for solvent relaxation
and a 100 ps equilibration period. Subsequently, MD simulations
were performed in a NTP (300 K, 1 bar) ensemble for 10 ns using a
1 fs time step. Constant temperature and pressure conditions were
achieved by the weak coupling algorithm and isotropic position
scaling. Temperature and pressure coupling times of 0.5 ps and
1.0 ps, respectively, and the experimental compressibility values
of 100 × 10−6 bar−1 for chloroform and of 87.1 × 10−6 bar−1 for


acetonitrile were used. The particle mesh Ewald (PME) method31


was applied to treat long-range electrostatic interactions, and the
van der Waals interactions were truncated by using a cut-off value
of 12 Å. Bonds containing hydrogen atoms were constrained to
their equilibrium length using the SHAKE algorithm. Snapshots
were recorded every 2 ps.


Geometric and energetic analyses of the trajectories were carried
out with the carnal and anal modules of AMBER 7. Graphical
analysis of the results was performed with the SYBYL program.32


Single-crystal X-ray diffraction


Data were collected on a STOE-IPDS-II two-circle diffrac-
tometer employing graphite-monochromated MoKa radiation
(0.71073 Å). Data reduction was performed with the X-Area
software.33 Structures were solved by direct methods with
SHELXS-9034 and refined by full-matrix least-squares techniques
with SHELXL-97.34


All non-H atoms were refined with anisotropic displacement
parameters. Hydrogens were included at calculated positions
and allowed to ride on their parent atoms. Two t-butyl groups
of C85H100N8O8·2CH3CN are disordered over two positions
with a ratio of the site occupation factors of 0.55(2)/0.45(2)
and 0.51(1)/49(1), respectively. In one of them the C–C dis-
tances were restrained to 1.50(3) Å. One t-butyl group of
C85H100N8O8·5C2H5OH is disordered over two positions with a
ratio of the site occupation factors of 0.566(9)/0.434(9). The
corresponding C–C bond lengths were restrained to 1.500(5) Å
and the non-bonding 1–3 C–C distances were restrained to
2.5(1) Å.


Crystallographic data are summarised in Table 4.
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A general strategy for the synthesis of novel, orthogonally protected scaffolds based on the unique
2-oxa-5-azabicyclo[4.1.0]heptane structure is presented. The described reaction sequence takes
advantage of easily available starting materials such as serine and threonine and leads to
stereochemically dense structures in few, high-yielding synthetic steps. We show how the
stereochemistry can be easily tuned by starting from different b-hydroxy-a-amino acids and also by
means of a transition metal-catalyzed cyclopropanation step. The compounds find application as
constrained templates for the construction of geometrically diversified libraries of compounds.


Introduction


One of the initial steps in the drug discovery process is the
identification of leads which bind to receptors or other tar-
gets of interest. To address this, a common and established
approach is the screening of libraries of compounds. While
combinatorial chemistry initially tended towards the synthesis
of very large libraries of structurally similar products, nowadays
this initial emphasis on creating mixtures of very large num-
bers of structures is giving way to a more measured approach
based on arrays of fewer, well-characterized compounds.1 This
is particularly noticeable in the move towards the synthesis
of complex and highly diversified mixtures of molecules that
bear a structural resemblance to approved natural-product-based
drugs2 or to “privileged medicinal scaffolds”.3 There is a strong
drive towards the generation of new chemotypes, displaying
increasing complexity and possessing features that can be related
to pharmacologically relevant structures.4 Among the possible
alternatives, nitrogen-containing heterocycles with a saturated
backbone have attracted considerable attention in the design of
biologically active products.5,6 Most marketed compounds and
several promising leads fall into this category, and the discovery of
small-molecular-weight scaffolds with a high degree of diversity
belonging to this family is a tool of primary importance in the
drug discovery process.7 Among the various structures proposed
by medicinal chemists, the morpholine ring represents a common
motif.8 Many carbon-substituted morpholines display biological
activity and have found application as antidepressants,9 appetite
suppressants,10 and antioxidants.11 Some selected examples are
shown in Fig. 1.


During our ongoing research program toward the develop-
ment of constrained, morpholine-based platforms for medicinal
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Fig. 1 Biologically relevant morpholine-based compounds.


chemistry,12 we developed the idea of rigidifying a chiral morpho-
line structure through fusion to a functionalized cyclopropane
ring. This approach provides access to a stereochemically rich
and rigid backbone, allowing us to generate different scaffolds by
means of geometric variation of the scaffold itself.13


Herein we present the new template 2-oxa-5-azabicyclo-
[4.1.0]heptane heterocycle (Scheme 1) and we demonstrate a
general synthetic strategy which can guarantee the introduction
of diversification positions with a high degree of diastereocontrol.
The presence of oxygen and nitrogen atoms in the morpholine ring
can be exploited in a wide range of retrosynthetic analyses9 that
allow easy control of the stereochemistry of the carbon atoms,


Scheme 1 Retrosynthetic analysis of 2-oxa-5-azabicyclo[4.1.0]heptane
scaffolds.
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especially starting from readily available amino acid derivatives.
In order to obtain the 2-oxa-5-azabicyclo[4.1.0]heptane skeleton
we planned to use amino acid-derived dihydrooxazine structures14


(Scheme 1) as substrates for a diastereoselective, transition metal-
catalyzed cyclopropanation using diazo-acetates. The cyclopropa-
nation creates three new adjacent stereocenters and at the same
time introduces a strong conformational constraint. This approach
allows the synthesis of structures bearing functionalizable groups
in different, reciprocal stereochemical relationships. Chirality is
first introduced using readily available, enantiomerically pure b-
hydroxy-a-amino acids as starting materials and is followed by a
cyclopropanation step, whose stereochemical outcome is generally
governed by the stereochemistry of the ligand used.


Results and discussion


The strategy was developed using serine and threonine as starting
materials and the Cbz as nitrogen protecting group. The serine-
derived dihydroxazine 5 was prepared starting from amine 3,14


which was protected using Cbz-Cl and then cyclized in refluxing
toluene upon treatment with p-TsOH and in the presence of
4 Å molecular sieves, in order to promote acid-catalyzed trans-
acetalyzation and subsequent elimination of MeOH (Scheme 2).


Scheme 2 Synthesis of serine-derived dihydroxazine (S)-5.


When this synthetic strategy was extended to threonine,
problems initially arose in the reductive amination step with
dimethoxyacetaldehyde. In fact, upon treatment of L-threonine
methyl ester hydrochloride (6) with 2 and Pd/C in the presence of
triethylamine and under a hydrogen atmosphere, the only observed
product was not the expected 7, but the oxazolidine 8 (Scheme 3).


Protection of the hydroxyl group of threonine with TBDMSCl15


before performing the reductive amination was essential, and
allowed the synthesis of 10 in almost quantitative yield (Scheme 4).
Unfortunately, amine 10 was found to be completely unreactive


Scheme 3 Attempted synthesis of compound 7.


Scheme 4 Synthesis of threonine-derived dihydroxazine 13.


upon treatment with Cbz-Cl under various reaction conditions.
We reasoned that this poor reactivity was caused by high steric
hindrance imposed by the TBDMS group, and thus amine 10
was subjected to harsher acid conditions, in order to deprotect
the hydroxyl group and simultaneously obtain trans-acetalization.
The amino group of the resulting cyclic acetal 11 proved to be
much more reactive than 10, and the crude product was easily
protected upon treatment with Cbz-Cl/NaHCO3 (aq). Subsequent
treatment of cyclic acetal 12 with p-TsOH and 4 Å molecular
sieves in refluxing toluene furnished the dihydroxazine scaffold 13
in good overall yield, requiring only one purification step by flash
chromatography (Scheme 4).


We then focused our attention on the study of the cyclopropana-
tion of the obtained dihydroxazine scaffolds using diazoacetates.
Preliminary reactions using ethyl diazoacetate were carried out in
order to establish the most effective metal catalyst and the best
reaction conditions (Scheme 5 andTable 1, entries 1–4). We found
that CuOTf (obtained in situ from Cu(OTf)2 and phenylhydrazine)
and Rh2(OAc)4 were both effective and gave comparable yields.
Slow addition of ethyl diazoacetate was necessary to maintain
a low “active carbene” concentration in solution, therefore
preventing dimerization of the carbene itself.16


The best experimental conditions identified using ethyl diazoac-
etate were then extended to the cyclopropanation using t-butyl


Scheme 5 Cyclopropanation of dihydroxazine (S)-5.
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Table 1 Experimental conditions for cyclopropanation of dihydroxazine (S)-5


Entry R Catalyst Ligand EDA eq.
Time for diazoacetate
addition


Combined yield
14 + 15 Ratioa 14:15


1 Et Rh2(OAc)4 — 2 10 min 41% 1.6 : 1
2 Et Rh2(OAc)4 — 3 5 h 72% 1.6 : 1
3 Et Cu(OTf)2/PhNHNH2 — 3 5 h 75% 1.5 : 1
4 Et Cu(OTf)2/PhNHNH2 — 4.5 6 h 86% 1.5 : 1
5 Et Cu(OTf)2/PhNHNH2 (S,S)-t-BuBOX 4.5 6 h 73% 1 : 6
6 t-Bu Cu(OTf)2/PhNHNH2 — 4.5 6 h 72% 1.4 : 1
7 t-Bu Cu(OTf)2/PhNHNH2 (S,S)-t-BuBOX 4.5 5 h 67% 1 : 5
8 t-Bu Cu(OTf)2/PhNHNH2 (S,S)-t-BuBOX 4.5 6 h 80% 1 : 6


a Estimated by 1H-NMR.


diazoacetate, so as to obtain orthogonality with the methyl ester
from the dihydroxazine. The introduction of a more hindered
ester did not affect yield or diastereoselectivity (Table 1, entry
6), and cyclopropanation products could be isolated in good
yield. Low diastereoselectivity between the two diastereomers 14
and 15 was observed, and only traces of the other two possible
diastereomers were detected. Although diastereomers 14 and
15 could be separated by standard chromatography, the use of
suitable chiral ligands was taken into account to enhance the
diastereocontrol.


The bisoxazoline ligand (S,S)-2,2′-methylenebis(4-t-butyl-2-
oxazoline), (S,S)-t-BuBOX),17 proved to be effective when used
in combination with copper(I) triflate. We observed that the stere-
ochemistry of the cyclopropanes formed was mainly controlled
by the ligand chirality, regardless of the stereochemistry of the
dihydroxazine scaffold, suggesting in each case that the chiral
ligand orients the attacking carbene to the same alkene face.
In fact, when dihydroxazine (S)-5 (derived from L-serine) was
treated with t-butyl diazoacetate and (S,S)-t-BuBOX, the ratio
between the diastereomers 14b and 15b was 1 : 6, whereas when
the enantiomeric dihydroxazine (derived from D-serine) was used,
the ratio of the two diastereomers 16:17 (enantiomeric to 14b and
15b, respectively) was reversed, giving a 9 : 1 mixture in favour
of compound 16 (Scheme 6). Comparison of these data with
the diastereomeric ratios obtained in the absence of the chiral
ligand (Table 1, entries 3, 4 and 6) suggested that the combination
of (S,S)-t-BuBOX with dihydroxazine (R)-5 is the matched pair,


whereas the same chiral ligand in combination with (S)-5 is the
mismatched pair.


Cyclopropanation of dihydroxazine 13, derived from L-
threonine methyl ester 6, with (S,S)-t-BuBOX and t-butyl dia-
zoacetate resulted in compound 18 as the major stereoisomer and
only traces of a second stereoisomer (Scheme 7), indicating an
additional effect of the methyl group at C-2 of dihydroxazine 13
on the stereoselectivity.


Scheme 7 (S,S)-t-BuBOX–Cu(OTf)-catalyzed cyclopropanation of dihy-
droxazine 13.


The structural assignment of the diastereomers 14a/b, 15a/b
and 18 was accomplished by analyzing the values of the coupling
constants between the hydrogen atoms in the cyclopropane ring
and by means of NOE experiments. We used the relationship that
coupling constants less than 7 Hz are associated with a trans
relationship between two protons in a cyclopropane ring.18 In
all the diastereomeric bicyclic compounds isolated, J couplings
of H-7 with the other two protons of the cyclopropane ring (H-1
and H-6) were 2.4–3.6 Hz, indicating a trans relationship between


Scheme 6 (S,S)-t-BuBOX–CuOTf-catalyzed cyclopropanation of dihydroxazines (S)- and (R)-5.
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Table 2 Vicinal coupling constants for the hydrogens of the cyclopropane
ring in the scaffolds 14 and 15


Compd J6,7/Hz J1,7/Hz J1,6/Hz


14a 3.2 3.2 7.2
14b 3.6 2.4 7.2
15a 3.6 2.4 7.2
15b 3.2 3.2 7.2
18 3.2 3.2 7.2


the H-7 and H-1/H-6 protons, and consequently a cis relationship
between H-1 and H-6. (Fig. 2 and Table 2).


Fig. 2 Scaffolds 14, 15 and 18.


A definitive structure elucidation was based on NOE spectra
for the bicyclic morpholine-based scaffolds deriving from cyclo-
propanation with t-butyl diazoacetate. In particular, a diagnostic
NOE effect between H-4 and H-7 was observed for compound 14b
(Fig. 3). For compound 15b, H-7 provided only a weak NOE effect
with the methyl ester protons at C-4, and a strong NOE effect was
observed between H-7 and one of the two methylenic protons at
C-3 of the morpholine ring (Fig. 3). NOE spectra of compound 18
deriving from L-threonine resulted in NOE interactions between
the protons of the methyl group at C-3 and the two protons H-1
and H-6. This strongly supported the structure in Fig. 3, with the
two esters in a trans relationship.


Fig. 3 Most significant NOEs observed for structures 14b, 15b and 18.


Molecular modeling calculations were carried out on com-
pound 18 so as to assess the most stable conformation
and to gain insight into the detailed structure of the bi-
cyclic scaffold. Energy-minimized conformations of the 2-oxa-5-
azabicyclo[4.1.0]heptane-based scaffold 18 were achieved using
SPARTAN Version 5.119 running on a SGI IRIX 6.5 workstation.
Conformational searches of 18 were carried out using a Monte
Carlo method within the MMFF94 force field,20 and the AM1


semiempirical method21 was used to optimize the global minimum
conformer. The geometries of the most abundant minimum energy
conformers were successively subjected to ab initio single-point
energy calculation at the 3-21G*/HF level22 of quantum chemical
theory. The conformation having axial C-2 and C-3 substituents
resulted in a twisted half-chair structure for the morpholine
moiety, whereas a twisted half-boat structure was obtained for the
conformation having the same substitutents in equatorial position.
Also, the conformation with axial C-2 and C-3 substituents proved
to be more stable by about 2.3 kcal mol−1 (Eax = −232.14
kcal mol−1; Eeq = −229.86 kcal mol−1). Computation of the
dihedral angle formed by H-2, C-2, C-3, H-3 atoms for the axial
and equatorial conformations resulted in −73.6◦ and −144.6◦,
respectively, which, in conjunction with 1H-NMR data indicating
absence of coupling between H-2 and H-3, suggested the axial
conformer as the more favourable in chloroform solution (Fig. 4).


Fig. 4 Energy-minimized conformations of 18 bearing axial (left) and
equatorial (right) substituents at C-2 and C-3.


Further corroboration of the preferential axial conformation for
18 was given by NOE experiments, which showed NOE correlation
of H-7 with methyl ester protons (and not H-2), and of H-6 with
the methyl group at C-2.


In order to extend the versatility of the bicyclic structures
reported herein, the selective transformation of the t-butyl ester
into a primary alcohol using compound 15b as substrate was
carried out. Specifically, the orthogonality of the two esters was
used for selective deprotection of the t-butyl ester under standard
acid conditions, followed by reduction of the resulting acid with
isobutyl chloroformate/NaBH4 (Scheme 8). Both transformations
proved to be completely stereoselective, and no epimerization at
C-7 was observed by 1H-NMR, giving the corresponding alcohol
20 in overall 69% yield from 18, and demonstrating the feasibility
of such scaffold as a template for subsequent appendage diversity.


Conclusions


In summary we have developed an efficient strategy which gives
access to a new series of scaffolds based on the unique heterocyclic
structure of the 2-oxa-5-azabicyclo[4.1.0]heptane. The strategy
allows the generation of compounds with up to five stereogenic
centers in enantiopure form starting from readily available b-
hydroxy-a-amino acids and by means of a diastereoselective cy-
clopropanation achieved using diazoacetates in conjunction with
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Scheme 8 Synthesis of compound 20.


Cu(I)OTf and a chiral t-BuBOX ligand. The cyclopropanation
outcome proved to be mainly controlled by the stereochemistry
of the bis-isooxazolidine ligand. A variety of scaffolds can be
obtained using this strategy, each of them differing for the spatial
orientation of the orthogonally protected diversification sites.
Some final manipulations of the synthesized structures have been
presented, in order to prove the versatility and the orthogonal
relationship between the various protecting groups introduced.


Experimental


Chromatographic separations were performed on silica gel using
flash-column techniques. Rf values refer to TLC carried out on
25 mm silica gel plates (Merck F254) with the same eluant as for
column chromatography. 1H and 13C NMR spectra were recorded
with NMR instruments operating at 200 MHz and 400 MHz for
proton and at 50 MHz for carbon, and using CDCl3 solutions
unless otherwise stated. EI mass spectra were carried out at 70 eV
ionizing voltage.


(S)-2-[Benzyloxycarbonyl-(2,2-dimethoxyethyl)amino]-3-
hydroxypropionic acid methyl ester [(S)-4]


L-Serine methyl ester hydrochloride (1) (5.34 g, 34.3 mmol) was
dissolved in MeOH (110 mL), then triethylamine (4.79 mL,
34.3 mmol), 60% aqueous solution of dimethoxyacetaldehyde (2)
(5.95 g, 34.3 mmol) and 10% Pd/C (477 mg) were successively
added, and the resulting mixture was stirred overnight at room
temperature under a hydrogen atmosphere. Then, the suspension
was filtered over Celite and the organic solvent was removed under
reduced pressure. The crude reaction mixture was dissolved in H2O
(60 mL), and NaHCO3 (5.76 g, 68.6 mmol) was added. EtOAc
(75 mL) was added and the mixture was cooled at 0 ◦C with an ice
bath. Cbz-Cl (4.80 mL, 33.61 mmol) was added dropwise, then,
after 1 h stirring, the ice bath was removed and the mixture was
stirred overnight. The reaction was diluted with EtOAc (200 mL)
and the aqueous layer was discarded. The organic phase was
washed with 1 M HCl, brine, dried over Na2SO4, concentrated
and purified by flash chromatography (EtOAc–hexanes 3 : 2) to
provide compound (S)-4 as a colourless oil (10.01 g, 85%). (Found:
C, 56.40; H, 6.95; N 4.01. C16H23NO7 requires C, 56.30; H, 6.79;
N, 4.10%); [a]26


D −42.9 (c 1.0, CHCl3); dH (400 MHz; CDCl3) 1 :
1 mixture of rotamers 7.36–7.29 (m, 5 H, Ph), 5.21 (AB, part A,
J = 6.0 Hz, 0.5 H, CH2Ph), 5.13 (s, 1 H, CH2Ph), 5.13 (AB, part


B, J = 6.0 Hz, 0.5 H, CH2Ph), 4.70 (dd, J = 7.2, 4.0 Hz, 0.5 H),
4.65–4.58 (m, 1 H), 4.49 (dd, J = 7.2, 4.0 Hz, 0.5 H), 4.05–3.77 (m,
2 H), 3.71 (s, 1.5 H, CO2CH3), 3.58 (s, 1.5 H, CO2CH3), 3.68–3.54
(m, 2 H) 3.45 (s, 1.5 H, OCH3), 3.43 (s, 1.5 H, OCH3), 3.31 (s, 1.5
H, OCH3), 3.28 (s, 1.5 H, OCH3), 3.26–3.21 (m, 1 H); dC (50 MHz;
CDCl3) mixture of rotamers 170.0 (s, CO2CH3), 156.3 and 156.1
(s, NCO2), 135.7 (s, i-Ph), 128.2–127.6 (d, 5 C, Ph), 103.5 and
102.9 [d, CH(OCH3)2], 67.7 and 67.5 (t, PhCH2), 62.8 and 62.3
(d, NCH), 60.7 and 60.4 (t, CH2OH), 55.1 and 54.8 (q, CO2CH3),
54.3 and 52.0 (q, 2 C, OCH3), 49.2 (t, NCH2); MS m/z 309 (M+ −
CH3OH, 1.9), 277 (0.7), 264 (0.7), 250 (0.6), 234 (0.5), 220 (0.1),
91 (100).


(R)-2-[Benzyloxycarbonyl-(2,2-dimethoxyethyl)amino]-3-
hydroxypropionic acid methyl ester [(R)-4]


Compound (R)-4 was prepared as for (S)-4 starting from D-serine
methyl ester hydrochloride and (2), with identical NMR data to
the enantiomeric compound (S)-4. (Found: C, 56.20; H, 6.84; N
4.02. C16H23NO7 requires C, 56.30; H, 6.79; N, 4.10%); [a]25


D +41.7
(c 1.0, CHCl3).


(S)-2,3-Dihydro-[1,4]oxazine-3,4-dicarboxylic acid 4-benzyl ester
3-methyl ester [(S)-5]


A solution of compound (S)-4 (1.12 g, 3.28 mmol) in toluene
(45 mL) containing a catalytic amount of p-toluenesulfonic acid
monohydrate (63 mg, 0.33 mmol) was placed in a single-necked
round-bottomed flask equipped with a reflux condenser and a
dropping funnel containing approximately 16 g of 4 Å molecular
sieves. The mixture was refluxed for 2.5 h, then cooled to room
temperature and filtered through a thin layer of NaHCO3. Toluene
was removed under reduced pressure, and the crude product was
purified by flash column chromatography (hexanes–EtOAc 3 : 1)
to yield compound (S)-5 as a colourless oil (729 mg, 78%). (Found:
C, 60.81; H, 5.55; N, 5.01. C14H15NO5 requires C, 60.64; H, 5.45;
N, 5.05%); [a]25


D +8.6 (c 1.0, CHCl3); dH (400 MHz, CDCl3) 3 : 2
mixture of rotamers a and b 7.39–7.30 (m, 5 H, Ph), 6.45 (d, J =
2.4 Hz, 0.4 H, H-6 b), 6.33 (d, J = 2.6 Hz, 0.6 H, H-6 a), 6.03
(d, J = 2.4 Hz, 0.4 H, H-5 b), 5.90 (d, J = 2.6 Hz, 0.6 H, H-5
a), 5.29–5.15 (m, 2 H, CH2Ph), 4.95 (s, 0.6 H, H-2 a), 4.83 (s, 0.4
H, H-2 b), 4.65 (dd, J = 10.8, 0.8 Hz, 0.6 H, H-2 a), 4.57 (d, J =
10.8, 0.8 Hz, 0.4 H, H-2 b), 3.97–3.92 (m, 1 H, H-3), 3.78 (s, 1.8 H,
OCH3 a), 3.71 (s, 1.2 H, OCH3 b); dC (50 MHz, CDCl3) mixture of
rotamers 168.2 and 168.0 (s, CO2CH3), 151.7 and 151.0 (s, NCO2),
135.4 (s, i-Ph), 129.4 and 128.2 (d, C-6), 128.1–127.6 (d, 5 C, Ph),
105.8 and 105.3 (d, C-5), 67.7 and 67.5 (t, CH2Ph), 65.1 and 64.7
(t, C-2), 54.4 (q, CO2CH3), 53.7 and 52.5 (d, C-3); MS m/z 277
(M+, 4), 249 (11), 91 (100).


(R)-2,3-Dihydro-[1,4]oxazine-3,4-dicarboxylic acid 4-benzyl ester
3-methyl ester [(R)-5]


Compound (R)-5 was prepared as for (S)-5 starting from (R)-4,
with identical NMR data to the enantiomeric compound (S)-5.
(Found: C, 60.78; H, 5.51; N, 5.09. C14H15NO5 requires C, 60.64;
H, 5.45; N, 5.05%); [a]25


D −7.2 (c 2.5, CHCl3).
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(2R/S,4S,5R)-2-Dimethoxymethyl-5-methyloxazolidine-4-
carboxylic acid methyl ester (8): synthesis of the Cbz-protected
derivative of 8


Compound 8 was obtained as a by-product starting from L-
threonine methyl ester (6) (2.42 g, 14.3 mmol) according to the
reported procedure for the preparation of 4 (see ref. 14). The
crude product 8 was then characterized as the corresponding
Cbz-protected derivative, after treatment of crude 8 with Cbz-Cl
according to procedure as for 4. Pure Cbz-protected compound
(2.76 g, 12.4 mmol) was obtained after chromatographic purifica-
tion (hexanes–EtOAc 1 : 3) in 87% yield over two steps. (Found: C,
57.96; H, 6.61; N, 3.74. C17H23NO7 requires C, 57.78; H, 6.56; N,
3.96%); dH (200 MHz, CDCl3) mixture of diastereomers 7.31 (m,
5 H, Ph), 5.31 [s, 1 H, CH(OCH3)2], 5.15 (s, 2 H, CH2Ph), 4.58 (m,
1 H, OCHN), 4.46 (m, 1 H, CHCH3), 4.07 (m, 1 H, NCHCO2),
3.69 (s, 3 H, CO2CH3), 3.46 (s, 6 H, OCH3), 1.39 (d, J = 5.6 Hz,
3 H, CHCH3); dC (50 MHz, CDCl3) mixture of diastereomers
169.6 (s, CO2CH3), 135.6 (s, i-Ph), 128.2 (d, 2 C, Ph), 127.9 (d,
2 C, Ph), 127.5 (d, Ph), 104.2 [d, CH(OCH3)2], 88.6 (d, OCHN),
67.5 (t, CH2Ph), 64.4 (d, CHCH3), 55.7 (d, NCHCO2), 52.3
(q, CO2CH3), 19.5 (q, CHCH3).


(2S,3R)-3-(t-Butyldimethylsilanyloxy)-2-(2,2-
(dimethoxy)ethylamino)butyric acid methyl ester (10)


Compound 9 (3.70 g, 14.9 mmol) was dissolved in MeOH
(45 mL), then 60% aqueous solution of dimethoxyacetaldehyde
(2) (2.59 g, 14.9 mmol) and 10% Pd/C (329 mg) were successively
added, and the resulting mixture was stirred overnight at room
temperature under a hydrogen atmosphere. Then, the suspension
was filtered on Celite and MeOH was removed under reduced
pressure. The resulting mixture was partitioned between water
and Et2O. The combined organic layers were washed with brine,
dried over Na2SO4 and concentrated under reduced pressure to
yield compound 10 as a colourless oil (4.95 g, 99%). (Found: C,
53.86; H, 10.00; N, 4.22. C15H33NO5Si requires C, 53.70; H, 9.91;
N, 4.17%); [a]25


D −11.4 (c 1.1, CH2Cl2); dH (400 MHz, CDCl3) 4.53
[t, J = 5.2 Hz, 1 H, CH(OCH3)2], 4.18 (qui, J = 5.3 Hz, 1 H,
OCHCH3), 3.73 (s, 3 H, CO2CH3), 3.37 (s, 6 H, OCH3), 3.37 (m,
1 H, NCHCO2), 2.94 (dd, J = 12.2, 5.8 Hz, 1 H, CH2CH), 2.73
(dd, J = 12.2, 5.0 Hz, 1 H, CH2CH), 1.25 (d, J = 6.4 Hz, 3 H,
CHCH3), 0.85 [s, 9 H, (CH3)3CSi], 0.44 (s, 3 H, CH3Si), 0.14 (s,
3 H, CH3Si); dC (50 MHz, CDCl3) 171.9 (s, CO2CH3), 102.9 [d,
CH(OCH3)2], 69.1 (d, OCHCH3), 66.8 (d, NCHCO2), 54.4 (q,
OCH3), 53.6 (q, OCH3), 52.0 (q, CO2CH3), 48.9 (t, CH2CH), 25.7
[q, 3 C, (CH3)3CSi], 20.8 (q, CHCH3), 17.9 [s, (CH3)3CSi], −4.2
(q, CH3Si), −5.1 (q, CH3Si); MS m/z 304 (M+ − CH3O, 8), 291
(15), 278 (6), 246 (13), 159 (38), 73 (100).


(2R,3S,6R/S)-6-Methoxy-2-methylmorpholine-3-carboxylic acid
methyl ester (11)


SOCl2 (511 lL, 7 mmol) was added dropwise, at 0 ◦C, to 7 mL of
MeOH. The resulting solution was used to dissolve compound 10
(600 mg, 1.79 mmol). The resulting mixture was refluxed for 4 h,
and then concentrated under reduced pressure. The crude material
was dissolved again in MeOH, neutralized with Amberlyst A-
21, and the solvent was evaporated to dryness. The product
was directly used without further purification for the subsequent


protection step. An analytically pure sample was obtained after
purification by flash column chromatography (EtOAc). (Found:
C, 50.86; H, 8.08; N, 7.22. C8H15NO4 requires C, 50.78; H, 7.99;
N, 7.40%); dH (400 MHz, CDCl3) 3 : 2 mixture of diastereomers
a and b 4.47 (s, 0.4 H, H-6 b), 4.40 (dd, J = 8.8, 2.4 Hz, 0.6 H,
H-6 a), 3.88 (qd, J = 5.0, 1.8 Hz, 0.4 H, H-2 b), 3.74 and 3.73 (s,
3 H, CO2CH3), 3.65 (qd, J = 4.2, 1.2 Hz, 0.6 H, H-2 a), 3.50 (s,
1.8 H, OCH3 a), 3.39 (s, 1.2 H, OCH3 b), 3.27 (d, J = 9.4 Hz, 0.4
H, H-3 b), 3.18 (d, J = 9.4 Hz, 0.6 H, H-3 a), 3.04 (dd, J = 12.4,
2.4 Hz, 0.6 H, H-5 a), 2.92–2.90 (m, 0.8 H, H-5 b), 2.59 (dd, J =
12.4, 8.8 Hz, 0.6 H, H-5 a), 1.75–1.95 (br, 1 H, NH), 1.25 (d, J =
6.4 Hz, 1.8 H, CHCH3 a), 1.15 (d, J = 6.0 Hz, 1.2 H, CHCH3 b);
dC (50 MHz, CDCl3) mixture of diastereomers 171.1 (s, CO2CH3),
100.6 and 95.6 (d, C-6), 73.7 and 65.4 (d, C-2), 63.6 and 62.8 (d,
C-3), 56.1 and 54.5 (q, OCH3), 52.1 (q, CO2CH3), 47.9 and 47.2
(t, C-5), 18.2 (q, CHCH3).


(2R,3S,6R/S)-6-Methoxy-2-methylmorpholine-3,4-dicarboxylic
acid 4-benzyl ester 3-methyl ester (12)


Crude cyclic acetal 11 was dissolved in H2O (5 mL) and NaHCO3


(297 mg, 3.54 mmol) was added. The mixture was stirred until
complete dissolution of the salt, then dioxane (8 mL) was added.
The flask was cooled at 0 ◦C with an ice bath and Cbz-Cl (253 mg,
1.77 mmol) was added dropwise. After 10 minutes the ice bath was
removed and the reaction mixture was stirred for 1 day at room
temperature. Afterwards, EtOAc (25 mL) and water (10 mL) were
added. The aqueous layer was discarded and the organic phase was
washed with 1 M HCl, brine, and dried over Na2SO4. The solvent
were removed under reduced pressure, and the crude material
was used without purification for the elimination reaction. An
analytically pure sample was obtained after purification by flash
column chromatography (hexanes–EtOAc 3 : 1). (Found: C, 59.77;
H, 6.78; N, 4.24. C16H21NO6 requires C, 59.43; H, 6.55; N,
4.33%); dH (400 MHz, CDCl3) mixture of diastereomers, mixture
of rotamers 7.34–7.25 (m, 5 H, Ph), 5.23–5.01 (m, 2 H, CH2Ph),
4.82–4.78 (m, 1 H, H-6), 4.70–4.63 (m, 1 H, H-2), 4.32–4.10 (m,
2 H, H-3 and H-5), 3.98–3.42 (m, 3 H, CO2CH3), 3.42–3.38 (m,
3 H, OCH3), 1.43–1.35 (m, 3 H, CHCH3); dC (50 MHz, CDCl3)
mixture of diastereomers, mixture of rotamers 170.2 (s, CO2CH3),
135.9 (s, i-Ph), 128.3–127.6 (d, 5 C, Ph), 97.0 (d, C-6), 69.1 (d, C-2),
67.6 (t, CH2Ph), 59.5 (d, C-3), 55.3 (q, OCH3), 52.3 (q, CO2CH3),
44.3 (t, C-5), 20.0 and 18.9 (q, CHCH3).


(2R,3S)-2-Methyl-2,3-dihydro-[1,4]oxazine-3,4-dicarboxylic acid
4-benzyl ester 3-methyl ester (13)


Crude protected acetal 12 was dissolved in toluene (10 mL) con-
taining a catalytic amount of p-toluenesulfonic acid monohydrate
(34 mg, 0.18 mmol) and placed in a single-necked round-bottomed
flask equipped with a reflux condenser and a dropping funnel
containing approximately 10 g of 4 Å molecular sieves. The mixture
was refluxed for 2 h, then cooled to room temperature and filtered
through a thin layer of NaHCO3. Toluene was removed under
reduced pressure, and the crude product was purified by flash
column chromatography (hexanes–EtOAc 7:2) to yield compound
13 as colourless oil (406 mg, 78% over 3 steps from compound 10).
(Found: C, 61.80; H, 6.01; N, 4.91. C15H17NO5 requires C, 61.85;
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H, 5.88; N, 4.81%); [a]26
D −7.2 (c 0.2, CHCl3). dH (400 MHz, CDCl3)


3 : 2 mixture of rotamers a and b 7.39–7.30 (m, 5 H, Ph), 6.39 (d,
J = 4.8 Hz, 0.4 H, H-6 b) 6.27 (d, J = 4.8 Hz, 0.6 H, H-6 a), 5.88
(d, J = 4.8 Hz, 0.4 H, H-5 b) 5.75 (d, J = 4.8 Hz, 0.6 H, H-5
a), 5.25 (AB, part A, J = 12 Hz, 0.4 H, CH2Ph b), 5.24 (s, 1.2 H,
CH2Ph a), 5.16 (AB, part B, J = 12 Hz, 0.4 H, CH2Ph b), 4.83
(qd, J = 6.4, 1.2 Hz, 0.6 H, H-2 a), 4.72 (qd, J = 6.4, 1.2 Hz,
0.4 H, H-2 b), 4.68 (s, 0.6 H, H-3 a), 4.55 (s, 0.4 H, H-3 b), 3.77 (s,
1.8 H, CO2CH3 a), 3.69 (s, 1.2 H, CO2CH3 b), 1.31 (d, J = 6.4 Hz,
1.8 H, CHCH3 a) 1.30 (d, J = 6.4 Hz, 1.2 H, CHCH3 b); dC


(50 MHz, CDCl3) mixture of rotamers 168.4 (s, CO2CH3), 152.8
(s, NCO2), 135.6 (s, i-Ph), 128.4–127.7 (d, 5 C, Ph), 126.8 and 125.7
(d, C-6), 104.7 and 104.3 (d, C-5), 69.7 and 69.1 (d, C-2), 68.0 and
67.7 (t, CH2Ph), 58.1 and 57.3 (d, C-3), 52.6 (q, CO2CH3), 17.2
(q, CHCH3); MS m/z 291 (M+, 4.6), 188 (15.9), 91 (100).


Cyclopropanation with Cu(OTf)2 and (S,S)-2,2′-isopropylidene-
bis(4-t-butyl-2-oxazoline): general procedure A


To a solution of dihydroxazine 5 (626 mg, 2.24 mmol) in dry
CH2Cl2 (4 mL) cooled in an ice–salt bath were added Cu(OTf)2


(16 mg, 0.045 mmol), (S,S)-2,2′-isopropylidene-bis(4-t-butyl-2-
oxazoline) (16 mg, 0.056 mmol) and phenylhydrazine (4.4 lL,
0.045 mmol). After 30 min, a 1.2 M solution of diazoacetate in dry
CH2Cl2 was added (quantity and time according to Table 1). The
reaction was then gently warmed to room temperature and stirred
for 16 h. Then, the mixture was concentrated under reduced pres-
sure and the residue was purified by flash column chromatography
(hexanes–EtOAc 3 : 1) to yield the cyclopropanated products.


Cyclopropanation with Cu(OTf)2, without chiral ligand: general
procedure B


To a solution of dihydroxazine scaffold (417 mg, 1.49 mmol) in dry
CH2Cl2 (3 mL) cooled in an ice–salt bath were added Cu(OTf)2


(11 mg, 0.030 mmol) and phenylhydrazine (2.9 lL, 0.030 mmol).
After 30 min, a 1.2 M solution of diazoacetate in dry CH2Cl2 was
added (quantity and time according to Table 1). The reaction
was then gently warmed to room temperature and stirred for
16 h. Then, the mixture was concentrated under reduced pressure
and the residue was purified by flash column chromatography
(hexanes–EtOAc 3 : 1) to yield the cyclopropanated products.


Cyclopropanation with Rh2(OAc)4: general procedure C


To a solution of dihydroxazine scaffold (522 mg, 1.87 mmol) in dry
CH2Cl2 (4 mL) cooled in an ice–salt bath Rh2(OAc)4 (2.5 mol%),
and a 1.2 M solution of diazoacetate in dry CH2Cl2 was added
(quantity and time according to Table 1). The reaction was then
gently warmed to room temperature and stirred for 16 h. The
mixture was concentrated under reduced pressure and the residue
was purified by flash column chromatography (hexanes–EtOAc 3 :
1) to yield the cyclopropanated products.


(1S,4S,6R,7R)-2-Oxa-5-azabicyclo[4.1.0]heptane-4,5,7-
tricarboxylic acid 5-benzyl ester 7-ethyl ester 4-methyl ester (14a)


626 mg (2.24 mmol) of compound (S)-5 were treated according
to general procedure A using 4.5 equivalents of ethyl diazoacetate
(6 h time of addition) to yield 81 mg (10%) of 14a as the minor


stereoisomer, or in higher amounts according to general procedure
B. (Found: C, 60.02; H, 5.71; N, 3.70. C18H21NO7 requires C, 59.50;
H, 5.83; N, 3.85%); [a]25


D −48.1 (c 1.2, CHCl3); dH (400 MHz,
CDCl3) 2 : 1 mixture of rotamers a and b 7.35–7.29 (m, 5 H, Ph),
5.29 (AB, part A, J = 12.5 Hz, 0.66 H, CH2Ph a), 5.17 (AB, part B,
J = 12.5 Hz, 0.66 H, CH2Ph a), 5.24–5.11 (m, 0.66 H, CH2Ph b),
4.47 (t, J = 4.8 Hz, 0.66 H, H-4 a), 4.19 (t, J = 4.8 Hz, 0.33 H, H-4
b), 4.20–4.03 (m, 3 H, CO2CH2CH3 and H-1), 4.03 (dd, J = 11.6,
5.2 Hz, 0.66 H, H-3 a), 3.94 (dd, J = 11.6, 5.2 Hz, 0.33 H, H-3 b),
3.84 (dd, J = 11.6, 4.8 Hz, 1 H, H-3), 3.78 (s, 2 H, CO2CH3 a), 3.67
(s, 1 H, CO2CH3 b), 3.54–3.49 (m, 1 H, H-6), 2.00 (t, J = 3.2 Hz,
1 H, H-7), 1.98 (t, J = 7.2 Hz, 2 H, CO2CH2CH3); d C (50 MHz,
CDCl3) mixture of rotamers 169.4 (s, CO2), 169.2 (s, CO2), 155.9
(s, NCO2), 135.7 (s, i-Ph), 128.2–127.1 (d, 5 C, Ph), 67.8 and 67.7
(t, CH2Ph), 64.6 and 64.1 (t, C-3), 60.7 (t, CO2CH2CH3), 59.1 (d,
C-1) 53.1 and 52.6 (d, C-4) 52.0 (q, CO2CH3), 33.9 (d, C-6), 26.4
and 26.0 (d, C-7), 14.2 (q, CO2CH2CH3); MS m/z 363 (M+, 0.8),
318 (0.2), 290 (2), 228 (15), 182 (18), 91 (100).


(1S,4S,6R,7R)-2-Oxa-5-azabicyclo[4.1.0]heptane-4,5,7-
tricarboxylic acid 5-benzyl ester 7-t-butyl ester 4-methyl ester
(14b)


Compound 14b was obtained from (S)-5 as the minor diastere-
omer according to general procedure A, or in higher amounts
according to general procedure B. (Found: C, 61.06; H, 6.71; N,
3.55. C20H25NO7 requires C, 61.37; H, 6.44; N, 3.58%); [a]25


D −61.3
(c 1.1, CHCl3); dH (400 MHz, CDCl3) 2 : 1 mixture of rotamers a
and b 7.38–7.28 (m, 5 H, Ph), 5.28 (AB, part A, J = 12.4 Hz, 0.66
H, CH2Ph a), 5.24 (AB, part A, J = 7.9 Hz, 0.33 H, CH2Ph b),
5.14 (AB, part B, J = 12.4 Hz, 0.66 H, CH2Ph a), 5.10 (AB, part B,
J = 8.0 Hz, 0.33 H, CH2Ph b), 4.45 (t, J = 4.8 Hz, 0.66 H, H-4 a),
4.38 (t, J = 4.8 Hz, 0.33 H, H-4 b), 4.10 (m, 0.33 H, H-1 b), 4.09
(dd, J = 7.2, 3.2 Hz, 0.66 H, H-1 a), 3.94 (dd, J = 11.6, 3.2 Hz,
0.66 H, H-3 a), 3.90 (dd, J = 11.6, 4.8 Hz, 0.33 H, H-3 b), 3.82
(dd, J = 11.6, 4.8 Hz, 1 H, H-3), 3.77 (s, 2 H, CO2CH3 a), 3.65 (s,
1 H, CO2CH3 b), 3.47 (dd, J = 7.2, 3.2 Hz, 0.33 H, H-6 b), 3.42
(dd, J = 7.2, 3.2 Hz, 0.66 H, H-6 a), 1.92 and 1.89 (t, J = 3.2 Hz,
1 H, H-7), 1.43 [s, 3 H, CO2C(CH3)3 b], 1.37 [s, 6 H, CO2C(CH3)3


a]; dC (50 MHz, CDCl3) mixture of rotamers 169.4 (s, CO2), 168.1
(s, CO2), 156.0 (s, NCO2), 135.6 (s, i-Ph), 128.3–127.2 (d, 5 C, Ph),
81.0 [s, C(CH3)3], 67.8 (t, CH2Ph), 64.5 and 64.1 (t, C-3), 58.8 (d,
C-1), 53.1 (d, C-4), 52.6 (d, C-6) 52.1 (q, CO2CH3), 33.5 (d, C-7),
28.0 and 27.4 [q, 3 C, C(CH3)3]; MS m/z 335 (M+ − t-Bu, 2), 318
(0.4), 291 (3), 200 (15), 91 (100).


(1R,4S,6S,7S)-2-Oxa-5-azabicyclo[4.1.0]heptane-4,5,7-tricarbo-
xylic acid 5-benzyl ester 7-ethyl ester 4-methyl ester (15a)


626 mg (2.24 mmol) of compound (S)-5 were treated according
to general procedure A using 4.5 equivalents of ethyl diazoacetate
(6 h time of addition) to yield 512 mg (63%) of 15a. (Found: C,
60.1; H, 5.11; N, 3.62. C18H21NO7 requires C, 59.50; H, 5.83; N,
3.85%); [a]25


D +5.5 (c 1.2, CHCl3); dH (400 MHz, CDCl3) 3 : 2
mixture of rotamers a and b 7.35–7.28 (m, 5 H, Ph), 5.27 (AB,
part A, J = 12.5 Hz, 0.6 H, CH2Ph a), 5.22 (AB, part B, J =
12.5 Hz, 0.6 H, CH2Ph a), 5.21 (AB, part A, J = 13.1 Hz, 0.4 H,
CH2Ph b), 5.13 (AB, part B, J = 13.1 Hz, 0.4 H, CH2Ph b), 4.27
(d, J = 3.2 Hz, 0.6 H, H-4 a), 4.24 (d, J = 3.2 Hz, 0.4 H, H-4 b),
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4.20–4.05 (m, 4 H, CO2CH2CH3, H-3, and H-1), 3.84 (dd, J =
11.6, 3.6 Hz, 0.6 H, H-3 a), 3.80 (dd, J = 11.6, 3.6 Hz, 0.4 H, H-3
b), 3.74 (s, 1.8 H, CO2CH3 a), 3.63 (s, 1.2 H, CO2CH3 b), 3.53 (dd,
J = 7.2, 3.6 Hz, 0.4 H, H-6 b), 3.49 (dd, J = 7.2, 3.6 Hz, 0.6 H,
H-6 a), 2.38 (dd, J = 3.6, 2.4 Hz, 0.6 H, H-7 a), 2.29 (dd, J = 3.6,
2.4 Hz, 0.4 H, H-7 b), 1.26 (t, J = 7.2 Hz, 1 H, CO2CH3 b), 1.21
(t, J = 7.2 Hz, 2 H, CO2CH3 a); dC (50 MHz, CDCl3) mixture of
rotamers 170.5 and 170.0 (s, CO2), 169.9 and 169.8 (s, CO2), 156.1
and 155.4 (s, NCO2), 135.8 and 135.5 (s, i-Ph), 128.2–127.2 (d, 5
C, Ph), 67.7 and 67.6 (t, CH2Ph), 65.9 and 65.5 (t, C-3), 60.6 (t,
CO2CH2CH3), 58.1 and 57.8 (d, C-1), 55.4 and 54.9 (d, C-4), 52.6
(q, CO2CH3), 35.3 and 35.2 (d, C-6), 27.5 and 27.3 (d, C-7), 14.2
(q, CO2CH2CH3); MS m/z 363 (M+, 1.2), 246 (15.2), 228 (17.4),
91 (100).


(1R,4S,6S,7S)-2-Oxa-5-azabicyclo[4.1.0]heptane-4,5,7-
tricarboxylic acid 5-benzyl ester 7-t-butyl ester 4-methyl ester
(15b)


625 mg (2.24 mmol) of compound (S)-5 were treated according to
general procedure A using 4.5 equivalents of t-butyl diazoacetate
(6 h time of addition) to yield 447 mg (51%) of 15b. (Found: C,
61.36; H, 6.31; N, 3.46. C20H25NO7 requires C, 61.37; H, 6.44; N,
3.58%); [a]26


D +14.1 (c 0.6, CHCl3); dH (400 MHz, CDCl3) 2 : 1
mixture of rotamers a and b 7.37–7.27 (m, 5 H, Ph), 5.30 (AB,
part A, J = 13.1 Hz, 0.66 H, CH2Ph a), 5.17 (AB, part B, J =
13.1 Hz, 0.66 H, CH2Ph a), 5.22–5.12 (m, 0.66 H, CH2Ph b), 4.25
(d, J = 2.8 Hz, 0.66 H, H-4 a), 4.23 (d, J = 2.8 Hz, 0.33 H, H-4 b),
4.13–4.06 (m, 0.66 H, H-1 b and H-3 b), 4.02 (dd, J = 7.2, 2.4 Hz,
0.66 H, H-1 a), 4.01 (d, J = 12.0 Hz, 0.66 H, H-3 a), 3.83 (dd,
J = 12.0, 3.6 Hz, 1 H, H-3), 3.74 (s, 2 H, CO2CH3 a), 3.64 (s, 1 H,
CO2CH3 b), 3.45 (dd, J = 7.2, 3.6 Hz, 0.33 H, H-6 b), 3.41 (dd,
J = 7.2, 3.6 Hz, 0.66 H, H-6 a), 2.27 (dd, J = 3.6, 2.4 Hz, 0.66
H, H-7 a), 2.19 (dd, J = 3.6, 2.4 Hz, 0.33 H, H-7 b), 1.44 [s, 3 H,
CO2C(CH3)3 b], 1.37 [s, 6 H, CO2C(CH3)3 a]; dC (50 MHz, CDCl3)
mixture of rotamers 170.1 (s, CO2), 169.1 (s, CO2), 156.2 (s, CO2),
135.7 (s, i-Ph), 128.2–127.2 (d, 5 C, Ph), 80.9 [s, C(CH3)3], 67.7 (t,
CH2Ph), 65.9 and 65.4 (t, C-3), 57.6 (d, C-1), 54.9 (d, 2 C, C-4
and C-6) 52.5 (q, CO2CH3), 35.0 (d, C-7), 28.4 and 28.1 [q, 3 C,
C(CH3)3]; MS (m/z) 335 (M+ − t-Bu, 2), 318 (0.3), 291 (1), 200
(16), 91 (100).


(1R,4R,6S,7S)-2-Oxa-5-azabicyclo[4.1.0]heptane-4,5,7-
tricarboxylic acid 5-benzyl ester 7-t-butyl ester 4-methyl ester
(16)


390 mg (1.41 mmol) of compound (R)-5 were treated according to
general procedure A using 4.5 equivalents of t-butyl diazoacetate
(6 h time of addition) to yield 336 mg (61%) of 16, with identical
NMR data as for 14b. (Found: C, 61.11; H, 6.62; N, 3.54.
C20H25NO7 requires C, 61.37; H, 6.44; N, 3.58%); [a]25


D +58.6 (c
1.0, CHCl3).


(1S,4R,6R,7R)-2-Oxa-5-azabicyclo[4.1.0]heptane-4,5,7-
tricarboxylic acid 5-benzyl ester 7-t-butyl ester 4-methyl ester
(17)


Compound 17 was obtained from (R)-5 as the minor diastereomer
according to general procedure A, or in higher amounts according
to general procedure B, with identical NMR data as for 15b.


(Found: C, 61.31; H, 6.34; N, 3.49. C20H25NO7 requires C, 61.37;
H, 6.44; N, 3.58%); [a]25


D −15.8 (c 1.0, CHCl3).


(1R,3R,4S,6S,7S)-3-Methyl-2-oxa-5-azabicyclo[4.1.0]heptane-
4,5,7-tricarboxylic acid 5-benzyl ester 7-t-butyl ester 4-methyl
ester (18)


To a solution of dihydroxazine 13 (450 mg, 1.54 mmol) in
dry CH2Cl2 (4 mL) cooled in an ice–salt bath were added
Cu(OTf)2 (14 mg, 0.038 mmol), (S,S)-2,2′-isopropylidene-bis(4-
t-butyl-2-oxazoline) (11 mg, 0.038 mmol) and phenylhydrazine
(3.0 lL, 0.031 mmol). After 30 min, a 1.2 M solution of t-butyl-
diazoacetate (5 eq.) in dry CH2Cl2 was added over 6 h. During the
addition the volume was maintained constant, expelling CH2Cl2


by passing nitrogen through the flask. The reaction was then gently
warmed to room temperature and stirred 16 h. The mixture was
concentrated under reduced pressure and the residue was purified
by flash column chromatography (hexanes–EtOAc 3 : 1) to yield
405 mg (65%) of 18. (Found: C, 62.42; H, 6.93; N, 3.52. C21H27NO7


requires C, 62.21; H, 6.71; N, 3.45%); [a]24
D +34.6 (c 1.9, CHCl3);


dH (400 MHz, CDCl3) 3 : 1 mixture of rotamers a and b 7.34–7.24
(m, 5 H, Ph), 5.29 (AB, part A, J = 12.3 Hz, 0.75 H, CH2Ph a),
5.21 (AB, part A, J = 12.2 Hz, 0.25 H, CH2Ph b), 5.13 (AB, part
B, J = 12.6 Hz, 0.75 H, CH2Ph a), 5.06 (AB, part B, J = 12.3 Hz,
0.25 H, CH2Ph b), 4.34 (q, J = 6.8 Hz, 0.75 H, H-2 a), 4.27 (q,
J = 6.8 Hz, 0.25 H, H-2 b), 4.08 (s, 0.75 H, H-4 a), 4.03 (s, 0.25
H, H-4 a), 3.79 (dd, J = 7.2, 3.2 Hz, 0.25 H, H-1 b), 3.75 (dd,
J = 7.2, 3.2 Hz, 0.75 H, H-1 a), 3.68 (s, 2.25 H, CO2CH3 a), 3.58
(s, 0.75 H, CO2CH3 b), 3.54 (dd, J = 7.2, 3.2 Hz, 0.25 H, H-6 b),
3.48 (dd, J = 7.2, 3.2 Hz, 0.75 H, H-6 a), 2.27 (t, J = 3.2 Hz, 0.75
H, H-7 a), 2.17 (t, J = 3.2 Hz, 0.25 H, H-7 b), 1.44 (d, J= 6.4 Hz,
2.25 H, CHCH3 a), 1.44–1.41 (m, 0.75 H, CHCH3 b), 1.41 [s, 2.25
H, CO2C(CH3)3 b], 1.35 [s, 6.75 H, CO2C(CH3)3 a]; dC (50 MHz,
CDCl3) mixture of rotamers 170.5 (s, CO2), 169.4 (s, CO2), 156.8 (s,
NCO2), 135.7 (s, i-Ph), 128.3–127.2 (d, 5 C, Ph), 80.7 [s, C(CH3)3],
70.1 and 69.6 (d, C-3), 67.6 (t, CH2Ph), 58.8 and 58.4 (d, C-1),
52.7 (q, CO2CH3), 52.3 (d, C-4), 34.9 and 34.7 (d, C-6), 27.9 and
27.6 [q, 3 C, C(CH3)3], 27.5 (d, C-7), 17.8 (q, CHCH3); MS m/z
405 (M+, 0.1), 305 (2), 260 (9), 214 (51), 91 (100).


(1R,4S,6S,7S)-3-Methyl-2-oxa-5-azabicyclo[4.1.0]heptane-4,5,7-
tricarboxylic acid 5-benzyl ester 4-methyl ester (19)


Compound 15b (240 mg, 0.61 mmol) was dissolved in CH2Cl2


(2.8 mL) and TIS (125 lL, 0.61 mmol) and TFA (1.2 mL) were
added sequentially. The mixture was stirred for 50 minutes at
room temperature and then the solvents were removed under
reduced pressure. The crude product obtained was redissolved in
5% Na2CO3 (20 mL) and the solution was extracted with Et2O. The
acqueous phase was acidified at pH 1–2 with concentrated HCl
and extracted with CH2Cl2 (4 × 10 mL). The dichloromethane
exctracts were combined, dried over Na2SO4 and concentrated
under reduced pressure to obtain compound 19 (174 mg, 85%).
(Found: C, 57.36; H, 5.21; H, 4.19. C16H17NO7 requires C, 57.31;
H, 5.11; N, 4.18%); [a]26


D +5.8 (c 1.0, CHCl3); dH (400 MHz, CDCl3)
3 : 2 mixture of rotamers a and b 7.36–7.28 (m, 5 H, Ph), 5.27–5.10
(m, 2 H, CH2Ph), 4.25 (d, J = 2.8 Hz, 0.6 H, H-4 a), 4.21 (d, J =
2.8 Hz, 0.4 H, H-4 b), 4.17–4.05 (m, 2 H, H-3), 3.85–3.78 (m,
1 H, H-1), 3.74 (s, 1.8 H, CO2CH3 a), 3.61 (s, 1.2 H, CO2CH3 b),
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3.59–3.55 (m, 1 H, H-6), 2.39 (s, 0.6 H, H-7 a), 2.29 (s, 0.4 H,
H-7 b); dC (50 MHz, CDCl3) mixture of rotamers 175.6 and 175.0
(s, CO2), 170.5 and 170.2 (s, CO2), 156.3 and 155.8 (s, NCO2),
135.8 and 135.4 (s, i-Ph), 128.4–127.3 (d, 5 C, Ph), 68.0 and 67.8
(t, CH2Ph), 65.9 and 65.5 (t, C-3), 58.4 and 58.2 (d, C-4), 55.4 and
54.9 (d, C-1), 52.6 (q, CO2CH3), 36.0 and 35.8 (d, C-6), 27.4 (d,
C-7); MS m/z 335 (M+, 0.2), 290 (0.3), 246 (6), 232 (3), 200 (11),
91 (100).


(1R,4S,6S,7R)-7-Hydroxymethyl-3-methyl-2-oxa-5-
azabicyclo[4.1.0]heptane-4,5-dicarboxylic acid 5-benzyl ester
4-methyl ester (20)


N-Methylmorpholine (52 lL, 0.47 mmol) and isobutyl
chloroformiate (61 lL, 0.45 mmol) were added, at 0 ◦C, to
a solution of compound 19 (144 mg, 0.43 mmol) in dry THF
(4 mL). After 25 minutes, the white suspension was added
dropwise at −78 ◦C to a suspension of NaBH4 (32 mg, 0.86 mmol)
in THF–MeOH 3 : 1 (4 mL). After 30 minutes at −78 ◦C a
second portion of NaBH4 (32 mg, 0.86 mmol) was added and
the mixture was stirred for another 30 minutes at −78 ◦C and
then was gently warmed to −40 ◦C, until all the mixed anhydride
was consumed (TLC monitoring). The reaction was quenched
with 10% AcOH–H2O (2 mL), diluted with H2O (8 mL), and
extracted with EtOAc. The combined organic extracts were
washed with brine, dried over Na2SO4 and concentrated under
reduced pressure to a residue which was purified by flash
column chromatography (EtOAc–hexanes 3 : 1, then EtOAc)
to yield alcohol 20 (112 mg, 81%). (Found: C, 59.98; H, 5.71;
N, 5.02. C16H19NO6 requires C, 59.81; H, 5.96; N, 4.36%); [a]25


D


+74.6 (c 1.1, CHCl3); dH (400 MHz, CDCl3) 1 : 1 mixture of
rotamers a and b 7.40–7.29 (m, 5 H, Ph), 5.29–5.10 (m, 2 H,
CH2Ph), 4.16 (dd, J = 12.0, 3.2 Hz, 1 H, H-3), 4.03 (d, J =
12.0 Hz, 1 H, H-3), 3.83–3.72 (m, 2 H, CH2OH), 3.74 (s, 1.5 H,
CO2CH3 a), 3.64–3.59 (m, 1 H, H-4), 3.58 (s, 1.5 H, CO2CH3 b),
3.26–3.19 (m, 1 H, H-1), 2.76–2.70 (m, 1 H, H-6), 1.82–1.80 (m,
1 H, H-7); dC (50 MHz, CDCl3) mixture of rotamers 170.8 and
170.5 (s, CO2), 156.6 (s, NCO2), 135.8 and 135.6 (s, i-Ph), 128.4–
127.8 (d, 5 C, Ph), 67.8 (t, CH2OH), 66.1 and 65.8 (t, CH2Ph), 61.1
and 60.8 (t, C-3), 56.2 and 55.7 (d, C-1), 55.4 and 54.9 (d, C-4),
52.5 (q, CO2CH3), 30.3 and 30.0 (d, C-6), 28.6 and 28.2 (d, C-7);
MS m/z 303 (M+ − OH, 1), 290 (4), 218 (2), 200 (2), 91 (100).
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The mechanism of the coupling step in polynucleotide synthesis using
5′-4,4′-dimethoxytritylthymidine-3′-b-cyanoethyl-N,N-diisopropylphosphoramidite as the
phosphitylating agent and catalysed by the salt of saccharin and N-methylimidazole in acetonitrile has
been studied by 31P NMR. Pre- and post-equilibria between the activator salt and released
diisopropylamine have been examined by 1H NMR and ITC, which show that the salt between
saccharin and diisopropylamine will be present in acetonitrile. Activation of the phosphoramidite by
the salt of saccharin and N-methylimidazole involves nucleophilic catalysis and the formation of a
reactive saccharin adduct bonded through its carbonyl oxygen to phosphorus. The rate constants for
the reaction of the 4-methoxyphenol with 5′-4,4′-dimethoxytritylthymidine-3′-b-cyanoethyl-N,N-
diisopropylphosphoramidite in the presence of saccharin–N-methylimidazole salt show a non-linear
dependence on phenol concentration, becoming independent at high phenol concentrations, compatible
with a change in rate limiting step from the alcoholysis step to the activation step.


Introduction


There is an increasing need to synthesise large quantities of high
purity oligonucleotides for use in nucleic acid research and for
the manufacture of anti-sense oligonucleotides.1–3 While there
have been numerous studies centred around finding new synthetic
routes and on improving existing methods to increase yield and
product purity, detailed kinetic and mechanistic studies on the
individual steps involved in these syntheses are largely lacking.


Arguably the most important step in oligonucleotide synthesis
is the coupling of the nucleotide units. One such method that
has shown great efficiency is the phosphoramidite route and is,
today, the most widely used. The phosphoramidite method utilises
solid phase methodologies, where the growing oligonucleotide is
covalently anchored to a solid matrix within a column and reagents
are washed down for reaction.3–8 The nucleotide to be coupled to
the growing oligomer is often presented as a phosphoramidite
containing a diisopropylamine leaving group and cyanoethyl and
4,4′-dimethoxytrityl (DMTr) as P–O and 5′ hydroxy protecting
groups, respectively (Scheme 1).


The phosphoramidite coupling reaction (often incorrectly re-
ferred to as phosphorylation rather than phosphitylation) is the
nucleophilic substitution of the amine moiety of the nucleosidic
phosphoramidite by the 5′ hydroxy function of the solid support
bound nucleoside. The reaction must be performed in the presence
of a suitable acid/base activator as the reactants are otherwise inert
(Scheme 1).
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Scheme 1


There have been many studies involving screening of
numerous activators to measure their relative efficien-
cies, examples include: 1H-tetrazole;9,10 2,4-dinitrophenol;11 2-
bromo-4,5-dicyanoimidazole;12 various carboxylic acids;13 4,5-
dicyanoimidazole;14 5-phenyltetrazole;15 arylsulfonyl-tetrazoles;16


which are used for activation in phosphoramidite method-
ologies and benzylthiotetrazole and ethylthiotetrazole17 for H-
phosphonate routes. One of the most widely used activators is
1H-tetrazole, first used by Caruthers et al.9,10 Studies by Dahl
et al.,18 and later by Nurminen et al.,19–22 of the phosphitylation
reaction suggested that 1H-tetrazole has a dual role. Firstly,
the activator acts as an acid to protonate the nitrogen of the
amine leaving group. Secondly, it acts as a nucleophile to displace
isopropylamine from the protonated amidite to form a highly
reactive tetrazolide intermediate. The tetrazolide intermediate
then undergoes nucleophilic attack by the nucleosidic alcohol
to produce the phosphite product, one equivalent of amine and
tetrazole. The difference in pKa between the departing amine and
tetrazole means that the final acid base products react to generate
a salt (Scheme 2).


Although it has been suggested that protonation of the phos-
phoramidite occurs on phosphorus,18,21,23,24 it seems likely that for a
reaction to occur, nitrogen protonation is required.21,25,26 Evidence
supporting this has been reported by Korkin and Tvetkov27,28 who
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Scheme 2


showed, by molecular modelling of H2P-NH2, that protonation
on nitrogen lengthens and weakens the phosphorus nitrogen
bond, whereas phosphorus protonation shortens and strengthens
the phosphorus nitrogen bond. Nurminen21,22 has claimed that
phosphorus protonation could be achieved with strong acids,
although subsequent nucleophilic substitution of the amine was
much slower than with the corresponding nitrogen protonated
species.


Efficient activation requires an acid to protonate the phospho-
ramidite and a base to act as both a good nucleophile, to facilitate
rapid conversion to the activated intermediate, and as a good leav-
ing group to enable formation of the phosphite triester. HX type
activators, such as 1H-tetrazole, do not meet these requirements
of strong acid and good nucleophile; as a strong acid is likely
to generate a weakly nucleophilic conjugate base whereas a strong
nucleophile is likely to be derived from a weak acid.5,29,30 There have
been a number of studies undertaken to find alternative activators
to these HX types with salts of strong acids and nucleophilic bases
showing great potential as effective promoters of phosphitylation.
Examples of these activators include: salts of benzimidazole with
trifluoroacetic acid, tetrafluoroboric acid, hexafluorophosphoric
acid and trifluoromethansulfonic acid;31,32 imidazolium triflate;33


N-methylimidazolium triflate;34 salts of 4-dimethylaminopyridine
with 5-(o-nitrophenyl)tetrazole and 5-(p-nitrophenyl) tetrazole;35


pyridinium trifluoroacetate;36 N-methylimidazolium triflate and
trifluoroacetate; N-methylbenzoimidazolium triflate; and N-
phenylimidazolium triflate.29


Herein we report mechanistic studies on the phosphitylation
of nucleosidic species in acetonitrile using saccharin and N-
methylimidazole as an activator, which is currently used as part of
the manufacture of oligonucleotides on an industrial scale.


Results and discussion


Pre- and post-equilibria


Initially it was important to establish details of the equilibria
between saccharin and N-methylimidazole, and also that with the
amine generated during phosphitylation–diisopropylamine. The
phosphoramidites used in these studies all contained diisopropy-
lamine due to its preferred use in oligonucleotide manufacture.


1H NMR studies performed in deuterated acetonitrile of
mixtures of saccharin (SH) and N-methylimidazole (NM) indicate
full proton transfer from saccharin to N-methylimidazole. In
the presence of diisopropylamine (DIA), full proton transfer
from both saccharin and the protonated N-methylimidazle to
diisopropylamine occurs (Table 1). Thus, similar to the order
in water, the increase in basicity in acetonitrile is in the or-
der of: saccharin anion < N-methylimidazole < diisopropy-
lamine. Isothermal titration calorimetery was used to calculate
protonation equilibrium constants between saccharin and N-
methylimidazole, and between saccharin and diisopropylamine.
These also indicate the same order of basicity as determined by 1H
NMR with equilibrium constants of 1.27 × 104 (SH + NM) and
5.59 × 105 (SH + DIA) respectively. In terms of salt formation
between all three components, that between saccharin anion and
diisopropylaminium will be predominant in acetonitrile by a factor
of 44 (Scheme 3).


Scheme 3


Although these equilibria are expected on the basis of the pKa’s
in water, this order of basicity is contrary to that indicated by
pKa values in acetonitrile reported in the literature, which puts the


Table 1 1H chemical shifts of N-methylimidazole (NMI), saccharin and diisopropylamine (DIA) in deuterated acetonitrile


Sample composition
d NMI H2


(ppm)
d NMI H4


(ppm)
d NMI H5


(ppm)
d NMI CH3


(ppm)
d DIA CH
(ppm)


d DIA CH3


(ppm)


NMI 7.39 6.95 6.90 3.63 — —
NMI + saccharin 8.43 7.39 7.27 3.81 — —
DIA — — — — 2.84 0.95
DIA + saccharin — — — — 3.45 1.30
NMI + saccharin + DIA 7.50 6.98 6.93 3.64 3.48 1.31
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Table 2 pKa values of aliphatic ammonium ions in water and
acetonitrile.38


Acid pKa in water pKa in acetonitrile


Diisopropylammonium 11.0537 16.522


Di-n-butylammonium 11.25 18.31
Diethylammonium 10.98 18.75
Tri-n-butylammonium 10.89 18.09
Triethylammonium 10.65 18.46
Tri-n-propylammonium 10.65 18.1
Diisobutylammonium 10.50 17.88


acidity of the conjugate acid of N-methylimidazole (pKa 17.1)22


above that of diisopropylamine (pKa 16.5).22 An inspection of the
pKa values (Table 2) for a range of aliphatic ammonium ions show
a good correlation between those in water and in acetonitrile. The
reported pKa of diisopropylammonium ion in acetonitrile of 16.5
is almost two units lower than the average for ammonium ions
and lies well outside the pKa range. It therefore seems likely that
the reported pKa value of 16.5 is incorrect and its pKa should
be approximately 18.5. This would place the relative basicity of
saccharin, N-methylimidazole and diisopropylamine as similar to
that determined by our experiments.


As the released diisopropylamine is the most basic component
of the phosphitylation reaction mixture, a salt will be formed
between saccharin and the displaced diisopropylamine, which will
contribute to the driving force for the reaction. As well as salt
formation, there will be a large thermodynamic driving force due
to the positive enthalpy change accompanying the formation of a
strong phosphorus to oxygen bond in the phosphite triester prod-
uct versus the phosphorus nitrogen bond in the phosphoramidite
reactants. This is illustrated by P–O and P–N bond dissociation
energies of 360 and 230 kJ mol−1, respectively.39,40


Phosphoramidite activation


If the phosphitylation of alcohols occurs by activation of
the phosphoramidite with saccharin–N-methylimidazole salt via
nucleophilic catalysis and a two step mechanism (Scheme 2), then
there are three possibilities for the activating nucleophile. After
initial protonation of the diisopropylamine group, substitution of
the protonated amine could occur by either N-methylimidazole to
form a charged intermediate or by the saccharin anion, through
either its carbonyl oxygen or nitrogen atom, to give two possible
neutral intermediates (Scheme 4).


To distinguish between these possibilities, studies were
conducted of the reaction of the phosphoramidite, saccha-
rin and N-methylimidazole in the absence of an alcohol.
Addition of increasing molar equivalents of saccharin–N-
methylimidazole salt to 5′-4,4′-dimethoxytritylthymidine-3′-b-
cyanoethyl-N,N-diisopropylphosphoramidite in acetonitrile gave
31P NMR spectra that showed a decrease in the signal due to the
starting amidite, and an increasing proportion of a relatively broad
signal centred at d 134 ppm, which is assigned to the activated
species. There is also the presence of two small additional signals,
of equal peak area, at d 7 ppm due to the formation of diastereoiso-
mers of the H-phosphonate species produced by reaction of traces
of water in the system with the activated species. There is also
a set of three small signals at approximately d 125 ppm, which
are due to the formation of a P–O–P anhydride type species
arising from reaction of the H-phosphonate/phosphite and the
activated species.22 Addition of excess N-methylimidazole and/or
diisopropylamine prior to or after initial activation showed an
increase in the concentration of reactants, demonstrating a true
equilibrium between the species.


Saccharin is a strong enough acid to cause detritylation of the 5′


protecting group of the phosphoramidite and the presence of N-
methylimidazole as a base also helps to reduce the acidity of the
medium to prevent unwanted detritylation. To study activation
with saccharin in the absence of N-methylimidazole, a sim-
ple phosphoramidite (dimethyl N,N-diisopropylphosphoramidite)
was used. Addition of increasing molar equivalents of saccharin to
the phosphoramidite in both acetonitrile and chloroform showed,
from 31P NMR spectra, an increase in the activated species at the
expense of starting amidite.


The same signal for the activated species was observed upon
the addition of N-methylimidazole–saccharin to the amidite
in chloroform, indicating that the activated species must be a
saccharin adduct. In acetonitrile, there was a small shift in the
position of the signal for the activated species, which is probably
due to a medium effect rather than to the formation of a different
adduct.


To identify the position of the 31P NMR chemical shift of
P–O–C bonds, acetic acid was used instead of saccharin–N-
methylimidazole to activate the thymidine phosphoramidite in
acetonitrile. Addition of increasing molar equivalents of acetic
acid showed an increase in the proportion of a pair of signals at d
131.7 and 131.1 ppm due to the two diastereoisomers formed upon
substitution of diisopropylamine with acetic acid. The chemical


Scheme 4
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Table 3 Summary of the 31P NMR chemical shifts of phosphorus III species in deuterated acetonitrile


d 149 ppm d 149 ppm d 150-162 ppma d 142 ppm


d 132 ppm d 134 ppm d 138 ppm d 139 ppm


a Varies with NMI concentration.


shift of 132 ppm can be compared with the d 134/139 ppm
observed with saccharin and saccharin–N-methylimidazole, com-
patible with P–O bond formation. To confirm these obser-
vations and to determine the 31P NMR chemical shift of
P–N–C bonds, the reaction between diethylchlorophosphite and
N-methylimidazole was studied. Addition of N-methylimidazole
to the diethylchlorophosphite in acetonitrile showed formation
of a broad 31P NMR signal, which showed a large up-field
movement in chemical shift on increasing the concentration of
N-methylimidazole from d 162 ppm with one molar equivalent to
d 151 ppm with five molar equivalents. The shape of the signal
became broader and less symmetrical on addition of excess N-
methylimidazole. This is thought to be due to association of
N-methylimidazole molecules to the charged activated species
reducing the amount of positive charge on the phosphorus
compatible with the observed change in chemical shift. Reducing
the temperature of the five molar equivalent sample showed a
further up-field shift in the signal and a sharpening in its shape.
Addition of dimethylaminopyridine to diethylchlorophosphite in
acetonitrile gave an activated species with a 31P NMR signal at d
142 ppm, corresponding to an adduct with a more delocalised
charge. Table 3 shows a summary of the 31P NMR chemical
shifts in acetonitrile of the relevant adducts with the chemical
shifts of P–N species being between d 142–162 ppm whereas the
P–O phosphite ester species resonate further up-field at d 132–
139 ppm. The chemical shifts of the P–saccharin adduct resonate
at approximately d 135 ppm, compatible with bonding through
the saccharin’s carbonyl oxygen atom.


Further evidence for the active intermediate being the P–O
saccharin adduct was obtained from FT-IR. The spectrum of
saccharin in acetonitrile shows the presence of a signal at 1744 cm−1


assigned to the stretching frequency of the carbonyl group, which
is lost on addition of one molar equivalent of N-methylimidazole,
indicative of proton transfer and enolate anion formation. Addi-
tion of either one molar equivalent of dimethylphosphoramidite
or one molar equivalent of both dimethylphosphoramidite and
N-methylimidazole to saccharin in acetonitrile also results in the
loss of the carbonyl signal, compatible with formation of a P–O
rather than a P–N adduct, which would retain a carbonyl stretch
(Scheme 4).


In summary, phosphoramidite activation with saccharin–N-
methylimidazole salt results in the formation of an activated
intermediate that is an adduct of saccharin with bonding to
phosphorus being through the carbonyl oxygen atom of saccharin.


This is compatible with studies performed by Sekine et al., who,
in a not too dissimilar reaction, demonstrated the reaction of
activated phosphonates with an oxygen nucleophile in the presence
of nitrogen nucleophiles.17


A function of N-methylimidazole in the reaction is to reduce
the acidity of the reaction mixture so as to prevent unwanted
side reactions, such as de-purination and premature detritylation.
The saccharin–N-methylimidazole salt is an effective activator of
the phosphoramidites and activation occurs rapidly and stoichio-
metrically. The saccharin anion is more nucleophilic towards the
phosphoramidite than the N-methylimidazole.


Alcoholysis


The alcoholysis of thymidine phosphoramidite in acetonitrile re-
quires only one molar equivalent of saccharin–N-methylimidazole
salt and one molar equivalent of alcohol to give quantitative
formation of the phosphite triester product. The alcoholysis
reaction could proceed by either direct displacement of the
protonated amine or by initial nucleophilic attack of the activator
and subsequent displacement of saccharin by the incoming alcohol
(Scheme 5).


Scheme 5


The rate of the alcoholysis reaction of the thymidine phospho-
ramidite with the 5′ hydroxyl group of a nucleoside is very rapid but
can be reduced by using weakly nucleophilic alcohol or phenol so
that kinetics can be monitored by rapid 31P NMR techniques (see
ESI†). The change in concentration with time for the formation of
phosphite triester from the reaction of thymidine phosphoramidite
with one molar equivalent of saccharin–N-methylimidazole shows
second order kinetics for a range of substituted phenols and alco-
hols at varying initial concentrations. However, the calculated rate
constants show a non-linear dependence upon the concentration
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Table 4 Observed second order rate constants for reaction of thymidine
phosphoramidite with 4-methoxyphenol catalysed by one molar equiva-
lent of saccharin–N-methylimidazole salt in acetonitrile


4-Methoxyphenol concentration (M) kobs/M−1 s−1


0.05 0.230
0.10 0.285
0.15 0.307
0.20 0.330
0.30 0.403
0.40 0.417
0.50 0.400
0.75 0.410


of 4-methoxyphenol (Table 4). At low phenol concentrations,
the rate of alcoholysis is dependent on the 4-methoxyphenol
concentration, but above 0.3 M 4-methoxyphenol, the rate of
phosphite triester formation becomes independent of the phenol
concentration. This change in dependence on concentration is
indicative of a change in rate limiting step and is compatible with
the presence of an intermediate on the reaction pathway.


If phosphoramidite (PA) activation involves nucleophilic catal-
ysis by saccharin to form a P–saccharin intermediate by displace-
ment of the diisopropylamine (DIA) so that alcoholysis proceeds
by a two step mechanism, there are two elementary reactions
involved in formation of the phosphite trieseter (POR) product
(Scheme 6). The rate of phosphite triester formation is given by eqn
(1), but at low concentration of alcohol, where k−1[NMI][DIA] >


k2[ROH], this simplifies to eqn (2) and the rate is dependent on
alcohol concentration and the rate limiting step is k2, the rate of
breakdown of the intermediate.


(1)


(2)


Scheme 6


Conversely, at high concentration of alcohol, where k2[ROH] >


k-1[NMI][DIA], the rate of formation of the intermediate, k1 is rate
limiting and the reaction is independent of alcohol concentration,
eqn (3).


(3)


There is little dependence on the nature of the phenol or alcohol
on the rate of phosphite triester formation (Table 5) as expected if
the rate limiting step is formation of the intermediate.


In conclusion, phosphoramidite activation with saccharin–N-
methylimidazole salt results in the formation of an activated
phosphite ester intermediate that is an adduct of saccharin with
bonding to phosphorus being through the carbonyl oxygen atom
of saccharin. In the presence of alcohols, this intermediate reacts


Table 5 Observed second order rate constants for reaction of thymidine
phosphoramidite with various phenols and alcohols catalysed by one
molar equivalent of saccharin–N-methylimidazole salt


Alcohol kobs/M−1 s−1


4-Cyanophenol 0.237
4-Chlorophenol 0.227
Phenol 0.227
4-Methylphenol 0.218
4-Methoxyphenol 0.228
Propan-2-ol 0.238
t-Butanol 0.185


in a fast step to form the product, so that formation of the
intermediate is rate-limiting.


Experimental
1H, 13C, 31P and 15N NMR spectra were recorded on a Bruker
400 MHz or Bruker 500 MHz spectrometer. Coupling constants
J are quoted in Hz.


Isothermal titration calorimetry was performed on a MicroCal
VP-ITC microcalorimeter. For determination of the saccharin–
diisopropylamine equilibrium constants, a solution of saccharin
(0.25 mM) in acetonitrile was placed in the cell block and the
titrating syringe was loaded with diisopropylamine (7.3 mM) in
acetonitrile. Titre volumes of 4 ll were used in this experiment with
a 150 second delay between additions. For the determination of the
saccharin–N-methylimidazole equilibrium constants, saccharin
(1 mM) in acetonitrile was placed in the cell block and N-
methylimidazole (14.6 mM) in acetonitrile was loaded into the
titration syringe. In this case, titre volumes of 2 ll were titrated
with a 150 second delay between injections.


Infra-red experiments were performed on a Thermo Nicolet 380
FT-IR. All reagents were pre-prepared in deuterated acetonitrile
and stored over 4 Å molecular sieves under dry argon for at
least 24 hours before use. In a typical experiment, saccharin and
dimethyl N,N-diisopropylphosphoramidite were mixed together
in acetonitrile under a dry argon atmosphere and the resulting
mixture injected into a 1 mm quartz cell, which had been flushed
with dry acetonitrile and sealed with rubber septa; the spectrum
was then recorded.


The kinetic measurements were carried out using rapid 31P
NMR techniques on a Bruker 400 spectrophotometer. All reagents
were pre-prepared in deuterated acetonitrile and stored over
4 Å molecular sieves under dry argon for at least 24 hours
prior to use. In a typical kinetic run, two identical samples
of saccharin–N-methylimidazole salt and 4-methoxyphenol in
deuterated acetonitrile were prepared in sealed/argon flushed
NMR tubes. To one of these samples, the NMR shimming
and deuterium locking protocols were performed after addition
of thymidine phosphoramidite. Thymidine phosphoramidite was
then added to the other sample, which was placed in the NMR
magnet as quickly as possible and the experiment was started.
31P NMR spectra were recorded successively at intervals of 23
seconds. This time base was chosen to gain the maximum number
of data points over the kinetic run, but to also give adequate signal
resolution. Rate constants were obtained by fitting concentration
versus time data to either first or second order exponential decays


3274 | Org. Biomol. Chem., 2008, 6, 3270–3275 This journal is © The Royal Society of Chemistry 2008







using Scientist software. Errors in rate constants are typically
below ±5%, data with errors above this were discarded.
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Tetra-acylated lipid As derived from Porphyromonas gingivalis LPS have been synthesized using a key
disaccharide intermediate functionalized with levulinate (Lev), allyloxycarbonate (Alloc) and anomeric
dimethylthexylsilyl (TDS) as orthogonal protecting groups and 9-fluorenylmethoxycarbamate (Fmoc)
and azido as amino protecting groups. Furthermore, an efficient cross-metathesis has been employed
for the preparation of the unusual branched R-(3)-hydroxy-13-methyltetradecanic acid and
(R)-3-hexadecanoyloxy-15-methylhexadecanoic acid of P. gingivalis lipid A. Biological studies have
shown that the synthetic lipid As cannot activate human and mouse TLR2 and TLR4 to produce
cytokines. However, it has been found that the compounds are potent antagonist of cytokine secretion
by human monocytic cells induced by enteric LPS.


Introduction


Porphyromonas gingivalis is a Gram-negative bacterium implicated
in chronic periodontal diseases.1 It releases large amounts of
outer membrane vesicles containing lipopolysaccharides (LPSs),
which can penetrate periodontal tissue. It has been proposed
that microbial components such as LPSs can induce inflam-
matory responses resulting in tissue damage and alveolar bone
loss.2 Early studies have indicated that P. gingivalis LPSs can
activate murine macrophages in a TLR2- and TLR4-dependent
manner.3 However, it has been suggested that the TLR2 responses
maybe due to contamination with lipoproteins.4,5 It has also
been found that LPSs of P. gingivalis can inhibit IL-6 and
IL-1b secretion and ICAM expression induced by enteric LPS
by U373 and human peripheral mononuclear cells and human
gingival fibroblasts, respectively.6 Another study found that a
purified tetra-acylated monophosphoryl lipid A structure can
antagonize E-selectin expression in human cells exposed to
enteric or P. gingivalis LPS.7 It appears that MD2 represents the
principal molecular component used by these LPS derivatives for
inhibition.8


Several studies have indicated that compounds that can antag-
onize cytokine production induced by enteric LPS may have the
potential to be developed as therapeutics for the treatment of
Gram-negative septicemia.9 Success in this area has been limited,
and most efforts have been directed towards the synthesis of
analogs of lipid A of Rhodobacter sphaeroides10,11 and derivatives
of lipid X.12–15 Analogs of the lipid A moiety of Helicobacter
pylori, which have fewer but longer fatty acids and are only
phosphorylated at the anomeric center, have also been shown to
inhibit IL-6 secretion by human whole blood cells.16 Recently, we
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reported that synthetic lipid As derived from Rhizobium sin-1,
which lacks phosphates but contains an 2-aminogluconolactone
and a very long chain fatty acid 27-hydroxyoctacosanoic acid,
can prevent the induction of TNF-a by E. coli LPS in human
monocytic cells.17–21


The lipid A moiety of the LPS of P. gingivalis displays consid-
erable heterogeneity, and the structures of four compounds have
been elucidated, which differ in their fatty acid substitution pattern
(Fig. 1).22,23 A common structural feature of these derivatives is,
however, the presence of unusual branched fatty acids such as
R-(3)-hydroxy-13-methyltetradecanic acid and R-(3)-hydroxy-15-
methyl hexadecanic acid.


The presence of multiple lipid A structures has made it difficult
to interpret innate immune responses elicited by P. gingivalis
LPS, which in turn has hindered a thorough understanding of
the contributions of P. gingivalis LPS to periodontal diseases.
It has also complicated the identification of P. gingivalis lipid A
with antagonistic properties, which may have potential therapeutic
properties for the treatment or prevention of septic shock.
Fortunately, chemical synthesis can afford pure lipid A derivatives
for structure–activity relationship studies.24,25 In this respect, the
chemical synthesis of a tri- (1) and penta-acylated lipid A (2) has
already been reported,26 and biological studies have shown that
these compounds can activate human and murine cells in TLR4-
dependent manner.


Here we describe a highly convergent chemical synthesis
of tetra-acylated lipid As 3 and 4 employing levulinate (Lev)
and allyloxycarbonate (Alloc) as hydroxyl protecting groups,
dimethylthexylsilyl (TDS) as an anomeric protecting group and
9-fluorenylmethoxycarbamate (Fmoc) and azido as amino pro-
tecting groups to manipulate each of the critical functional-
ities in a selective manner. Furthermore, an efficient cross-
metathesis is employed for the preparation of the branched R-(3)-
hydroxy-13-methyltetradecanic acid and (R)-3-hexadecanoyloxy-
15-methylhexadecanoic acid. Biological evaluations demonstrate
that compound 3 is a potent antagonist of cytokine secretion
induced by enteric LPS.
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Fig. 1 Structures of E. coli and P. gingivalis lipid A.


Result and discussion


Chemical synthesis


It was envisaged that lipid As derived from P. gingivalis can easily
be obtained from monosaccharide building blocks 5 and 6 and
fatty acids 7–10 (Fig. 2). Optically pure 3-hydroxy fatty acids
such as 7–9, having a terminal isopropyl group, are important
constituents and synthetic intermediates of a wide range of bio-
logically interesting natural compounds, including flavolipin,27 N-
4909 (a stimulator of apolipoprotein E secretion),28 liposidomycin-
B29 and several lipid A derivatives.3 While several chemical and


Fig. 2 Building blocks for the synthesis of P. gingivalis lipid A.


enzymatic approaches have been developed for the preparation of
such compounds,30–34these methods suffer from time-consuming
procedures that give low overall yields and may involve harsh
and difficult-to-handle reaction conditions. We envisaged that a
cross-metathesis35 of a fatty acid terminating in an alkene with
2-methylpropene or 4-methyl-1-pentene followed by reduction of
the double bond of the resulting compound would give easy entry
into isopropyl-terminated fatty acids. Employing this synthetic
strategy, methyl R-(3)-hydroxy-13-methyltetradecanic acid (14)
and methyl R-(3)-hydroxy-15-methylhexadecanic acid (15), which
are key intermediates for the chemical synthesis of lipid As derived
from P. gingivalis, would be readily available by a cross-metatheses
of 11 with 2-methylpropene or 4-methyl-1-pentene followed by
asymmetric hydrogenation of the 3-keto function of the resulting
product using the asymmetric catalyst RuCl2[(R)-BINAP] and
hydrogenation of the alkene (Scheme 1). It was, however, observed
that 2-methylpropene is rather difficult to handle because it is
a gas at room temperature and therefore 2-methyl-2-butene was
employed, which should provide the same compound.36 Thus,
compound 11, which could be easily prepared by a known two-
step synthetic procedure,25 was reacted with 2-methyl-2-butene
and 4-methyl-1-pentene in the presence of Grubbs 2nd-generation
catalyst35 to afford 12 and 13, respectively. The ketone of the cross-
metathesis products 12 and 13 was enantioselectively reduced
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Scheme 1 Reagents and conditions: a) 2-methyl-2-butene or 4-methyl-1-
pentene, Grubbs 2nd-generation catalyst; b) RuCl2[(R)-BINAP], H2


(65 psi), 2 M HCl, CH3OH, 40 ◦C, then H2 (1 atm), Pd/C, CH3OH;
c) LiOH·H2O, THF–H2O, then dicyclohexaneamine, CH3CN, then
2,4′-dibromoacetophenone, Et3N, EtOAc; d) benzaldehyde, (TMS)2O,
TMSOTf, THF, Et3SiH; e) Zn/HOAc, 60 ◦C; f) hexadecanoyl chloride,
pyridine, DMAP, DCM.


by catalytic hydrogenation in the presence of (R)-RuCl2(BINAP)
to give optically pure 14 and 15 having an R-configuration.37


The optical purity of the compounds was established by NMR
spectroscopic analysis38 employing the shift reagent Eu(hfmc)3 in
CDCl3 (e.e. >99%). It should be mentioned that the (S)-isomers
can be easily prepared using (S)-RuCl2(BINAP)2 as the catalyst.
Next, the methyl ester of compounds 14 and 15 were hydrolyzed
under standard conditions and the resulting acids were converted
into dicyclohexaneamine salts, which were recrystallized from
CH3CN. The carboxylates were protected as 2-(4-bromophenyl)-
2-oxoethyl esters to give key intermediates 16 and 18.37 The ester
protecting group can easily be removed by treatment with zinc in
acetic acid without affecting ether or ester groups, and therefore
the 3-hydroxyl of 16 and 18 can be protected as a benzyl ether
or modified with an acyl group, both of which are important
intermediates for the synthesis of the target lipids. Thus, 16 and
18 were treated with benzaldehyde in the presence of TMSOTf
and (TMS)2O in THF followed by addition of the reducing agent
Et3SiH39 to give benzylated derivatives 17 and 19, respectively. The
2-(4-bromophenyl)-2-oxoethyl esters 17 and 19 were removed by
treatment with zinc in acetic acid to give lipids 7 and 8, respectively.
Fatty acid 9 was easily obtained by acylation of the hydroxyl of 18
with hexadecanoyl chloride in the presence of pyridine and DMAP
to yield 20, which was deprotected using the standard produce.


Target compounds 3 and 4 differ in the pattern of O-acylation
and that compound 3 has an (R)-3-hydroxy-hexadecanoic acid at
C-3 of the proximal saccharide moiety whereas compound 4 has
a (R)-3-hydroxy-15-methylhexadecanoic acid at C-3 of the distal
saccharide. To synthesize these structurally similar compounds, we
have developed a convergent approach that employs the advanced
disaccharide intermediate 24 (Scheme 2), which is protected with
Lev, Fmoc, Alloc, azido and anomeric TDS as a set of orthogonal
protecting groups, and thus disaccharide 24 can selectively be
modified with any lipid at C-2, C-3, C-2′ and C-3′. Therefore the
strategy provides easy access to a wide range of lipid As for SAR
studies. Furthermore, it has been found that the 4′-phosphate of
lipid As tends to migrate to the 3′-hydroxyl,24 and therefore the


Scheme 2 Reagents and conditions: a) Zn/HOAc, DCM then FmocCl,
DIPEA, DCM; b) levulinic acid, DCC, DMAP, DCM; c) Bu4NF/HOAc,
THF, then CNCCl3, NaH, THF; d) TfOH, DCM, −50 ◦C; e) DBU,
DCM, then (R)-3-hexadecanoyloxy-15-methylhexadecanoic acid 9, DCC,
DCM; f) Zn/HOAc, DCM, then (R)-3-benzyloxy-15-methylhexadecanoic
acid 8, DCC, DCM; g) Pd(PPh3)4, HCO2H, n-BuNH2, THF; then (R)-
3-(benzyloxy)hexadecanoic acid 10, DCC, DMAP, DCM; h) H2NNH2·
HOAc, DCM–CH3OH; i) Bu4NF/HOAc, THF; j) tetrabenzyl diphos-
phate, LiN(TMS)2, THF, −78 ◦C; k) H2 (50 psi), Pd black,
THF; l) H2NNH2·HOAc, DCM–CH3OH, then (R)-3-benzyloxy-13-
methyltetradecanoic acid 7, DCC, DMAP, DCM; m) Pd(PPh3)4, HCO2H,
n-BuNH2, THF.


phosphate was introduced after installing the fatty acid at the 3′-
hydroxyl. The distal 4,6-diol of 24 was protected as a benzylidene
acetal, which at a late stage of the synthesis can be regioselectively
opened to give a C-4′ hydroxyl which can then be phosphorylated
Another attractive feature of the approach is that glycosyl donor 5
and acceptor 6 can be synthesized from the common intermediate
21, which can be easily prepared from glucosamine (Scheme 2).25


Thus, glycosyl acceptor 6 was synthesized from 21 according to
the reported procedure.25 For the synthesis of glycosyl donor 5, the
azido moiety of 21 could be easily converted to Fmoc carbamate
by reduction with zinc in acetic acid followed by reaction of the
resulting amine with FmocCl in the presence of DIPEA to give
22 in a yield of 86%. The hydroxyl of compound 22 was protected
as a Lev ester using levulinic acid, DCC and DMAP to afford
23. Removal of the anomeric TDS of 23 was easily accomplished
by treatment with Bu4NF in the presence of acetic acid to give a
lactol, which was immediately reacted with trichloroacetonitrile
in the presence of NaH to afford trichloroacetimidate 5.40 A
trifluoromethanesulfonic acid (TfOH)-mediated glycosylation of


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3371–3381 | 3373







5 with 6 proceeded in a stereoselective manner to give disaccharide
24 in an excellent yield of 94% (Scheme 2).25


Having the advanced disaccharide 24 and lipids 7–10 at
hand, attention focused on the selective acylation of relevant
hydroxyls and amines. Thus, removal of the Fmoc protecting
group of 24 using 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU) in
DCM followed by acylation of the resulting amino group with
lipid 9 using dicyclohexylcarbodiimide (DCC) as the activation
reagent gave compound 25 (Scheme 2). Next, the azido moiety of
25 was reduced by treatment with zinc and acetic acid in DCM,
and the amine of the resulting compound acylated with 7 in the
presence of DCC to afford 26 as the common intermediate for
the synthesis of target molecules 3 and 4. For the synthesis of 3,
the Alloc protecting group of 26 was removed by reaction with
Pd(PPh3)4 in the presence of HCOOH and n-BuNH2,41 and the
resulting hydroxyl acylated with (R)-3-(benzyloxy)hexadecanoic
acid 10 using DCC and DMAP as the activation reagent to give
27. Next, removal of the Lev group of 27 was easily accomplished
by treatment with hydrazine acetate to give 28, which treated with
Bu4NF in the presence of acetic acid to give the desired product
29 in a yield of 72% and a small amount of a side product arising
from elimination of the 3-acyloxyl group. The anomeric center of
resulting 29 was phosphorylated using tetrabenzyl diphosphate in
the presence of lithium bis(trimethyl)silylamide in THF at −78 ◦C
to give 30 as only the a-anomer.42 Global deprotection of 30 by
catalytic hydrogenolysis over Pd black gave requisite lipid A 3.


The synthesis of 4 could easily be accomplished in a similar
manner to the synthesis of 3, however, in this case the Lev protect-
ing group of the common intermediate 26 was removed to give an
alcohol, which was acylated with lipid 7 using standard conditions
to afford 31. Next, subsequent Alloc (→ 32) and anomeric TDS
protecting group removal gave 33. As expected, no elimination was
observed in this reaction, due to the poor leaving group ability of
the C-3 hydroxyl. Standard anomeric phosphorylation of 33 and
deprotection of the resulting compound 34 gave target lipid A 4.


Biological evaluation of lipid As and LPS


Based on the results of recent studies,43,44 it is clear that enteric LPS
induces cellular activation through TLR4 and it appears that there
are two distinct initiation points in the signaling process, one being
a specific intracellular adaptor protein called MyD88 and the other
an adaptor protein called TRIF, which operates independently
of MyD88. It is well established that TNF-a secretion is a
prototypical measure for activation of the MyD88-dependent
pathway, whereas secretion of IFN-b and IP-10 are commonly
used as an indicator of TRIF-dependent cellular activation.


The carbohydrate backbone, degree of phosphorylation and
fatty acid acylation patterns differ considerably among lipid As
of various bacterial species and there is evidence to support that
these structural variations account for significant differences in
inflammatory responses.45 Several studies have also indicated that
LPS from various bacterial species such as P. gingivalis, Leptospira
interrogans, Legionella pneumophila, Bacteroides fragilis NCTC-
9343 and Pseudomonas aeruginosa PAC-611 can induce cellular
activation in a TLR2-dependent manner.46–49 However, it may be
possible that these cellular responses are derived from contamina-
tion by lipoproteins.


We have chemically synthesized the tetra-acylated lipid As 3
and 4 (Fig. 1) to study whether LPS derived from P. gingivalis can
induce cellular activation in a TLR2- or TLR4-dependent manner.
Furthermore, there are indications that LPS of P. gingivalis can
antagonize cytokine production induced by enteric LPS and
therefore these properties have also been studied. Thus, a human
monocytic cell line (Mono Mac 6 cells) was exposed over a
wide range of concentrations to compounds 3 and 4 and E. coli
055:B5 LPS. After 5.5 hours, the supernatants were harvested
and examined for human TNF-a using a commercial capture
ELISA. Potencies (EC50, concentration producing 50% activity)
and efficacies (maximal level of production) were determined
by fitting the dose–response curves to a logistic equation using
PRISM software. As can be seen in Fig. 3, LPS is a potent
inducer of TNF-a whereas the synthetic compounds 3 and 4
did not exhibit any activity. A similar experiment using mouse
macrophages (RAW 264.7 cNO(−) cells) did not lead to secretion
of cytokines (e.g. TNF-a, IL-6, IP-10, IFN-b and IL-1b) when
exposed to compounds 3 and 4 (data not shown).


Fig. 3 Concentration-response curves of E. coli LPS and synthetic
compounds 3 and 4 in human monocytic cells. MM6 cells were incubated
for 5.5 h at 37 ◦C with increasing concentrations of E. coli LPS
and synthetic compounds 3 and 4 as indicated. TNF-a protein in cell
supernatants were measured using ELISA. (Please note that 3 and 4 show
background values and therefore overlap in the figure). Treatment with E.
coli LPS, 3 and 4 did not affect cell viability, as judged by cellular exclusion
of trypan blue.


Synthesis and secretion of the TNF-a protein depends on a
complex process involving activation of transcription factors, up-
regulation of the genes responsible for production of the cytokine,
transcription of the message, and then translation of the mRNA
and processing of a protein.50–52 This process is tightly controlled
and therefore it may be possible that a compound can activate
NF-jB or induce expression of TNF-a mRNA without causing
production or secretion of the TNF-a protein.53


To examine the ability of the synthetic compounds to induce
activation of NF-jB, HEK 293T cells were employed that were
stably transfected with various immune receptors and transiently
transfected with a plasmid containing the reporter gene pELAM-
Luc (NF-jB-dependent firefly luciferase reporter vector) and a
plasmid containing the control gene pRL-TK (Renilla luciferase
control reporter vector) (Fig. 4). No activation of NF-jB was
observed when cells transfected with human TLR4/MD2/CD14
and human or mouse TLR2 were exposed to compounds 3
and 4. As expected, LPS, which is a prototypical activator for
TLR4, could activate cells transfected with TLR4/MD2/CD14,
and Pam3CysSK4, which is a well-established agonist of TLR2,
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Fig. 4 Response of HEK 293T cells expressing human or murine TLRs to 3 and 4. Induction of NF-jB activation was determined in triplicate cultures
of HEK 293T cells stably transfected with human or mouse (a) TLR4/MD2/CD14 and (b) TLR2 and transiently transfected with pELAM-Luc and
pRL-TK plasmids. Forty-four hours post-transfection, cells were treated with (B) E. coli LPS (10 ng mL−1), (C) Pam3CysSK4 (1 lg mL−1), (D, E and
F) 3 (0.1, 1 and 10 lg mL−1, respectively), (G, H and I) 4 (0.1, 1 and 10 lg mL−1, respectively) or (A) were left untreated (control). Forty-eight hours
post-transfection, NF-jB activation was determined by firefly luciferase activity relative to Renilla luciferase activity. n.a. indicates not analyzed.


was able to activate the TLR2-containing cells. However, at high
concentrations, compound 4 could induce NF-jB activation in
cells transfected with mouse TLR4/MD2/CD14. These results
clearly demonstrate that compounds 3 and 4 do not induce cellular
activation in a TLR2-dependent manner. Although compound 4 is
a weak activator of mouse TLR4, it could not induce the secretion
of cytokines.


Compounds that lack proinflammatory properties may still
interact with relevant receptors (TLR4/MD2/CD14) and thereby
inhibit TNF-a production induced by E. coli LPS. Thus, the
human monocytic cells and mouse macrophages (MM6 and RAW
cells) were exposed to a combination of E. coli LPS (10 ng mL−1)
and a wide range of concentrations of lipid As 3 and 4 and, after
an incubation time of 5.5 h, the supernatant was examined for
human or mouse TNF-a. Only marginal inhibition was observed
in the mouse cell line. However, both compounds were able to
antagonize TNF production by the human cell line (Fig. 5) and
it was found that compound 3 was a significantly more potent
antagonist than 4 (IC50 concentration producing 50% inhibition
for 3 and 4 were 160 nM and 3.2 lM, respectively).


Fig. 5 Antagonism of E. coli LPS by synthetic compounds 3 and 4
in human monocytic cells. TNF-a concentrations were measured after
preincubation of MM6 cells with increasing concentrations of 3 or 4 as
indicated for 1 h at 37 ◦C, followed by 5.5 h of incubation with E. coli LPS
(1 ng mL−1). Results are expressed as percentage of cytokine concentration
of control cells, which are incubated only with E. coli LPS.


It has been reported that P. gingivalis LPS can initiate innate
immune responses in a TLR2- and/or TLR4-dependent manner.3


The heterogeneity of LPS and lipid A preparations has limited,
however, the identification of specific compounds that are respon-
sible for this unusual mode of activation. It has already been
reported that penta-acylated and tri-acylated lipid As 1 and 2


can only activate human and mouse cells in a TLR4-dependent
manner.26 Furthermore, we have found no evidence that the tetra-
acylated compounds 3 and 4 can active human or mouse TLR2. It
may be possible that a yet-to-be-identified P. gingivalis lipid A may
exhibit TLR2-dependent activity; however, it is more likely that
lipoprotein contaminants are responsible for the observed activity.


An exciting observation reported here is that the tetra-acylated
lipid A 3 is a potent antagonist of TNF-a production induced
by enteric LPS. The acylation pattern of 3 is critical for optimal
activity because compound 4 exhibits a significantly reduced
activity. Antagonists of cell surface receptors that recognize
enteric LPS have the potential for being used as therapeutic
interventions for patients with Gram-negative septicemia. Success
in this area has been limited and most efforts have been directed
towards the synthesis of analogs of lipid A of R. sphaeroides10,11


These compounds are bis-phophorylated and contain unsaturated
and keto-containing fatty acids, which complicates the chemical
synthesis. Furthermore, the C-4′ phosphate is prone to migration,
which results in loss of activity. An attractive feature of compounds
3 and 4 is that they are mono-phosphorylated and can be prepared
by a highly convergent synthetic approach. Furthermore, it is
to be expected that analog synthesis will provide more potent
compounds that have simpler structures.


Experimental


Chemical synthesis


General synthetic methods. Column chromatography was per-
formed on silica gel 60 (EM Science, 70–230 mesh). Reactions
were monitored by thin-layer chromatography (TLC) on Kiesel-
gel 60 F254 (EM Science) and compounds were detected by
examination under UV light and by charring with 10% sulfuric
acid in MeOH. Solvents were removed under reduced pressure
at <40 ◦C. CH2Cl2 was distilled from NaH and stored over
molecular sieves (3 Å). Tetrahydrofuran (THF) was distilled from
sodium directly prior to the application. MeOH was dried by
refluxing with magnesium methoxide and then was distilled and
stored under argon. Pyridine was dried by refluxing with CaH2


and then was distilled and stored over molecular sieves (3 Å).
Molecular sieves (3 and 4 Å) used for reactions were crushed and
activated in vacuo at 390 ◦C for 8 h and then for 2–3 h at 390 ◦C
directly prior to application. Optical rotations were measured with
a Jasco model P-1020 polarimeter. 1H NMR and 13C NMR spectra
were recorded with Varian spectrometers (models Inova500 and
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Inova600) equipped with Sun workstations. 1H NMR spectra were
recorded in CDCl3 and referenced to residual CHCl3 at 7.24 ppm,
and 13C NMR spectra were referenced to the central peak of
CDCl3 at 77.0 ppm. Assignments were made by standard gCOSY
and gHSQC. High resolution mass spectra were obtained on a
Bruker model Ultraflex MALDI-TOF mass spectrometer. Signals
marked with a subscript L symbol belong to the biantennary lipids,
whereas signals marked with a subscript L′ symbol belong to their
side chain. Signals marked with a subscript S symbol belong to
the monoantennary lipids.


Synthesis of 5, 7–9, 12–20, 22 and 23 and 1H and 13C NMR
spectra are given in the ESI†.


Dimethylthexylsilyl 6-O-[4,6-O-benzylidene-2-deoxy-2-(9-fluo-
renylmethoxycarbonylamino)-3-O-levulinoyl-b-D-glucopyranosyl]-
3-O-allyloxycarbonyl-2-azido-4-O-benzyl-2-deoxy-b-D-glucopy-
ranoside (24). A suspension of trichloroacetimidate 5 (600 mg,
0.82 mmol), acceptor 6 (407 mg, 78 mmol) and molecular
sieves (4 Å, 500 mg) in DCM (10 mL) was stirred at room
temperature for 1 h. The mixture was cooled (−50 ◦C) and
then trifluoromethanesulfonic acid (TfOH) (10 lL, 0.078 mmol)
was added. After stirring the reaction mixture for 15 min, it
was allowed to warm up to −20 ◦C over 1 h, after which it
was quenched with solid NaHCO3. The solids were removed
by filtration and the filtrate was washed with saturated aqueous
NaHCO3 (2 × 50 mL) and brine (2 × 40 mL). The organic
phase was dried (MgSO4) and filtered. Next, the filtrate was
concentrated in vacuo. The residue was purified by silica gel column
chromatography (eluent: hexane–ethyl acetate, 3 : 1, v/v) to give
24 as an amorphous solid (840 mg, 94%). Rf = 0.40 (hexane–ethyl
acetate, 2 : 1, v/v); [a]26


D = −15.5 (c = 1.0, CHCl3); 1H NMR
(300 MHz, CD3COCD3): d 7.84–7.22 (m, 18H, aromatic), 6.79 (d,
1H, JNH′ ,2′ = 9.3 Hz, NH ′), 5.87 (m, 1H, OCH2CH=CH2), 5.65
(s, 1H, >CHPh), 5.37 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.9 Hz, H-3′), 5.30 (d,
1H, J = 18.3 Hz, OCH2CH=CHH), 5.17 (d, 1H, J = 10.5 Hz,
OCH2CH=CHH), 4.94 (d, 1H, J1,2 = 8.7 Hz, H-1), 4.86–4.80
(m, 2H, H-1, H-3), 4.71 (d, 1H, J = 10.8 Hz, CHHPh), 4.59–
4.55 (m, 3H, OCH2CH=CH2, CHHPh), 4.32–4.29 (m, 2H, H-6′a,
CO2CHH of Fmoc), 4.17–4.08 (m, 3H, H-6a, CO2CHHCH of
Fmoc), 3.92–3.67 (m, 6H, H-2′, H-4, H-4′, H-5, H-6b, H-6′b),
3.56 (m, 1H, H-5′), 3.41 (dd, 1H, J1,2 = 7.5 Hz, J2,3 = 10.2 Hz,
H-2), 2.61 (t, 2H, J = 6.6 Hz, CH2 of Lev), 2.47 (t, 2H, J =
6.6 Hz, CH2 of Lev), 1.95 (s, 3H, CH3 of Lev), 1.70 (m, 1H, CH of
TDS), 0.91 [bs, 12H, SiC(CH3)2CH(CH3)2], 0.26 (s, 3H, SiCH3),
0.25 (s, 3H, SiCH3). 13C NMR (75 MHz, CD3OCD3): d 172.47
(C=O), 156.64 (C=O), 154.94 (C=O), 144.94–120.54 (aromatic),
132.67 (OCH2CH=CH2), 118.63 (OCH2CH=CH2), 102.42 (C-1′),
101.58 (>CHPh), 97.12 (C-1), 79.49 (C-4′), 79.24 (C-3), 76.68 (C-
4), 75.09 (CH2Ph), 74.50 (C-5), 72.64 (C-3′), 68.96–68.92 (m, C-6′,
OCH2CH=CH2), 68.57 (C-6), 67.28 (C-2), 67.08 (CH2 of Fmoc),
66.92 (C-5′), 57.26 (C-2′), 47.64 (CH of Fmoc), 38.04 (CH2 of Lev),
34.49 (CH of TDS), 29.33 (CH3 of Lev), 28.44 (CH2 of Lev), −1.77
(SiCH3), −3.22 (SiCH3). HR MS (m/z) calcd for C58H70N4O15Si
[M + Na]+, 1113.4499; found, 1113.6394.


Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-2-deoxy-2-[(R)-3-
hexadecanoyloxy-15-methylhexadecanoylamino]-3-O - levulinoyl-
b-D-glucopyranosyl}-3-O-allyloxycarbonyl-2-azido-4-O-benzyl-2-
deoxy-b-D-glucopyranoside (25). 1,8-Diazabicyclo[5.4.0]undec-
7-ene (DBU) (60 ll) was added dropwise to a solution of 24


(620 mg, 0.569 mmol) in DCM (8 mL). The reaction mixture
was stirred at room temperature for 4 h, after which it was
concentrated in vacuo. The residue was purified by silica gel
column chromatography (DCM–methanol, 100 : 1 → 100 :
3, v/v) to afford an amine as a colorless syrup (454 mg, 92%).
Rf = 0.30 (hexane–ethyl acetate, 1 : 1, v/v); HR MS (m/z)
calcd for C43H60N4O13Si [M + Na]+, 891.3818; found, 891.2115.
DCC (188 mg, 0.913 mmol) was added to a stirred solution
of (R)-3-hexadecanoyl-15-methylhexadecanoic acid 9 (345 mg,
0.659 mmol) in DCM (5 mL). After stirring the reaction mixture
for 10 min, the resulting amine (440 mg, 0.507 mmol) in DCM
(2 mL) was added and the stirring was continued for another 12 h.
The insoluble materials were removed by filtration and the residue
was washed with DCM (2 × 2 mL). The combined filtrates were
concentrated in vacuo and the residue was purified by silica gel
column chromatography (eluent: hexane–ethyl acetate, 2 : 1, v/v)
to give 25 as an amorphous solid (634 mg, 91%). Rf = 0.65
(hexane–ethyl acetate, 2 : 1, v/v); [a]25


D = −15.2 (c = 1.0, CHCl3);
1H NMR (300 MHz, CDCl3): d 7.23–7.03 (m, 10H, aromatic), 5.81
(d, 1H, JNH′ ,2′ = 8.4 Hz, NH ′), 5.69 (m, 1H, OCH2CH=CH2), 5.27
(s, 1H, >CHPh), 5.19 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.6 Hz, H-3′), 5.14 (d,
1H, J = 17.1 Hz, OCH2CH=CHH), 5.04 (d, 1H, J = 10.2 Hz,
OCH2CH=CHH), 4.83 (m, 1H, H-3L), 4.72 (d, 1H, J1′ ,2 = 8.4 Hz,
H-1′), 4.54 (t, 1H, J2,3 = J3,4 = 9.9 Hz, H-3), 4.42–4.37 (m, 5H,
H-1, CH2Ph, OCH2CH=CH2), 4.08 (dd, 1H, J5′ ,6′a = 4.8 Hz,
J6′a,6′b = 10.2 Hz, H-6′a), 3.74 (d, 1H, J6a,6b = 10.5 Hz, H-6a),
3.63–3.36 (m, 5H, H-2′, H-4, H-4′, H-6b, H-6′b), 3.33–3.26 (m,
2H, H-5, H-5′), 3.11 (dd, 1H, J1,2 = 7.5 Hz, J2,3 = 9.9 Hz, H-2),
2.59–2.30 (m, 4H, CH2 of Lev), 2.17 (dd, 1H, J2La,2Lb = 14.4 Hz,
J2La,3L = 6.0 Hz, H-2La), 2.29–2.22 (m, 3H, H-2L′ , H-2Lb), 1.91 (s,
3H, CH3 of Lev), 1.51–1.28 (m, 5H, H-4L, H-3L′ , CH of TDS),
1.04 (broad, 44H, 22 × CH2 of lipid), 0.70–0.64 (m, 21H, 4 ×
CH3 of thexyl, 3 × CH3 of lipid), 0.00 [s, 6H, Si(CH3)2]. 13C NMR
(75 MHz, CDCl3): d 206.45 (C=O), 173.75 (C=O), 172.17 (C=O),
170.05 (C=O), 154.32 (C=O), 137.51–126.19 (aromatic), 131.26
(OCH2CH=CH2), 119.21 (OCH2CH=CH2), 101.42 (>CHPh),
100.91 (C-1′), 96.92 (C-1), 78.84 (C-4′), 78.58 (C-3), 76.02 (C-
4), 74.63 (CH2Ph), 74.35 (C-5), 71.42 (C-3′), 70.75 (C-3L), 68.90
(OCH2CH=CH2), 68.63 (C-6′), 68.06 (C-6), 66.46 (C-2), 66.19
(C-5′), 55.80 (C-2′), −1.86 (SiCH3), −3.56 (SiCH3). HR MS (m/z)
calcd for C76H122N4O16Si [M + Na]+, 1397.8517; found, 1397.7814.


Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-2-deoxy-2-[(R)-3-
hexadecanoyloxy-15-methylhexadecanoylamino]-3-O-levulinoyl-b-
D-glucopyranosyl}-3-O-allyloxycarbonyl-4-O-benzyl-2-[(R)-3-ben-
zyloxy-15-methylhexadecanoylamino]-2-deoxy-b-D-glucopyrano-
side (26). A suspension of 25 (256 mg, 0.186 mmol), zinc
(<10 micron, 121 mg, 1.86 mmol) and acetic acid (100 lL) in
DCM (5 mL) was stirred at room temperature for 2 h, after
which it was diluted with ethyl acetate (30 mL). The solids
were removed by filtration and washed with ethyl acetate (2 ×
4 mL) and the combined filtrates were washed with saturated
aqueous NaHCO3 (2 × 20 mL) and brine (2 × 20 mL). The
organic phase was dried (MgSO4) and filtered. Next, the filtrate
was concentrated in vacuo. The residue was purified by silica gel
column chromatography (eluent: DCM–methanol, 50 : 1, v/v)
to afford an amine as a pale yellow syrup (188 mg, 75%). Rf =
0.30 (hexane–ethyl acetate, 1 : 1, v/v); HR MS (m/z) calcd for
C76H124N2O16Si [M + Na]+, 1371.8612; found, 1371.9028. DCC
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(51 mg, 0.246 mmol) was added to a stirred solution of (R)-3-
benzyloxy-15-methylhexadecanoic acid 8 (69 mg, 0.185 mmol) in
DCM (3 mL). After stirring the reaction mixture for 10 min, the
amine (166 mg, 0.123 mmol) in DCM (1 mL) was added and the
stirring was continued for another 12 h. The insoluble materials
were removed by filtration and the residue was washed with DCM
(2 × 1 mL). The combined filtrates were concentrated in vacuo
and the residue was purified by silica gel column chromatography
(eluent: hexane–ethyl acetate, 6 : 1, v/v) to give 26 as an amorphous
solid (184 mg, 88%). Rf = 0.55 (hexane–ethyl acetate, 4 : 1, v/v);
[a]25


D =−9.5 (c = 1.0, CHCl3); 1H NMR (300 MHz, CDCl3): d 7.36–
7.18 (m, 15H, aromatic), 6.28 (d, 1H, JNH,2 = 8.7 Hz, NH), 5.90
(d, 1H, JNH′ ,2′ = 8.4 Hz, NH ′), 5.77 (m, 1H, OCH2CH=CH2),
5.40 (s, 1H, >CHPh), 5.34 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.6 Hz, H-
3′), 5.23 (d, 1H, J = 17.1 Hz, OCH2CH=CHH), 5.13 (d, 1H,
J = 9.9 Hz, OCH2CH=CHH), 4.99–4.86 (m, 3H, H-1′, H-3,
H-3L), 4.56–4.37 (m, 7H, H-1, 4 × CHHPh, OCH2CH=CH2),
4.25 (dd, 1H, J5′ ,6′a = 5.1 Hz, J6′a,6′b = 10.8 Hz, H-6′a), 3.88 (d,
1H, J6a,6b = 11.4 Hz, H-6a), 3.75–3.51 (m, 7H, H-2, H-2′, H-4,
H-4′, H-6b, H-6′b, H-3S), 3.46–3.38 (m, 2H, H-5, H-5′), 2.73–
2.41 (m, 4H, CH2 of Lev), 2.40–2.18 (m, 6H, H-2S, H-2L, H-2L′ ),
2.05 (s, 3H, CH3 of Lev), 1.53–1.39 (m, 7H, H-4S, H-3L′ , H-4L,
CH of TDS), 1.17–1.07 (m, 64H, 32 × CH2 of lipid), 0.79–
0.73 (m, 27H, 4 × CH3 of TDS, 5 × CH3 of lipid), 0.06 (s,
3H, SiCH3), 0.00 (s, 3H, SiCH3). 13C NMR (75 MHz, CDCl3):
d 206.47 (C=O), 173.75 (C=O), 172.12 (C=O), 170.82 (C=O),
170.03 (C=O), 154.85 (C=O), 138.22–126.22 (aromatic), 131.40
(OCH2CH=CH2), 118.94 (OCH2CH=CH2), 101.41 (>CHPh),
100.92 (C-1′), 95.85 (C-1), 78.90 (C-4′), 78.75 (C-3), 76.37 (C-
4), 76.05 (C-3S), 74.46 (CH2Ph), 74.27 (C-5), 71.42 (C-3′), 70.80
(C-3L, CH2Ph), 68.63–68.54 (C-6, C-6′, OCH2CH=CH2), 66.20
(C-5′), 56.04 (C-2, C-2′), -1.52 (SiCH3), −3.28 (SiCH3). HR MS
(m/z) calcd for C100H162N2O18Si [M + Na]+, 1730.1484; found,
1730.1412.


Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-2-deoxy-2-[(R)-3-
hexadecanoyloxy-15-methylhexadecanoylamino]-3-O-levulinoyl-b-
D-glucopyranosyl}-4-O-benzyl-3-O-[(R)-3-(benzyloxy)hexadeca-
noyl]-2-[(R)-3-benzyloxy-15-methylhexadecanoylamino]-2-deoxy-b-
D-glucopyranoside (27). Tetrakis(triphenylphosphine)palladium
(11 mg, 0.01 mmol) was added to a solution of 26 (80 mg,
0.047 mmol), n-BuNH2 (9.4 lL, 0.094 mmol) and HCOOH
(3.5 lL, 0.094 mmol) in THF (2 mL). After stirring the reaction
mixture at room temperature for 30 min, it was diluted with DCM
(15 mL) and washed with water (10 mL), saturated aqueous
NaHCO3 (2 × 10 mL) and brine (2 × 10 mL). The organic phase
was dried (MgSO4) and filtered. Next, the filtrate was concentrated
in vacuo. The residue was purified by preparative silica gel TLC
chromatography (eluent: hexane–ethyl acetate, 3 : 2, v/v) to
give an alcohol as a pale yellow syrup (72 mg, 95%). Rf = 0.55
(hexane–ethyl acetate, 3 : 2, v/v); 1H NMR (500 MHz, CDCl3): d
7.43–7.24 (m, 15H, aromatic), 6.37 (d, 1H, JNH,2 = 6.0 Hz, NH),
5.90 (d, 1H, JNH′ ,2′ = 8.5 Hz, NH ′), 5.46 (s, 1H, >CHPh), 5.37 (t,
1H, J2′ ,3′ = J3′ ,4′ = 9.5 Hz, H-3′), 5.03 (m, H-3L), 4.90 (d, 1H, J =
11.0 Hz, CHHPh), 4.87 (d, 1H, J1′ ,2′ = 8.0 Hz, H-1′), 4.63 (d, 1H,
J = 11.0 Hz, CHHPh), 4.58 (d, 1H, J1,2 = 8.0 Hz, H-1), 4.55 (d,
1H, J = 12.0 Hz, CHHPh), 4.49 (d, 1H, J = 12.0 Hz, CHHPh),
4.28 (dd, 1H, J5′ ,6′a = 5.0 Hz, J6′a,6′b = 11.0 Hz, H-6′a), 3.98 (d,
1H, J6a,6b = 10.0 Hz, H-6a), 3.80–3.67 (m, 5H, H-2′, H-3, H-6b,


H-6′b, H-3S), 3.63 (t, 1H, J3′ ,4′ = J4′ ,5′ = 9.5 Hz, H-4′), 3.50–3.36
(m, 4H, H-2, H-4, H-5, H-5′), 2.78–2.48 (m, 4H, CH2 of Lev),
2.43–2.23 (m, 6H, H-2S, H-2L, H-2L′ ), 2.11 (s, 3H, CH3 of Lev),
1.67–1.45 (m, 7H, H-4S, H-3L′ , H-4L, CH of TDS), 1.23–1.12
(m, 64H, 32 × CH2 of lipid), 0.87–0.80 (m, 27H, 4 × CH3 of
TDS, 5 × CH3 of lipid), 0.14 (s, 3H, SiCH3), 0.09 (s, 3H, SiCH3).
HR MS (m/z) calcd for C96H158N2O16Si [M + Na]+, 1646.1273;
found, 1646.1384. A solution of (R)-3-(benzyloxy)hexadecanoic
acid 10 (15 mg, 0.042 mmol) and DCC (11.5 mg, 0.056 mmol)
in DCM (2 mL) was stirred at room temperature for 10 min,
after which the alcohol intermediate (45 mg, 0.028 mmol) and
DMAP (1 mg, 8 lmol) were added. The reaction mixture was
stirred at room temperature for 10 h, after which the solids were
removed by filtration and washed with DCM (2 × 1 mL). The
combined filtrates were concentrated in vacuo and the residue was
purified by preparative silica gel TLC chromatography (eluent:
hexane–ethyl acetate, 5 : 2, v/v) to afford 27 as an amorphous
white solid (52 mg, 95%). Rf = 0.45 (hexane–ethyl acetate, 5 :
2, v/v); [a]26


D = −8.8 (c = 1.0, CHCl3); 1H NMR (300 MHz,
CDCl3): d 7.37–7.14 (m, 20H, aromatic), 6.12 (d, 1H, JNH,2 =
9.3 Hz, NH), 5.88 (d, 1H, JNH′ ,2′ = 8.1 Hz, NH ′), 5.39 (s, 1H,
>CHPh), 5.34 (t, 1H, J2′ ,3′ = J3′ ,4′ = 9.9 Hz, H-3′), 5.34 (t, 1H,
J2,3 = J3,4 = 9.9 Hz, H-3), 5.00 (m, 1H, H-3L), 4.85 (d, 1H, J1′ ,2′ =
8.1 Hz, H-1′), 4.52–4.35 (m, 7H, H-1, 6 × CHHPh), 4.25 (dd,
1H, J5′ ,6′a = 4.5 Hz, J6′a,6′b = 10.5 Hz, H-6′a), 3.87 (d, 1H, J6a,6b =
10.5 Hz, H-6a), 3.81–3.46 (m, 8H, H-2, H-2′, H-4, H-4′, H-6b,
H-6′b, 2 × H-3S), 3.46–3.36 (m, 2H, H-5, H-5′), 2.76–2.61 (m, 2H,
CH2 of Lev), 2.52–2.44 (m, 3H, CH2 of Lev, H-2S), 2.35–2.15 (m,
7H, 3 × H-2S, H-2L, H-2L′ ), 2.06 (s, 3H, CH3 of Lev), 1.54–1.37
(m, 9H, 2 × H-4S, H-3L′ , H-4L, CH of TDS), 1.23–1.06 (m,
86H, 43 × CH2 of lipid), 0.83–0.73 (m, 30H, 4 × CH3 of TDS,
6 × CH3 of lipid), 0.07 (s, 3H, SiCH3), 0.00 (s, 3H, SiCH3).
13C NMR (75 MHz, CDCl3): d 206.43 (C=O), 173.70 (C=O),
172.12 (C=O), 171.38 (C=O), 170.73 (C=O), 169.96 (C=O),
138.59–126.19 (aromatic), 101.36 (>CHPh), 100.88 (C-1), 96.08
(C-1′), 78.86 (C-4′), 75.91 (C-4), 75.76 (C-3S), 75.43 (C-3S), 74.58
(C-3), 74.40 (C-5), 74.08 (CH2Ph), 71.43 (C-3′), 71.33 (CH2Ph),
70.77 (C-3L), 70.54 (CH2Ph), 68.15 (C-6, C-6′), 66. 15 (C-5′),
55.91 (C-2′), 55.80 (C-2), −1.50 (SiCH3), −3.24 (SiCH3).CHR
MS (m/z) calcd for C119H194N2O18Si [M + Na]+, 1990.3988; found,
1990.3204.


6-O-{4,6-O-Benzylidene-2-deoxy-2-[(R)-3-hexadecanoyloxy-
15-methylhexadecanoyl amino]-b-D-glucopyranosyl}-4-O-benzyl-
3-O-[(R)-3-(benzyloxy)hexadecanoyl]-2-[(R)-3-benzyloxy-15-met-
hylhexadecanoylamino]-2-deoxy-a-D-glucopyranose (29). A reac-
tion mixture of 27 (25 mg, 0.013 mmol) and hydrazine acetate
(1.3 mg, 0.014 mmol) in a mixture of DCM (2 mL) and methanol
(0.2 mL) was stirred at room temperature 6 h, after which it was
concentrated in vacuo. The residue was purified by preparative
silica gel TLC (eluent: hexane–ethyl acetate, 5 : 2, v/v) to afford
28 as a pale yellow syrup (23 mg, 96%). Rf = 0.40 (hexane–ethyl
acetate, 5 : 2, v/v); 1H NMR (300 MHz, CDCl3): d 7.30–7.12
(m, 20H, aromatic), 6.15 (d, 1H, JNH,2 = 9.3 Hz, NH), 5.87 (d,
1H, JNH′ ,2′ = 5.7 Hz, NH ′), 5.47 (s, 1H, >CHPh), 5.08 (t, 1H,
J2,3 = J3,4 = 9.9 Hz, H-3), 5.05 (m, 1H, H-3L), 4.73 (d, 1H,
J1′ ,2′ = 8.1 Hz, H-1′), 4.53–4.36 (m, 7H, H-1, 6 × CHHPh), 4.23
(dd, 1H, J5′ ,6′a = 5.2 Hz, J6′a,6′b = 10.2 Hz, H-6′a), 4.16 (t, 1H,
J2′ ,3′ = J3′ ,4′ = 9.6 Hz, H-3′), 3.92 (d, 1H, J6a,6b = 10.2 Hz, H-6a),
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3.83–3.76 (m, 2H, H-2, H-3S), 3.70–3.58 (m, 3H, H-5′, H-6b, H-
3S), 3.52–3.73 (m, 4H, H-4, H-4′, H-5, H-6′b), 3.26 (m, 1H, H-2′),
2.50 (dd, 1H, J2Sa,2Sb = 15.9 Hz, J2Sa,3S = 6.9 Hz, H-2Sa), 2.38–2.18
(m, 7H, 3 × H-2S, H-2L, H-2L′ ), 1.54–1.38 (m, 9H, 2 × H-4S, H-3L′ ,
H-4L, CH of TDS), 1.26–1.09 (m, 86H, 43 × CH2 of lipid), 0.81–
0.73 (m, 30H, 4 × CH3 of thexyl, 6 × CH3 of lipid), 0.06 (s, 3H,
SiCH3), 0.00 (s, 3H, SiCH3). MS (m/z) calcd for C114H188N2O16Si
[M + Na]+, 1892.3620; found, 1892.4476. Acetic acid (100 lL)
was added to a solution of Bu4NF (1 N in THF, 1mL) and then
28 (35 mg, 0.019 mmol) was added. The reaction mixture was
stirred at room temperature for 10 h, after which it was diluted
with ethyl acetate (10 mL) and washed with saturated aqueous
NaHCO3 (2 × 10 mL) and brine (2 × 10 mL). The organic phase
was dried (MgSO4) and filtered. Next, the filtrate was concentrated
in vacuo. The residue was purified by preparative silica gel TLC
chromatography (eluent: DCM–acetone, 6 : 1, v/v) to afford 29
as a pale yellow syrup (21 mg, 65%). Rf = 0.40 (DCM–acetone,
6 : 1, v/v); 1H NMR (500 MHz, CDCl3): d 7.51–7.19 (m, 20H,
aromatic), 6.31 (d, 1H, JNH,2 = 9.5 Hz, NH), 6.19 (d, 1H, JNH′ ,2′ =
5.5 Hz, NH ′), 5.55 (s, 1H, >CHPh), 5.43 (t, 1H, J2,3 = J3,4 =
9.5 Hz, H-3), 5.15–5.09 (m, 2H, H-1, H-1′), 5.01 (m, 1H, H-3L),
4.63–4.45 (m, 6H, 6 × CHHPh), 4.36 (m, 1H, H-6′a), 4.22 (m,
1H, H-2), 4.14 (m, 1H, H-3′), 4.02 (d, 1H, J6a,6b = 11.5 Hz, H-6a),
3.85–3.76 (m, 3H, H-6′b, 2 × H-3S), 3.67–3.47 (m, 3H, H-4′, H-
5′, H-6b), 3.41 (m, 1H, H-4), 3.30 (m, 1H, H-2′), 2.61–2.24 (m,
8H, 2 × H-2S, H-2L, H-2L′ ), 1.66–1.49 (m, 8H, 2 × H-4S, H-3L′ ,
H-4L), 1.26–1.17 (m, 86H, 43 × CH2 of lipid), 0.91–0.87 (m, 18H,
6 × CH3 of lipid). MS (m/z) calcd for C106H170N2O16 [M + Na]+


1750.2443; found, 1750.2439.


6-O-{2-Deoxy-2-[(R)-3-hexadecanoyloxy-15-methylhexadecano-
ylamino]-b-D-glucopyranosyl}-3-O-[(R)-3-hydroxyhexadecanoyl]-
2-deoxy-2-[(R)-3-hydroxy-15-methylhexadecanoylamino]-a-D-glu-
copyranose 1-phosphate (3). To a cooled (−78 ◦C) solution of
29 (10 mg, 0.0058 mmol) and tetrabenzyl diphosphate (12 mg,
0.022 mmol) in THF (1.5 mL) was added dropwise lithium
bis(trimethylsilyl)amide in THF (1.0 M, 15 lL, 0.015 mmol).
The reaction mixture was stirred for 1 h and then allowed to
warm up to −20 ◦C. After the reaction mixture was stirred at
−20 ◦C for 1 h, it was quenched with saturated aqueous NaHCO3


(10 mL) and extracted with ethyl acetate (10 mL). The organic
phase was washed with brine (2 × 10 mL), dried (Na2SO4) and
concentrated in vacuo. The residue was purified by Iatro bead
column chromatography (hexane–ethyl acetate, 5 : 1 → 3 : 1 →
4 : 3, v/v) to give 30 as a pale yellow oil (8.3 mg, 72%). Rf =
0.55 (hexane–ethyl acetate, 3 : 2, v/v); 1H NMR (500 MHz,
CDCl3): d 7.44–7.18 (m, 30H, aromatic), 6.30 (d, 1H, JNH,2 =
9.0 Hz, NH), 5.63 (bs, 1H, H-1), 5.55 (s, 1H, >CHPh), 5.31 (t,
1H, J2,3 = J3,4 = 10.0 Hz, H-3), 5.23 (m, 1H, H-3L), 5.13–4.91
(m, 5H, H-1, 4 × CHHPh), 4.62 (d, 1H, J = 11.0 Hz, CHHPh),
4.52–4.45 (m, 4H, 4 × CHHPh), 4.39 (d, 1H, J = 12.0 Hz,
CHHPh), 4.34–4.26 (m, 2H, H-2, H-6′a), 4.14 (m, 1H, H-5),
3.95–3.91 (m, 2H, H-3′, H-6a), 3.84–3.74 (m, 3H, H-6b, H-6′b,
H-3S), 3.70 (m, 1H, H-3S), 3.61 (m, 1H, H-2′), 3.55 (t, 1H, J3′ ,4′ =
J4′ ,5′ = 9.5 Hz, H-4′), 3.46 (t, 1H, J3,4 = J4,5 = 9.5 Hz, H-4), 3.36
(m, 1H, H-5′), 2.57 (dd, 1H, J2Sa,2Sb = 16.0 Hz, J2Sa,3S = 8.0 Hz,
H-2Sa), 2.51–2.40 (m, 3H, H-2S, H-2L), 2.26–2.18 (m, 4H, H-2S,
H-2L′ ), 1.63–1.50 (m, 8H, 2 × H-4S, H-3L′ , H-4L), 1.32–1.17 (m,
86H, 43 × CH2 of lipid), 0.90–0.87 (m, 18H, 6 × CH3 of lipid).


MS (m/z) calcd for C120H183N2O19P [M + Na]+, 2010.3045; found,
2010.2429. A mixture of 30 (10.5 mg, 0.0053 mmol) and Pd
black (15.0 mg) in anhydrous THF (5 mL) was shaken under an
atmosphere of H2 (50 psi) at room temperature for 26 h, after
which it was neutralized with triethylamine (10 lL). The catalyst
was removed by filtration and the residue washed with THF (2 ×
1 mL). The combined filtrates were concentrated in vacuo to
afford 3 as a colorless film (6.0 mg, 78%). 1H NMR (500 MHz,
CDCl3–CD3OD, 1 : 1, v/v): d 5.28 (broad, 1H, H-1), 4.96–4.82
(m, 3H, H-1′, H-3, H-3L). HR MS (m/z) (negative) calcd for
C78H149N2O19P, 1449.0492; found, 1449.7284.


Dimethylthexylsilyl 6-O-{4,6-O-benzylidene-3-O-[(R)-3-ben-
zyloxy-13-methyltetradecanoylamino]-2-deoxy-2-[(R)-3-hexadeca-
noyloxy-15-methylhexadecanoylamino]-b-D-glucopyranosyl}-3-O-
allyloxycarbonyl-4-O-benzyl-2-[(R)-3-benzyloxy-15-methylhexa-
decanoylamino]-2-deoxy-b-D-glucopyranoside (31). A reaction
mixture of 26 (80 mg, 0.047 mmol) and hydrazine acetate (4.7 mg,
0.052 mmol) in a mixture of DCM (3 mL) and methanol (0.3 mL)
was stirred at room temperature for 6 h, after which it was
concentrated in vacuo. The residue was purified by silica gel column
chromatography (eluent: hexane–ethyl acetate, 3 : 1, v/v) to afford
an alcohol as a pale yellow syrup (69 mg, 92%). Rf = 0.40 (hexane–
ethyl acetate, 5 : 2, v/v); 1H NMR (300 MHz, CDCl3): d 7.46–7.17
(m, 15H, aromatic), 6.35 (d, 1H, JNH,2 = 9.0 Hz, NH), 5.99 (d, 1H,
JNH′ ,2′ = 5.7 Hz, NH ′), 5.77 (m, 1H, OCH2CH=CH2), 5.46 (s, 1H,
>CHPh), 5.23 (d, 1H, J = 17.1 Hz, OCH2CH=CHH), 5.14 (d,
1H, J = 10.2 Hz, OCH2CH=CHH), 5.02 (m, 1H, H-3L), 4.94 (dd,
1H, J = 8.7 Hz, J = 10.5 Hz, H-3), 4.75 (d, 1H, J1′ ,2′ = 8.1 Hz,
H-1′), 4.58–4.37 (m, 7H, H-1, 4 × CHHPh, OCH2CH=CH2), 4.23
(dd, 1H, J5′ ,6′a = 4.5 Hz, J6′a,6′b = 10.5 Hz, H-6′a), 4.13(m, 1H, H-3),
3.88 (d, 1H, J6a,6b = 10.5 Hz, H-6a), 3.76–3.31 (m, 8H, H-2, H-4,
H-4′, H-5, H-5′, H-6b, H-6′b, H-3S), 3.27 (m, 1H, H-2′), 2.33–2.17
(m, 6H, H-2S, H-2L, H-2L′ ), 1.55–1.37 (m, 7H, H-4S, H-3L′ , H-4L,
CH of TDS), 1.17–1.07 (m, 64H, 32 × CH2 of lipid), 0.82–0.73
(m, 27H, 4 × CH3 of TDS, 5 × CH3 of lipid), 0.06 (s, 3H, SiCH3),
0.00 (s, 3H, SiCH3). HR MS (m/z) calcd for C95H156N2O16Si
[M + Na]+, 1632.1116; found, 1631.8767. A solution of (R)-3-
benzyloxy-13-methyltetradecanoic acid 7 (21 mg, 0.061 mmol)
and DCC (17 mg, 0.081 mmol) in DCM (2 mL) was stirred at
room temperature for 10 min, after which the alcohol intermediate
(65 mg, 0.040 mmol) and DMAP (1 mg, 8 lmol) were added.
The reaction mixture was stirred at room temperature for 12 h,
after which the solids were removed by filtration and washed with
DCM (2 × 1 mL). The combined filtrates were concentrated in
vacuo and the residue was purified by preparative silica gel TLC
chromatography (eluent: hexane–ethyl acetate, 4 : 1, v/v) to afford
31 as an amorphous solid (71 mg, 91%). Rf = 0.50 (hexane–ethyl
acetate, 3 : 1, v/v); [a]24


D = −11.1 (c = 1.0, CHCl3); 1H NMR
(600 MHz, CDCl3): d 7.37–7.21 (m, 20H, aromatic), 6.35 (d, 1H,
JNH,2 = 9.0 Hz, NH), 5.84 (m, 1H, OCH2CH=CH2), 5.79 (d, 1H,
JNH′ ,2′ = 9.0 Hz, NH ′), 5.41 (s, 1H, >CHPh), 5.41 (t, 1H, J2′ ,3′ =
J3′ ,4′ = 9.6 Hz, H-3′), 5.29 (d, 1H, J = 17.4 Hz, OCH2CH=CHH),
5.19 (d, 1H, J = 10.2 Hz, OCH2CH=CHH), 5.00–4.96 (m, 2H,
H-3, H-3L), 4.87 (d, 1H, J1′2′ = 7.8 Hz, H-1′), 4.61–4.37 (m, 9H,
H-1, 6 × CHHPh, OCH2CH=CH2), 4.29 (dd, 1H, J5′ ,6′a = 5.4 Hz,
J6′a,6′b = 10.8 Hz, H-6′a), 3.94 (d, 1H, J6a,6b = 10.2 Hz, H-6a),
3.81–3.78 (m, 3H, H-2, H-6b, H-3S), 3.74–3.67 (m, 3H, H-2′,
H-6′b, H-3S), 3.64–3.58 (m, 2H, H-4, H-4′), 3.50–3.45 (m, 2H,
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H-5, H-5′), 2.64–2.12 (m, 8H, H-2S, H-2L, H-2L′ ), 1.59–1.46 (m,
9H, H-4S, H-3L′ , H-4L, CH of TDS), 1.23–1.13 (m, 80H, 40 ×
CH2 of lipid), 0.86–0.79 (m, 33H, 4 × CH3 of TDS, 7 × CH3


of lipid), 0.13 (s, 3H, SiCH3), 0.06 (s, 3H, SiCH3). 13C NMR
(75 MHz, CDCl3): d 173.80 (C=O), 171.06 (C=O), 170.82 (C=O),
169.65 (C=O), 154.86 (C=O), 138.41–126.14 (aromatic), 131.40
(OCH2CH=CH2), 118.94 (OCH2CH=CH2), 101.41 (>CHPh),
100.93 (C-1′), 95.86 (C-1), 78.93 (C-4′), 78.75 (C-3), 76.31 (C-
4), 76.05 (C-3S), 75.65 (C-3S), 74.45 (CH2Ph), 74.21 (C-5), 71.24
(C-3′), 71.16 (CH2Ph), 70.80 (CH2Ph), 70.74 (C-3L), 68.63 (C-6,
OCH2CH=CH2), 68.28 (C-6′), 66.27 (C-5′), 56.03 (C-2), 55.73
(C-2′), −1.52 (SiCH3), −3.27 (SiCH3). HR MS (m/z) calcd for
C117H190N2O18Si [M + Na]+, 1962.3675; found, 1962.3035.


6-O-{4,6-O-Benzylidene-3-O-[(R)-3-benzyloxy-13-methyltetra-
decanoylamino]-2-deoxy-2-[(R)-3-hexadecanoyloxy-15-methylhe-
xadecanoylamino]-b-D-glucopyranosyl}-4-O-benzyl-2-[(R)-3-ben-
zyloxy-15-methylhexadecanoylamino]-2-deoxy-b-D-glucopyranose
(33). Tetrakis(triphenylphosphine)palladium (6.3 mg,
0.0054 mmol) was added to a stirred solution of 31 (35 mg,
0.018 mmol), n-BuNH2 (3.6 lL, 0.036 mmol) and HCOOH
(1.4 lL, 0.036 mmol) in THF (2 mL). After stirring the reaction
mixture at room temperature for 1 h, it was diluted with DCM
(10 mL) and washed with water (10 mL), saturated aqueous
NaHCO3 (2 × 10 mL) and brine (2 × 10 mL). The organic
phase was dried (MgSO4) and filtered. Next, the filtrate was
concentrated in vacuo. The residue was purified by preparative
silica gel TLC (eluent: hexane–ethyl acetate, 5 : 2, v/v) to give
32 as a pale yellow syrup (31 mg, 94%). Rf = 0.50 (hexane–ethyl
acetate, 3 : 2, v/v); 1H NMR (300 MHz, CDCl3): d 7.29–7.13
(m, 20H, aromatic), 6.29 (d, 1H, JNH,2 = 5.7 Hz, NH), 5.69 (d,
1H, JNH′ ,2′ = 8.7 Hz, NH ′), 5.31 (s, 1H, >CHPh), 5.28 (t, 1H,
J2′ ,3′ = J3′ ,4′ = 8.7 Hz, H-3′), 4.89 (m, 1H, H-3L), 4.80 (d, 1H, J =
11.7 Hz, CHHPh), 4.70 (d, 1H, J1′ ,2′ = 8.4 Hz, H-1′), 4.53–4.26
(m, 6H, H-1, 5 × CHHPh), 4.18 (dd, 1H, J5′ ,6′a = 4.5 Hz, J6′a,6′b =
10.5 Hz, H-6′a), 3.89 (d, 1H, J6a,6b = 10.8 Hz, H-6a), 3.78–3.58
(m, 5H, H-2′, H-6b, H-6′b, 2 × H-3S), 3.53 (t, 1H, J = 8.4 Hz,
J = 9.6 Hz, H-4), 3.44–3.25 (m, 4H, H-2, H-4, H-5, H-5′), 2.54
(dd, 1H, J2Sa,2Sb = 15.0 Hz, J2Sa,3S = 6.0 Hz, H-2Sa), 2.33–2.17 (m,
6H, H-2S, H-2L, H-2L′ ), 2.6 (dd, 1H, J2La,2Lb = 15.0 Hz, J2La,3L =
5.7 Hz, H-2La), 1.49–1.36 (m, 9H, H-4S, H-4L′ , H-4L, CH of TDS),
1.14–1.06 (m, 80H, 40 × CH2 of lipid), 0.76–0.71 (m, 33H, 4 ×
CH3 of TDS, 7 × CH3 of lipid), 0.05 (s, 3H, SiCH3), 0.00 (s,
3H, SiCH3). HR MS (m/z) calcd for C113H186N2O16Si [M + Na]+,
1878.3464; found, 1878.3721. Acetic acid (100 lL) was added to
a solution of Bu4NF (1 N in THF, 1 mL) and then 32 (26 mg,
0.014 mmol) was added. The reaction mixture was stirred at
room temperature for 20 h, after which it was diluted with ethyl
acetate (10 mL) and washed with saturated aqueous NaHCO3


(2 × 10 mL) and brine (2 × 10 mL). The organic phase was
dried (MgSO4) and filtered. Next, the filtrate was concentrated
in vacuo. The residue was purified by preparative silica gel TLC
chromatography (eluent: hexane–ethyl acetate, 1 : 1, v/v) to afford
33 as a pale yellow syrup (21 mg, 88%). Rf = 0.40 (hexane–ethyl
acetate, 1 : 1, v/v); 1H NMR (300 MHz, CDCl3): d 7.40–7.25 (m,
20H, aromatic), 6.67 (d, 1H, JNH,2 = 7.8 Hz, NH), 5.91 (d, 1H,
JNH′ ,2′ = 8.1 Hz, NH ′), 5.45–5.39 (m, 2H, H-3′, >CHPH), 5.24 (d,
1H, J1′ ,2′ = 8.4 Hz, H-1′), 5.08 (d, 1H, J1,2 = 2.7 Hz, H-1), 4.96 (m,
1H, H-3L), 4.92 (d, 1H, J = 11.7 Hz, CHHPh), 4.64–4.32 (m, 6H,


H-6′a, 5 × CHHPh), 4.05–3.51 (m, 10H, H-2′, H-3, H-4′, H-5,
H-5′, H-6a, H-6b, H-6′b, 2 × H-3S), 3.53 (dd, 1H, J = 8.4 Hz,
J = 9.6 Hz, H-4), 3.44–3.25 (m, 4H, H-2, H-4, H-5, H-5′), 2.63
(dd, 1H, J2Sa,2Sb = 16.4 Hz, J2Sa,3S = 6.0 Hz, H-2Sa), 2.53–2.17 (m,
7H, H-2S, H-2L, H-2L′ ), 1.64–1.47 (m, 8H, H-4S, H-4L′ , H-4L),
1.25–1.15 (m, 80H, 40 × CH2 of lipid), 0.87–0.85 (m, 21H, 7 ×
CH3 of lipid). HR MS (m/z) calcd for C105H168N2O16Si [M + Na]+,
1736.2286; found, 1736.3901.


6-O-{2-Deoxy-2-[(R)-3-hexadecanoyloxy-15-methylhexadeca-
noylamino]-3-O-[(R)-3-hydroxy-13-methyltetradecanoylamino]-b-
D-glucopyranosyl}-2-deoxy-2-[(R)-3-hydroxy-15-methylhexadeca-
noylamino]-a-D-glucopyranose 1-phosphate (4). Compound 33
(15 mg, 0.0088 mmol) was phosphorylated in a manner similar
to the synthesis of 29 to afford 34 as a pale yellow syrup (11.8 mg,
68%). Rf = 0.60 (hexane–ethyl acetate, 3 : 2, v/v); 1H NMR
(500 MHz, CDCl3): d 7.39–7.26 (m, 30H, aromatic), 6.65 (d, 1H,
JNH′ ,2′ = 8.0 Hz, NH ′), 6.50 (d, 1H, JNH,2 = 8.5 Hz, NH), 5.65 (bs,
1H, H-1), 5.42 (s, 1H, >CHPh), 5.35 (t, 1H, J2′3′ = J3′ ,4′ = 10.0 Hz,
H-3′), 5.10–4.99 (m, 5H, H-3L, 4 × CHHPh), 4.92 (d, 1H, J1,2 =
9.0 Hz, H-1), 4.81 (d, 1H, J = 10.5 Hz, CHHPh), 4.61 (d, 1H, J =
10.5 Hz, CHHPh), 4.52–4.42 (m, 4H, 4 × CHHPh), 4.32 (m, 1H,
H-6′a), 4.13 (m, 1H, H-2), 3.95–3.74 (m, 6H, H-2′, H-6a, H-6b,
H-6′b, 2 × H-3S), 3.66–3.60 (m, 2H, H-3, H-4′), 3.43 (m, 1H, H-5′),
3.36 (m, 1H, H-5), 2.69 (dd, 1H, J2Sa,2Sb = 14.5 Hz, J2Sa,3S = 6.0 Hz,
H-2Sa), 2.52–2.26 (m, 7H, H-2S, H-2L, H-2L′ ), 1.59–1.50 (m, 8H, H-
4S, H-4L′ , H-4L), 1.27–1.17 (m, 80H, 40 × CH2 of lipid), 0.89–0.87
(m, 21H, 7 × CH3 of lipid). HR MS (m/z) calcd for C119H181N2O19P
[M + Na]+, 1996.2888; found, 1996.0125. Compound 34 (9.6 mg,
0.0049 mmol) was deprotected in a manner similar to the synthesis
of 3 to provide 4 as a colorless film (5.3 mg, 76%). 1H NMR
(500 MHz, CDCl3–CD3OD, 1 : 1, v/v): d 5.18 (broad, 1H, H-
1), 4.80–4.64 (m, 2H, H-3′, H-3L), 4.56 (broad, 1H, H-1′). HR
MS (m/z) (negative) calcd for C77H147N2O19P, 1435.0336; found,
1435.5624.


Biological experiments


Reagents for biological experiments. E. coli 055:B5 LPS was
obtained from List Biologicals and Pam3CysSK4 was obtained
from Calbiochem. All data presented in this study were generated
using the same batch of E. coli 055:B5 LPS. Synthetic compounds
3 and 4 were reconstituted in PBS with dry THF (10%) and stored
at −80 ◦C. Cell maintenance details are given in the ESI†.


Cytokine induction and ELISAs. On the day of the exposure
assay differentiated MM6 cells were harvested by centrifugation
and suspended (106 cells mL−1) in tissue culture tubes and
RAW 264.7 cNO(−) cells were plated as 2 × 105 cells per
well in 96-well tissue culture plates (Nunc). Cells were then
incubated with different combinations of stimuli for 5.5 hours.
Culture supernatants were then collected and stored frozen
(−80 ◦C) until assayed for cytokine production. All cytokine
ELISAs were performed in 96-well MaxiSorp plates (Nalge
Nunc International). Concentrations of human TNF-a protein in
culture supernatants were determined by a solid phase sandwich
ELISA. Plates were coated with purified mouse anti-human TNF-
a antibody (Pharmingen). TNF-a in standards and samples was
allowed to bind to the immobilized antibody. Biotinylated mouse
anti-human TNF-a antibody (Pharmingen) was then added.
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Next, avidin–horseradish peroxidase conjugate (Pharmingen) and
ABTS peroxidase substrate (Kirkegaard & Perry Laboratories)
were added. After the reaction was stopped by adding peroxidase
stop solution (Kirkegaard & Perry Laboratories), the absorbance
was measured at 405 nm using a microplate reader (BMG
Labtech). Cytokine DuoSet ELISA Development Kits (R & D
Systems) were used for the cytokine quantification of mouse
TNF-a, mouse IL-6, mouse IP-10 and mouse IL-1b according to
the manufacturer’s instructions. The absorbance was measured at
450 nm with wavelength correction set to 540 nm. Concentrations
of mouse IFN-b in culture supernatants were determined as
follows. Plates were coated with rabbit polyclonal antibody against
mouse IFN-b (PBL Biomedical Laboratories). IFN-b in standards
and samples was allowed to bind to the immobilized antibody.
Rat anti-mouse IFN-b antibody (USBiological) was then added.
Next, horseradish peroxidase (HRP) conjugated goat anti-rat IgG
(H + L) antibody (Pierce) and a chromogenic substrate for HRP
3,3′,5,5′-tetramethylbenzidine (TMB; Pierce) were added. After
the reaction was stopped, the absorbance was measured at 450 nm
with wavelength correction set to 540 nm. All cytokine values are
presented as the means ± SD of triplicate measurements, with
each experiment being repeated three times.


Transfection and NF-jB activation assay. The day before
transfection, HEK 293T wild type cells and HEK 293T cells
stably transfected with human and murine TLR4/MD2/CD14
and human and murine TLR2 were plated in 96-well tissue
culture plates (16 000 cells per well). The next day, cells were
transiently transfected using PolyFect Transfection Reagent (Qi-
agen) with expression plasmids pELAM-Luc (NF-jB-dependent
firefly luciferase reporter plasmid, 50 ng per well)54 and pRL-
TK (Renilla luciferase control reporter vector, 1 ng per well;
Promega) as an internal control to normalize experimental
variations. The empty vector pcDNA3 (Invitrogen) was used as
a control and to normalize the DNA concentration for all of
the transfection reactions (total DNA 70 ng per well). Forty-
four hours post-transfection, cells were exposed to the stimuli
in the presence of FCS to provide sCD14 for 4 h, after which
cell extracts were prepared. The luciferase activity was measured
using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer′s instructions and a combination
luminometer/fluorometer microplate reader (BMG Labtech).
Expression of the firefly luciferase reporter gene was normalized
for transfection efficiency with expression of Renilla luciferase.
The data are reported as the means ± SD of triplicate treatments.
The transfection experiments were repeated at least twice.


Data analysis. Concentration-response and inhibition data
were analyzed using nonlinear least-squares curve fitting in Prism
(GraphPad Software, Inc.). Concentration-response data were fit
with the following four-parameter logistic equation: Y = Emax/(1 +
(EC50/X)Hill slope), where Y is the cytokine response, X is logarithm
of the concentration of the stimulus, Emax is the maximum response
and EC50 is the concentration of the stimulus producing 50%
stimulation. Inhibition data were fit with the following logistic
equation: Y = bottom + (top − bottom)/(1 + 10(X − log IC50)), where
Y is the cytokine response, X is the logarithm of the concentration
of the inhibitor and IC50 is the concentration of the inhibitor that
reduces the response by half.


Acknowledgements


This research was supported by the Institute of General Medicine
of the National Institutes of Health (GM061761).


References


1 S. S. Socransky, A. D. Haffajee, M. A. Cugini, C. Smith and R. L. Kent,
J. Clin. Periodontol., 1998, 25, 134–144.


2 R. P. Darveau, in Oral Bacterial Ecology: The Molecular Basis,
ed. H. K. Kuramitsu and R. P. Ellen, Horizon Scientific Press,
Wymondham, Norfolk, 2000, pp. 169–218.


3 R. P. Darveau, T. T. Pham, K. Lemley, R. A. Reife, B. W. Bainbridge,
S. R. Coats, W. N. Howald, S. S. Way and A. M. Hajjar, Infect. Immun.,
2004, 72, 5041–5051.


4 T. Ogawa, Y. Asai, M. Hashimoto, O. Takeuchi, T. Kurita, Y. Yoshikai,
K. Miyake and S. Akira, Int. Immunol., 2002, 14, 1325–1332.


5 T. Ogawa, Y. Asai, Y. Makimura and R. Tamai, Front. Biosci., 2007,
12, 3795–3812.


6 A. Yoshimura, T. Kaneko, Y. Kato, D. T. Golenbock and Y. Hara,
Infect. Immun., 2002, 70, 218–225.


7 R. A. Reife, S. R. Coats, M. Al-Qutub, D. M. Dixon, P. A. Braham,
R. J. Billharz, W. N. Howald and R. P. Darveau, Cell. Microbiol., 2006,
8, 857–868.


8 S. R. Coats, T. T. T. Pham, B. W. Bainbridge, R. A. Reife and R. P.
Darveau, J. Immunol., 2005, 175, 4490–4498.


9 D. P. Rossignol, L. D. Hawkins, W. J. Christ, S. Kobayashi, T. Kawata,
M. Lynn, I. Yamatsu and Y. Kishi, in Endotoxin in Health and Disease,
ed. H. Brade, S. M. Opal, S. N. Vogel and D. C. Morrison, Marcel
Dekker, Inc., New York, 1999, vol. 1, pp. 699–717.


10 W. Christ, P. McGuinness, O. Asano, Y. Wang, M. Mullarkey, M. Perez,
L. Hawkins, T. Blythe, G. Dubuc and A. Robidoux, J. Am. Chem. Soc.,
1994, 116, 3637–3638.


11 W. J. Christ, O. Asano, A. L. Robidoux, M. Perez, Y. Wang, G. R.
Dubuc, W. E. Gavin, L. D. Hawkins, P. D. McGuinness, M. A.
Mullarkey, M. D. Lewis, Y. Kishi, T. Kawata, J. R. Bristol, J. R. Rose,
D. P. Rossignol, S. Kobayashi, I. Hishinuma, A. Kimura, N. Asakawa,
K. Katayama and I. Yamatsu, Science, 1995, 268, 80–83.


12 D. T. Golenbock, R. Y. Hampton, N. Qureshi, K. Takayama and C. R.
Raetz, J. Biol. Chem., 1991, 266, 19490–19498.


13 C. Lam, J. Hildebrandt, E. Schutze, B. Rosenwirth, R. A. Proctor, E.
Liehl and P. Stutz, Infect. Immun., 1991, 59, 2351–2358.


14 T. Kawata, J. R. Bristol, D. P. Rossignol, W. J. Christ, O. Asano,
G. R. Dubuc, W. E. Gavin, L. D. Hawkins, M. D. Lewis, P. D.
McGuinness, M. A. Mullarkey, M. Perez, A. L. Robidoux, Y. Wang,
Y. Kishi, S. Kobayashi, A. Kimura, I. Hishinima , K. Katayama and
I. Yamatsu, in Novel Therapeutic Strategies in the Treatment of Sepsis,
ed. D. C. Morrison and J. L. Ryan, Marcel Dekker, New York, 1995,
pp. 171–186.


15 F. Peri, F. Granucci, B. Costa, I. Zanoni, C. Marinzi and F. Nicotra,
Angew. Chem., Int. Ed., 2007, 46, 3308–3312.


16 Y. Fujimoto, M. Iwata, N. Imakita, A. Shimoyama, Y. Suda, S.
Kusumoto and K. Fukase, Tetrahedron Lett., 2007, 48, 6577–6581.


17 A. V. Demchenko, M. A. Wolfert, B. Santhanam, J. N. Moore and G. J.
Boons, J. Am. Chem. Soc., 2003, 125, 6103–6112.


18 B. Santhanam, M. A. Wolfert, J. N. Moore and G. J. Boons, Chem.–
Eur. J., 2004, 10, 4798–4807.


19 H. S. Lee, M. A. Wolfert, Y. H. Zhang and G. J. Boons, ChemBioChem,
2006, 7, 140–148.


20 Y. Zhang, M. A. Wolfert and G. J. Boons, Bioorg. Med. Chem., 2007,
15, 4800–4812.


21 M. Vasan, M. A. Wolfert and G. J. Boons, Org. Biomol. Chem., 2007,
5, 2087–2097.


22 T. Ogawa, FEBS Lett., 1993, 332, 197–201.
23 H. Kumada, Y. Haishima, T. Umemoto and K. I. Tanamoto, J. Bacte-


riol., 1995, 177, 2098–2106.
24 Y. Zhang, J. Gaekwad, M. A. Wolfert and G. J. Boons, J. Am. Chem.


Soc., 2007, 129, 5200–5216.
25 Y. Zhang, J. Gaekwad, M. A. Wolfert and G. J. Boons, Chem.–Eur. J.,


2008, 14, 558–569.
26 N. Sawada, T. Ogawa, Y. Asai, Y. Makimura and A. Sugiyama, Clin.


Exp. Immunol., 2007, 148, 529–536.
27 Y. Kawai, I. Yano and K. Kaneda, Eur. J. Biochem., 1988, 171, 73–80.


3380 | Org. Biomol. Chem., 2008, 6, 3371–3381 This journal is © The Royal Society of Chemistry 2008







28 S. Hiramoto, N. Kinoshita, S. Hatanaka and H. Seto, J. Antibiot., 1996,
49, 949–952.


29 M. Ubukata, K. Kimura, K. Isono, C. C. Nelson, J. M. Gregson and
J. A. Mccloskey, J. Org. Chem., 1992, 57, 6392–6403.


30 O. Katoh, T. Sugai and H. Ohta, Tetrahedron: Asymmetry, 1994, 5,
1935–1944.


31 M. Shiozaki, N. Deguchi, T. Mochizuki and M. Nishijima, Tetrahedron
Lett., 1996, 37, 3875–3876.


32 T. Shioiri, Y. Terao, N. Irako and T. Aoyama, Tetrahedron, 1998, 54,
15701–15710.


33 M. Shiozaki, N. Deguchi, T. Mochizuki, T. Wakabayashi, T. Ishikawa,
H. Haruyama, Y. Kawai and M. Nishijima, Tetrahedron, 1998, 54,
11861–11876.


34 M. Yanai and S. Hiramoto, J. Antibiot., 1999, 52, 150–159.
35 A. K. Chatterjee, T. L. Choi, D. P. Sanders and R. H. Grubbs, J. Am.


Chem. Soc., 2003, 125, 11360–11370.
36 A. K. Chatterjee, D. P. Sanders and R. H. Grubbs, Org. Lett., 2002, 4,


1939–1942.
37 D. S. Keegan, S. R. Hagen and D. A. Johnson, Tetrahedron: Asymmetry,


1996, 7, 3559–3564.
38 M. Nakahata, M. Imaida, H. Ozaki, T. Harada and A. Tai, Bull. Chem.


Soc. Jpn., 1982, 55, 2186–2189.
39 K. Fukase, Y. Fukase, M. Oikawa, W. C. Liu, Y. Suda and S. Kusumoto,


Tetrahedron, 1998, 54, 4033–4050.
40 R. R. Schmidt and M. Stumpp, Liebigs Ann. Chem., 1983, 1249–1256.
41 Y. Tsukamoto, H. Nakagawa, H. Kajino, K. Sato, K. Tanaka and T.


Yanai, Biosci., Biotechnol., Biochem., 1997, 61, 1650–1657.


42 M. Oikawa, T. Shintaku, H. Sekljic, K. Fukase and S. Kusumoto, Bull.
Chem. Soc. Jpn., 1999, 72, 1857–1867.


43 S. Akira, K. Takeda and T. Kaisho, Nat. Immunol., 2001, 2, 675–
680.


44 C. Pasare and R. Medzhitov, Semin. Immunol., 2004, 16, 23–26.
45 D. R. Dixon and R. P. Darveau, J. Dent. Res., 2005, 84, 584–


595.
46 C. Werts, R. I. Tapping, J. C. Mathison, T. H. Chuang, V. Kravchenko,


I. Saint Girons, D. A. Haake, P. J. Godowski, F. Hayashi, A. Ozinsky,
D. M. Underhill, C. J. Kirschning, H. Wagner, A. Aderem, P. S. Tobias
and R. J. Ulevitch, Nat. Immunol., 2001, 2, 346–352.


47 R. Girard, T. Pedron, S. Uematsu, V. Balloy, M. Chignard, S. Akira
and R. Chaby, J. Cell Sci., 2003, 116, 293–302.


48 C. Erridge, A. Pridmore, A. Eley, J. Stewart and I. R. Poxton, J. Med.
Microbiol., 2004, 53, 735–740.


49 N. L. S. Que-Gewirth, A. A. Ribeiro, S. R. Kalb, R. J. Cotter, D. M.
Bulach, B. Adler, I. Saint Girons, C. Werts and C. R. H. Raetz, J. Biol.
Chem., 2004, 279, 25420–25429.


50 C. V. Jongeneel, Immunobiology, 1995, 193, 210–216.
51 T. Mijatovic, L. Houzet, P. Defrance, L. Droogmans, G. Huez and V.


Kruys, Eur. J. Biochem., 2000, 267, 6004–6011.
52 E. K. Crawford, J. E. Ensor, I. Kalvakolanu and J. D. Hasday, J. Biol.


Chem., 1997, 272, 21120–21127.
53 M. A. Wolfert, T. F. Murray, G. J. Boons and J. N. Moore, J. Biol.


Chem., 2002, 277, 39179–39186.
54 J. C. Chow, D. W. Young, D. T. Golenbock, W. J. Christ and F.


Gusovsky, J. Biol. Chem., 1999, 274, 10689–10692.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3371–3381 | 3381








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


A radical-anion chain mechanism following dissociative electron transfer
reduction of the model prostaglandin endoperoxide, 1,4-diphenyl-2,3-
dioxabicyclo[2.2.1]heptane


David C. Magri* and Mark S. Workentin*


Received 3rd June 2008, Accepted 19th June 2008
First published as an Advance Article on the web 28th July 2008
DOI: 10.1039/b809356c


The model prostaglandin endoperoxide, 1,4-diphenyl-2,3-dioxabicyclo[2.2.1]heptane (3), was
investigated in N,N-dimethylformamide at a glassy carbon electrode using various electrochemical
techniques. Reduction of 3 occurs by a concerted dissociative electron transfer (ET) mechanism.
Electrolysis at −1.6 V yields 1,3-diphenyl-cyclopentane-cis-1,3-diol in 97% by a two-electron
mechanism; however, in competition with the second ET from the electrode, the resulting distonic
radical-anion intermediate undergoes a b-scission fragmentation. The rate constant for the
heterogeneous ET to the distonic radical-anion is estimated to occur on the order of 2 × 107 s−1. In
contrast, electrolyses conducted at potentials more negative than −2.1 V yield a mixture of primary and
secondary electrolysis products including 1,3-diphenyl-cyclopentane-cis-1,3-diol,
1,3-diphenyl-1,3-propanedione, trans-chalcone and 1,3-diphenyl-1,3-hydroxypropane by a mechanism
involving less than one electron equivalent. These observations are rationalized by a catalytic
radical-anion chain mechanism, which is dependent on the electrode potential and the concentration of
weak non-nucleophilic acid. A thermochemical cycle for calculating the driving force for b-scission
fragmentation from oxygen-centred biradicals and analogous distonic radical-anions is presented and
the results of the calculations provide insight into the reactivity of prostaglandin endoperoxides.


Introduction


Prostaglandin endoperoxides are biologically important com-
pounds containing an O–O bond within a strained 2,3-
dioxabicyclo[2.2.1]heptane ring structure.1 In particular, the
prostaglandin endoperoxide (PGH2) is the immediate precursor
to several classes of potent physiological regulators such as the
prostaglandins, prostacyclins and thromboxanes.2 At nanomolar
concentrations, these physiological regulators have many profound
effects including the activation of the inflammatory response, the
sensation of pain, the regulation of blood pressure, the coagulation
of blood, the induction of childbirth, and the regulation of the
sleeping and waking cycle.3


One of the biochemical pathways of PGH2, via the throm-
boxane synthase route, results in the formation of malondi-
aldehyde (MDA) and 12-hydroxyheptadecatrienoic acid (HHT).4


The mechanism is generally thought to result via b-scission
fragmentation of alkoxyl radicals following cleavage of the O–O
bond. One hypothesis is the mechanism is initiated by an inner-
sphere electron transfer (ET) from an iron-heme centre of an
enzyme.2 It is also plausible that MDA and HHT may result from
this type of dissociative ET to the O–O to yield a distonic radical-
anion, a reactive intermediate possessing a spatially separated
alkoxyl radical and alkoxyl anion, which may react via a b-scission
fragmentation.5–8
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Radical-anions are gradually becoming accepted as biologically
important species.9 These reactive intermediates, possessing both a
charge and radical character, typically result from the transfer of a
single electron to a neutral molecule without any bonds breaking.
With endoperoxides the electron is usually accepted into the r*
orbital largely associated with the O–O bond, which cleaves to
yield the distonic radical-anion.10 Most radical-anion rearrange-
ments undergo a bond fragmentation that results in formation of
a single species containing a spatially separated radical and anion
[eqn (1)].11–14 Recently, we reported an uncommon fragmentation,
where a spatially separated radical-anion undergoes C–C bond
fragmentation to yield a localized radical-anion and a neutral
molecule [eqn (2)].5


(1)


(2)


In that study, we reported the heterogeneous ET reduction of the
bicyclic endoperoxides 1,4-diphenyl-2,3-dioxabicyclo[2.2.2]oct-5-
ene (1) and 1,4-diphenyl-2,3-dioxabicyclo[2.2.2]octane (2).5 Using
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electrochemical techniques we evaluated previously unknown
kinetic and thermochemical data, delineated the reduction mech-
anism and provided insight into the fragmentation chemistry of
neutral biradicals and analogous distonic radical-anions. Among
many findings, we discovered that b-scission fragmentation of
the distonic radical-anion from 2 initiates an unprecedented
propagating radical-anion chain mechanism.


Thus far, we know of three common competing processes
available to the distonic radical-anion after ET reduction of
the O–O bond at an electrode: heterogeneous reduction, b-
scission fragmentation, and O-neophyl (1,2-phenyl migration)
fragmentation.5–8,15–17 In all electrochemical studies to date the
dominant pathway is reduction of the O–O bond to the distonic
radical-anion [eqn (3)] followed by reduction and protonation
to yield the cis-diol [eqn (4)]. However, in the electrochemical
studies of various diphenyl-substituted endoperoxides, the distonic
radical-anion undergoes a fragmentation reaction in competition
with the second heterogeneous ET.5–8


(3)


(4)


The fragmentation and rearrangement reactions of radical-
anions are often assumed to be similar to neutral radicals.
Recent work, mainly by Tanko and co-workers,5,11,12 has pro-
vided evidence that this assumption is not valid as both charge
and spin are contributing parameters governing the reactivity
of radical-anion rearrangements. This distinction is of great
importance considering many competing pathways, including
disproportionation, reduction and fragmentation, result in the
decomposition of prostaglandin endoperoxides. In particular,
the bridgehead hydrogen atoms are vulnerable to base-induced
decomposition.18,19 As a consequence, compounds that are readily
available, chemically stable and structurally simpler have routinely
been used as models.19,20 The common strategy has been to
substitute the hydrogen atoms at the bridgehead carbons of the
prostaglandin nucleus with phenyl rings, which prohibits base-
induced disproportionation and greatly increases the stability.18,21


In this paper, we study the bicyclic endoperoxide 1,4-diphenyl-
2,3-dioxabicyclo[2.2.1]heptane (3), as a model of a prostaglandin
endoperoxide.20–22 The compound was studied using a number of
electrochemical techniques including cyclic voltammetry, convo-
lution potential sweep voltammetry and preparative electrolysis
in order to elucidate the ET reduction mechanism and evaluate
previously unknown thermochemical parameters, notably the O–
O bond dissociation energy and the standard reduction potential.
The distonic radical-anion resulting from the concerted dissocia-
tive ET reduction of the O–O bond is observed to undergo a
competing b-scission fragmentation with direct reduction from
the electrode, and as observed previously with 2, initiates a
homogeneous propagating radical-anion chain mechanism. By
exploiting the dual reactivity of the distonic radical-anion, we


provide an estimate of the rate constant for ET from the electrode.
Furthermore, using a thermochemical cycle to calculate the
driving force for b-scission fragmentation from oxygen-centred
biradicals and analogous distonic radical-anions, including those
derived from 2,3-dioxabicyclo[2.2.1]heptane (4) and PGH2, we
provide new insight into the reactivity of prostaglandin endoper-
oxides.


Results


Synthesis


Compound 3 was synthesized according to Scheme 1. Ethyl 3-
benzoylpropionate from the esterification of 3-benzoylpropionic
acid,23 was reacted with acetophenone in dry toluene in the pres-
ence of excess sodium tert-butoxide at −78 ◦C. After 24 hours the
solution was extracted with water and warmed at 70 ◦C resulting
in the in situ loss of CO2 and precipitation of 1,4-diphenyl-1,3-
cyclopentadiene. Photo-oxygenation of the diene by irradiation of
O2 saturated solutions of 1 : 1 benzene–dichloromethane, contain-
ing a catalytic amount of meso-tetraphenylporphyrin (MTTP),
afforded 1,4-diphenyl-2,3-dioxabicyclo[2.2.1]hept-5-ene.24,25 The
saturated endoperoxide, 3, was prepared from the reduction
of 1,4-diphenyl-2,3-dioxabicyclo[2.2.1]hept-5-ene with excess di-
imide generated in situ from potassium azodicarboxylate in the
presence of acetic acid.22,26 The final product 3 was recrystallized
from ethanol as a crystalline white solid. The spectroscopic
characterization can be found in the Experimental section.


Scheme 1 The synthetic route and conditions used in the synthesis of the
bicyclic diphenyl-substituted endoperoxide 3. (a) NaOtBu, toluene, −78 ◦C
(b) ethyl 3-benzoylpropionate; D (c) O2, MTTP, hv, 1 : 1 benzene–CH2Cl2


(d) N2H2, CH2Cl2.


Cyclic voltammetry


The electrochemical reduction of 1,4-diphenyl-2,3-dioxabicyclo-
[2.2.1]heptane was studied by cyclic voltammetry using a glassy
carbon electrode in N,N-dimethylformamide (DMF) containing
0.10 M tetraethylammonium perchlorate (TEAP). The voltam-
mogram of 3, as shown in Fig. 1, is characterized by an electro-
chemically irreversible cathodic peak at all scan rates investigated
between 0.1 to 50 V s−1.


The peak potential, Ep, at 0.1 V s−1 is located at −1.34 V versus
SCE. At slow scan rates the peak width at half height, DEp/2 =
Ep/2 − Ep is uncharacteristically narrow with a peak width of
116 mV at 0.1 V s−1. Increasing the scan rate, v, is found to shift the
Ep negatively by 132 mV per log decade, resulting in the cathodic
wave broadening up to 187 mV at 10 V s−1. The transfer coefficient
determined from the peak widths using a = 1.857RT/(FDEp/2) are
found to decrease with v from 0.41 to 0.26. From the scan rate de-
pendence of the peak potential and a = 1.15RT/F [dEp/(dlog m)],
an average a of 0.23 is determined. The a values are consistent
with a concerted dissociative ET mechanism.27,28 On scanning back
after the forward reduction in the positive direction, poorly defined


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3354–3361 | 3355







Fig. 1 Cyclic voltammograms of 1.7 mM of 3 in DMF containing
0.10 M TEAP in the absence (solid line) and presence (dashed line) of
10 equivalents of 2,2,2-trifluoroethanol at 0.2 V s−1. The inset highlights
the oxidative dip in the absence of acid.


anodic peaks are observed between 0 and −0.8 V presumably
due to oxidation of the dialkoxide anion.15 When the switching
potential is extended past the end of the initial wave, which
is normally dictated exclusively by diffusion, an oxidative dip
is observed at −1.9 V. This feature of the voltammograms is
most noticeable at slower scan rates. Following the dip at more
negative scanned potentials there are other cathodic and anodic
peaks attributed to products resulting from the electrochemical
reduction of the 3. Repetitive cycling voltammetry was used to
probe the peaks in the vicinity of the dip as shown in Fig. 2. Two
redox couples are observed at −1.83 V and −2.00 V.


Fig. 2 Cyclic voltammograms of 2.1 mM of 3. The dashed-line is the
initial reduction of the endoperoxide, followed by repetitively cycling
through the redox couples twice between the switching potentials of −1.6
and −2.3 V at 1.0 V s−1.


A striking observation is that on addition of weak non-
nucleophilic acids there is a significant change in the voltammetry,
notably the initial dissociative wave, as illustrated by the dashed
line in Fig. 1. Table 1 compares the diagnostic voltammetry
parameters for the initial wave with and without excess acid. Weak
acids were chosen that are not electroactive within the potential
range investigated. In the presence of 5 equivalents of a non-
nucleophilic proton donor, such as 2,2,2-trifluoroethanol (TFE)
or acetanilide, the initial wave is much broader with a peak width
of 183 mV, the latter corresponding to an a value of 0.26. A
10% increase in the peak height, Ip is also observed. Addition of
more than five equivalents of TFE has no additional effect on
the initial peak height, while the peaks beyond the dissociative
wave continue to increase. Furthermore, in the presence of excess
acid the oxidative dip is not observed even at the slower scan
rates. It should be emphasized that reduction of the acid does not
occur within the potential window, and therefore, does not directly
contribute to the observed increase in peak current values.


Table 1 Cyclic voltammetry data for the dissociative ET reduction of 1,4-
diphenyl-2,3-dioxabicyclo[2.2.1]heptane in 0.10 M TEAP–DMF at 25 ◦C
measured at a glassy carbon electrode


m/V s−1 3 3 (acid)c


Ep/Va 0.1 −1.34 −1.50
1.0 −1.52 −1.61


10 −1.64 −1.73
DEp/2/mV 0.1 116 183


1.0 167 198
10 187 222


a = 1.857RT/FDEp/2 0.1 0.41 0.26
1.0 0.29 0.24


10 0.26 0.22
a = 1.15RT/F(dEp/dlog m) −132 −116
(dEp/dlog m)/mV−1b 0.23 0.25
n @ −1.6 V(no acid) 1.97 nad


n @ −1.6 V(acid) nad 1.92
n @ −2.5 V 0.8 ndd


a Potentials are referenced versus ferrocene (0.475 V) versus SCE. b Based
on scan rates between 0.1 and 10 V s−1. c 10 mM 2,2,2-trifluoroethanol.
d na = not applicable, nd = not determined.


Constant potential electrolyses


At the potentials between −1.5 and −2.0 V in the absence of
acid, 3 consumes 1.97 mole equivalents of charge. The major
product is the cis-diol, 1,3-diphenyl-cyclopentane-1,3-cis-diol in
97% yield. In the presence of TFE, 1.92 F mol−1 of charge
is consumed, however the yield of cis-diol is quantitative. In
contrast, electrolysis at −2.5 V with no additional acid results
in coulometric values of only 0.8 F mol−1 charge consumed, and
the appearance of electroactive products at the expense of the
dissociative wave. Work-up of the electrolysis mixture revealed
several products by gas chromatography, as shown in Scheme 2,
including cis-diol (35%), 1,3-diphenyl-1,3-propanedione (10%),
trans-chalcone (15%) and 1,3-diphenyl-1,3-hydroxypropane (40%)
All compounds were confirmed by mass spectrometry.


Scheme 2 The products and yield from the reduction of 3 at −2.5 V.


Heterogeneous kinetics and thermochemical parameters


The heterogeneous ET kinetics and thermochemical parameters
for reduction of the O–O bond were evaluated by convolution
potential sweep voltammetry as shown in Fig. 3.29 The experiments
were performed in the presence of excess weak acid as this made
the voltammetry more reproducible. Only scan rates of 1.0 V s−1


and faster were usable because of non-Cottrell behaviour at the
slower scan rates, which results in lower limiting currents. A total of
11 background-subtracted cyclic voltammograms were recorded
between 1.0 and 20 V s−1. The background subtracted i–E curves
were transformed into sigmoidal-shaped I–E curves by use of the
convolution integral,29,30 and found to be in good agreement with
an error less than 3%. From the limiting currents, I lim, and the
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Fig. 3 (a) Background-subtracted linear sweep voltammograms of
1.8 mM of 3 in DMF containing 0.10 mol L−1 TEAP (from left to right:
1.0, 2.0, 4.0, 10, 20 V s−1); (b) the convolution curves as a function of
scan rate (c) overlapping potential dependence of the log khet and (d) the
potential dependence of aapp at 10 scan rates between 1.0 and 20 V s−1.


known area of the glassy carbon electrode, the diffusion coefficient
in the presence of 0.1 M TEAP was determined to be 6.5 ×
10−6 cm2 s−1. From the potential dependence of a for a concerted
dissociative ET mechanism (Fig. 3d), the E◦


diss was determined by
extrapolation of the a–E data to a = 0.5, and the intrinsic barrier,
DGo


�=, was determined from the slope of the linear regression.
In Table 2 the parameters determined from the convolution


analysis are summarized. As determined from the a–E plot, the
evaluated E◦


diss and DGo
�= of 1 are −0.54 V and 11.8 kcal mol−1,


respectively. The E◦
diss is substantially more positive than the Ep by


over 0.8 V. The large overpotential observed in the cyclic voltam-
mograms is attributed to the large DGo


�= that must be overcome
to stretch and break the O–O bond. The log k◦


het is considerably
low with a value of −6.8 consistent with a totally irreversible
rate-determining electrode reaction characteristic of concerted
dissociative ET. The accuracy of the evaluated thermochemical
parameters in acidic media were adequately reproduced by digital
simulation of the dissociative waves using the data in Tables 1 and
2 for a two-electron concerted dissociative mechanism.


Table 2 Data acquired by convolution sweep potential voltammetry of 3
in 0.10 mol L−1 TEAP–DMF at 25 ◦C at a glassy carbon electrode


Da/cm2 s−1 6.5 × 10−6


E◦
diss


b/V −0.54
log (k◦


het/cm s−1)c −6.8
DGo


�=d/kcal mol−1 11.8
khet


e/kcal mol−1 18
BDEg/kcal mol−1 20
BDFEh/kcal mol−1 10


a Determined from the convoluted limiting current and the area of the
electrode using ferrocene with a diffusion coefficient 1.13 × 10−5 cm2 s−1.
b Estimated error is ±0.10 V and uncorrected for the double layer.
c Obtained by interpolation of the heterogeneous kinetics from a quadratic
fit at E◦


diss. Estimated error of ± 0.5 from digital simulation. d DGo
�=


determined from the slope of aapp vs. E plots and DGo
�= = F/[8(da/dE)].


e khet = 55.7/reff; the calculated radius rAB of 4.6 Å was determined from the
Stokes–Einstein equation and the diffusion coefficient. f Effective radius
of 3.0 Å from reff = rB(2rAB − rB)/rAB. g DGo


�= = (BDE + ksolvent + kinner)/4
with kinner = 9 kcal mol−1. h BDFE = 23.06(E◦


• ORRO– − E◦
diss).


The E◦
diss is related to the O–O bond dissociation energy (BDE)


by the equation E◦
diss = E◦•ORRO– − BDFE/F derived from a


thermochemical cycle where E◦•ORRO– is the reduction potential
of the distonic radical-anion, F is the Faraday constant and the
BDFE is the bond dissociation free energy, which is the BDE
corrected for entropy (BDFE = BDE − TDS).10,31 The E◦•ORRO–


was approximated from the standard potential of the cumyl
alkoxyl radical equal to −0.12 V.32 Using the equation based on
E◦


diss the BDFE is 10 kcal mol−1.
The BDE was determined using Savéant’s concerted dissociative


ET model27,28 from the experimental DGo
�= and the expression


DGo
�= = (BDE + ksolvent + kinner)/4 where ksolvent is the solvent


reorganization energy and kinner is the inner reorganization energy
due to changes in the bond lengths and bond angles. An effective
radius approach was used to account for solvation of only the
portion of the molecule receiving the charge, while the rest of
the molecule acts to shield the charge from the solvent.33 The
empirical relation ksolvent = 55.7/reff was used where ksolvent is given
in kcal mol−1 and reff is the effective molecular radius, given in Å.27


reff is equal to 3.0 Å resulting in ksolvent equal to 18 kcal mol−1. Using
the ksolvent value (temporarily assuming kinner = 0) the BDE would
be 29 kcal mol−1.


A comparison of the kinetic and thermodynamic parameters
of 3 with our previous studies of 1 and 2 reveals some interesting
trends. The standard heterogeneous rate constant, k◦


het, and stan-
dard reduction potential, E◦


diss, are identical within experimental
error. The diffusion coefficient of 3 is slightly lower as might be
expected for a carbon skeleton one methylene unit less. However,
there is one noticeable difference. The intrinsic barrier of 3 is
much larger suggesting a BDE of 29 kcal mol−1 compared to
the average value of 20 kcal mol−1 determined for 1 and 2.5 This
difference may be attributed to a significant kinner contribution
from the relief of strain upon fragmentation of the O–O within the
bicyclo[2.2.1]heptane framework. The kinner is often assumed to be
negligible with respect to the magnitude of the BDE.27 However,
the BDE in endoperoxides are rather small. Considering the BDE
of 3 is expected to be similar to 1 and 2 on the order of 20 kcal
mol−1, kinner may contribute 9 kcal mol−1 to the intrinsic barrier.


Discussion


The voltammetry of 3 is consistent with reduction of the O–O bond
by a concerted dissociative ET mechanism, where fragmentation
occurs simultaneously with electron uptake [eqn (3)]. At a
potential of −1.5 V, the major product is the corresponding 1,3-
diphenyl-cyclopentane-cis-1,3-diol in 97% yield. However, at more
negative potentials, in addition to the cis-diol, a number of other
compounds are identified: 1,3-diphenyl-1,3-propanedione, trans-
chalcone and 1,3-diphenyl-1,3-hydroxypropane.


Scheme 3 depicts the ET reduction mechanism of 3 considering
the electrode is the only electron source and in the absence of
the competing b-scission fragmentation, which accounts for the
majority of the 97% yield of 1,3-diphenyl-cyclopentane-cis-1,3-
diol. The near quantitative formation of the cis-diol 3c, results in
the consumption of two electrons per molecule. The first electron
is accepted into an r* orbital mainly localized on the O–O bond,
which in concert cleaves resulting in the formation of the distonic
radical-anion 3a with a negative charge on one oxygen atom and
an unpaired electron on the other. Subsequently, 3a generated in
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Scheme 3 The major mechanistic pathways for formation of
1,3-diphenyl-cyclopentane-1,3-cis-diol 3c by reduction of 3 at a glassy
carbon electrode.


the vicinity of the electrode, could be reduced to the dialkoxide 3b
before diffusing away from the electrode, and then protonated in
the reaction solution or upon work-up to yield 3c. Alternatively,
3a could be protonated by a weak acid to yield the alkoxyl
radical 3d, which could be further reduced by the electrode before
subsequently being protonated to yield 3c. Either route from 3a
yields a near quantitivative amount of 3c. Due to electrostatic
interactions, the reduction potential of 3a is likely to be slightly
more negative than 3d, the latter is easily approximated to have a
value similar to the cumyl alkoxyl radical with a standard potential
of −0.12 V versus SCE in DMF.32 However, with the Ep located at
a potential of −1.5 V, the reduction of both 3a and 3d are predicted
to be thermodynamically favorable by at least 30 kcal mol−1.


The proposed ET reduction mechanism of 3, including the
b-scission fragmentation, is depicted in Scheme 4. To account
for the experimental observations, including the formation


Scheme 4 The propagating radical-anion chain mechanism proposed
for the ET reduction of 3. 1,3-diphenyl-1,3-propanedione 3f acts as a
homogeneous electron donor at a reduction potential of −1.83 V.


of 1,3-diphenyl-cyclopentane-cis-1,3-diol and 1,3-diphenyl-1,3-
propanedione, a radical-anion chain mechanism is postulated.5,7


Scheme 4 depicts two of the possible fates for 3a. As already
mentioned with respect to Scheme 3, the predominant pathway,
occurring in the vicinity of the electrode, is reduction of 3a to
the dialkoxide 3b, which is protonated in solution or upon work-
up to yield the cis-diol 3c. Alternatively, 3a could be protonated
in the reaction media, by 1,3-diphenyl-1,3-propanedione or upon
addition of an external acid, to yield the alkoxyl radical 3d, which
could be further reduced and subsequently protonated to yield 3c.


The formation of 1,3-diphenyl-1,3-propanedione, a product
with a lower molecular weight than the endoperoxide, results from
the b-scission fragmentation of 3a, which competes with reduction
from the electrode. The proposed mechanism in Scheme 4 also
accounts for the observed dip after the dissociative wave, the affect
of excess weak acid and the potential dependence on the electron
stoichiometry.


At a potential of −1.6 V, 3% of 3a reacts by a competitive
b-scission fragmentation to yield 3f and ethylene via formation
of the ketyl radical 3e, a radical-anion with the spin and charge
no longer spatially separated. The radical-anion 3e, formed as a
consequence of the fragmentation, is a potential homogeneous
ET donor capable of reducing 3. The standard potential of 1,3-
diphenyl-1,3-propanedione 3f was measured to be −1.83 V versus
SCE as illustrated in Fig. 2. This is 1.3 V more negative than the
E◦


diss of 3. Therefore, the homogeneous reduction of 3 and 3a are
both thermodynamically favourable by 30 kcal mol−1.


In Fig. 1 the cyclic voltammogram displays an oxidative dip
after the dissociative wave rather than a gradual decrease in
current dictated exclusively by diffusion. The dip occurs just
after the standard potential of 3f at −1.83 V. This feature in
the voltammogram, most noticeable at slower scan rates, is a
consequence of the competitive b-scission fragmentation. The
sudden drop in current reflects a decrease in the amount of 3
diffusing towards the electrode as the endoperoxide is intercepted
by 3e and homogeneously reduced to generate 3a and 3f. Any 3f
could be reduced by the electrode surface and react with more
incoming 3 thus propagating a chain reaction.


As shown in Scheme 5, excess weak acid affects the reduction
mechanism of 3 in two ways: i) by protonation of the distonic
radical-anion 3a and ii) by protonation of the radical-anion
3e. In the first case, the electrolyses of 3 in the presence of
10 mM TFE at potentials between −1.4 to −1.8 V, no 3f was
detected. The only isolated product was the cis-diol 3c. This
observation suggests that protonation of 3a hinders the b-scission
fragmentation of the alkoxyl radical 3d so that reduction from the


Scheme 5 b-Scission fragmentation of the distonic radical-anion 3a to
the radical-anion 3e fragments faster than the alkoxyl radical 3d to the
carbon radical 3g.
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electrode is quantitative. This observation supports the hypothesis
that both charge and spin affect the rates of radical-anion
rearrangements.11,12 The b-scission fragmentation of the alkoxyl
radical 3d must, therefore, be slower than b-scission fragmentation
of the distonic radical-anion 3a. Excess acid also affects the
reduction mechanism by protonating the radical-anion donor 3e,
which prevents homogeneous reduction of 3.


The applied potential also plays a role on the reduction
mechanism of 3. At potentials between −1.4 V and −2.0 V,
approximately 2 F mol−1 of charge is consumed during the
electrolysis. However, at −2.5 V only 0.8 F mol−1 of charge
is required for complete reduction of the endoperoxide. The
reasoning for this difference in the charge consumption can be
explained by the propagating radical-anion chain mechanism
shown in Scheme 4. The distonic radical-anion 3a can either be
reduced to the dialkoxide or fragment to yield radical-anion 3e,
which can act as a homogeneous ET donor to 3 yielding 3f and
another molecule of 3a. For every 3a generated, one molecule of 3f
can theoretically result to propagate the catalytic cycle. However,
1,3-diphenyl-1,3-propanedione 3f is not a robust catalyst as it
could be reduced to the radical-anion 3e and then protonated
by the alpha protons of 3f by a competing self-protonation
mechanism.34 However, at an applied potential of −2.5 V both
aryl ketones could be reduced to yield the dianion, which can
act as a two-electon donor, which inhibits the self-protonation
mechanism provided the heterogeneous ET to the radical-anion
3e is faster than the proton transfer from 3f. Efficient propagating
chain reactions with stable homogeneous donors require only
0.1 F mol−1 of charge.7,35,36 The competing reduction and self-
protonation mechanisms of 3f contribute to the higher electron
stoichiometry of 0.8 F mol−1 at −2.5 V as we similarly observed
with 2.5


Thermochemical cycle


Scheme 6 illustrates a thermochemical cycle that identifies three
parameters contributing to the driving force for fragmentation of
the distonic radical-anion:13 (i) the thermodynamic stability of the
delocalized distonic radical-anion as measured by the oxidation
potential of the biradical, (ii) the fragmentation of the biradical,
and (iii) the stability of the localized radical-anion as measured by
the reduction potential.


Scheme 6 Thermochemical cycle for evaluating the driving force for
fragmentation of the distonic radical-anion 3a.


To simplify the approach, no correction has been made to
account for any possible interaction between the radical and anion
portions of the distonic radical-anion. From the thermochemical


Table 3 Thermodynamic data for fragmentation of neutral biradicals and
distonic radical-anions of select endoperoxides including PGH2


Thermochemical
parameters 2a 3 4 PGH2


DH◦
f(ROOR)


b 12.60 29.1 −16.1 −161.3
DS◦


(ROOR)
b 85.19 77.15 25.08 198.6


DG◦
f(ROOR) −12.8 6.1 −23.6 −220.5


BDFE 9.0 10.0 23.0d 23.0d


DG◦
f(• ORRO• )


e −3.8 16.1 −0.6 −197.5
DG◦


f(diketone)
b −73.4 −68.2 −89.6 −89.6


DG2frag(• ORRO• )
f −73.1 −87.8 −92.5 −98.0


DG1(• ORRO–/• ORRO• )
g −2.8 −2.8 −4.6 −4.6


DG3(C=O/(• C–O–)
h −45.4 −42.2 −69 −69


DGfrag(• ORRO–)
i −30.5 −48.4 −28.1 −33.6


a From reference 5. b Values at 298 K in kcal mol−1 except for DS◦
(ROOR)


in cal K−1 mol−1; group additivity estimates from the NIST Structures
and Properties Database, reference 37. c Estimated from reference 37 using
hydrocarbon models without O atoms and corrected using values from
reference 38. d BDFE = 23.06(E◦


• ORRO– − E◦
diss); E◦


diss from reference
6. E◦


• ORRO– approximated as −0.20 V for 4 and PGH2 from reference
32. e DG◦


f(• ORRO• ) = BDFE + DG◦
f(ROOR). f Free energy for fragmentation


of the biradical: DG2frag(• ORRO• ) = DG◦
f(diketone) + DG◦


f(alkene) − DG◦
f(• ORRO• );


DG◦
f(alkene): DG◦


f(ethylene) = −3.5 kcal mol−1; DG◦
f(HHT) = −205.9 kcal mol−1;


from reference 37. g DG1(• ORRO–/• ORRO• ) = FE1(• ORRO–/• ORRO• ); E1(• ORRO–/• ORRO• )


estimated from the value for the cumyloxy radical E◦
• ORRO– = −0.12 V;


E◦
• ORRO– =−0.20 V reference 32. h DG3(C=O/• C–O–) = −nFE(C=O/• C–O–); n = 1,


E2(C=O/• C–O–) = −1.97 V; E3(C=O/• C–O–) = −1.83 V; E4(C=O/(• C–O–) = −3.0 V.
i DGfrag(• ORRO–) = DG1(• ORRO–/• ORRO• ) + DG2frag(• ORRO• ) − DG3(C=O/(• C–O–).


cycle, the overall driving force for the fragmentation of the distonic
radical-anion DGfrag(•ORRO–) is given by eqn (5):


DGfrag(•ORRO–) = DG1(•ORRO–/•ORRO•) + DG2frag(•ORRO•)


− DG3(C=O/(•C–O–) (5)


The DG1(•ORRO–/•ORRO•) and DG3(C=O/(•C–O–) values are calculated
from the oxidation potential of the distonic radical-anion and the
reduction potential of the ketone, respectively, from electrochem-
ically measurements or literature values.32 For DG2frag(•ORRO•) we
also require the Gibbs energies of formation of the biradical. It
was calculated according to eqn (6)


DG2frag(•ORRO•) = DG◦
f(diketone) + DG◦


f(alkene) − DG◦
f(•ORRO•) (6)


where DG◦
f(diketone), DG◦


f(alkene) and DG◦
f(•ORRO•) are the Gibbs free


energies for the diketone, alkene and the biradical, respectively.
The Gibbs free energy for the biradical was calculated from
the free energy of the endoperoxide,37,38 and the experimentally
determined BDFE according to DG◦


f(•ORRO•) = BDFE + DG◦
f(ROOR).


Table 3 summarizes the thermochemical values pertaining to the
previously studied diphenyl endoperoxide 2,5 and new data for 3,
4 and PGH2.


The enthalpies and entropies in Table 3 are directly from the
NIST database.37 The DH◦


f(ROOR) of the bridgehead diphenyl-
substituted endoperoxides 2 and 3 are positive values in contrast to
the unsubstituted endoperoxides 4 and PGH2, which are negative,
while the DS◦


(ROOR) tends to increase with the number of atoms and
degrees of freedom within each molecule. The DG◦


f(ROOR) of 3 is a
positive value in contrast to the other three endoperoxides, whereas
the DG◦


f(ROOR) of PGH2 is an order of magnitude more negative
than 2 and 4. Comparison of the DG◦


(•ORRO•) for 3 and PGH2


predicts correctly that phenyl rings at the bridgehead positions
provide stability to the strained 2,3-dioxabicyclo[2.2.1]heptane
ring structure.18,21
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From eqn (5), based on the thermochemical cycle in Scheme 6,
the calculated DGfrag(•ORRO–) for 3a is −48.4 kcal mol−1 in agreement
with the observed b-scission fragmentation from the distonic
radical-anion. Similarly, DGfrag(•ORRO–) for 4 and PGH2 are −28.1
and −33.6 kcal mol−1 suggesting that b-scission fragmentation
from their corresponding distonic radical-anions is also thermo-
dynamically favourable. From eqn (6), the DG2frag(•ORRO•) for the
biradicals of 2 and 3 are favourable with values of −73.1 and
−87.8 kcal mol−1. This is consistent with the observed b-scission
fragmentation products from the thermolysis and photolysis of
saturated bicyclic endoperoxides.1,39 The calculations also reveal
that the driving force for biradical b-scission fragmentation from 4
and PGH2, with values of −92.5 and −98.0 kcal mol−1, is also ther-
modynamically favourable. For all the endoperoxides examined,
both the oxygen-centred biradicals and distonic radical-anions are
predicted to react via b-scission fragmentation pathways.


The elaborate reduction mechanism deterred us from determin-
ing the rate constant for b-scission fragmentation of the distonic
radical-anions 3a using digital simulation. Rather we used the b-
scission fragmentation of the cumyl alkoxyl radical, with a known
rate constant of 7 × 105 s−1, as a starting reference point.40 This
value is thought to represent the lower limit for fragmentation of
3a. The known quantity of 1,3-diphenyl-1,3-propanedione formed
during the heterogeneous ET reduction can be exploited in order
to estimate the rate constant for ET to 3a. Using the experimental
product ratio of 97 : 3 [cis-diol 3c : 1,3-diphenyl-1,3-propanedione
3f] and 7 × 105 s−1 for kb, the ET rate constant is estimated to
occur with a rate constant of 2 × 107 s−1, which is the same as that
observed with 1,4-diphenyl-2,3-dioxabicyclo[2.2.2]octane with a
value of 3 × 107 s−1.


Conclusions


The strained bicyclic endoperoxide 1,4-diphenyl-2,3-dioxabicyclo-
[2.2.1]heptane (3) was studied as a representative model of a
prostaglandin endoperoxide using heterogeneous electrochemical
techniques. Reduction of the O–O bond occurs by a dissociative
ET mechanism with thermodynamic and kinetic parameters
consistent with our previous findings with other endoperoxides
that the kinetics are slow and the O–O bond is weak. However,
one noticeable distinction is that the intrinsic barrier includes
a significant inner reorganization energy contribution attributed
to the relief of ring strain. An interesting observation from the
thermochemical cycle in Scheme 6 and the data in Table 3 is
that fragmentation of distonic radical-anions are calculated to be
thermodynamically favourable. The thermochemical calculations
suggest that in many respects 3 is an appropriate model for PGH2.


This study also highlights another rare example of a radical-
anion chain mechanism initiated by the concerted dissociative ET
reduction of a bicyclic endoperoxide.5 Reduction of 3 yields a
distonic radical-anion 3a that undergoes a b-scission fragmenta-
tion in competition with ET reduction from the electrode. The
fragmentation results in the formation of ethylene and the ketyl
radical-anion 3e, which reduces the endoperoxide, thus propa-
gating a homogeneous radical-anion chain mechanism. However,
a competing self-protonation mechanism involving 1,3-diphenyl-
1,3-propanedione decreases the efficiency of the radical-anion
chain reaction. Nonetheless, the significance of this uncommon
mechanism should not be underestimated. In collaboration, we


recently reported the first example of a competitive concerted-
stepwise dissociative ET mechanism for antimalarial G3-factor
endoperoxides,41 which potentially opens up an alternative mode
of action. Novel endoperoxides that react by a radical-anion
chain mechanism may be useful in designing antimalarial prodrug
models.42 Perhaps, homogeneous radical-anion chain mechanisms
may also be an unrealized mechanistic pathway in the reactivity
of prostaglandin endoperoxides.


Experimental


Materials


N,N-Dimethylformamide (DMF) was distilled over CaH2 under
a nitrogen atmosphere at reduced pressure. Tetraethylammonium
perchlorate (TEAP) from Fluka was recrystallized three times
from ethanol and stored under vacuum. Flash chromatography
was performed with silica gel 60 (230–400 mesh ASTM) from
EM science. Reactions were developed in the chosen eluant
with Kieselgel 60 F254 TLC plates and viewed by ultraviolet or
visible light or iodine staining. Toluene was freshly distilled from
sodium and benzophenone. Photo-oxygenation reactions were
performed in solutions of spectroscopic grade dichloromethane
(Caledon) and benzene (EM Science). Other solvents and reagents
not specified were used without purification and obtained from
Aldrich.


Instrumentation


Melting points were recorded on an Electrothermal 9100 capillary
melting point apparatus and were corrected. UV-visible spectra
were recorded on a Varian Cary 100 Bio UV-visible spectrometer.
Infra-red spectra were recorded on a Bruker Vector 33 FT-
IR spectrometer on NaCl plates or in a solution cell. The IR
frequencies are reported in cm−1 and followed by a letter (w, m, or
s) designating the relative strength of the IR stretches as weak,
medium, or strong. Nuclear magnetic resonance spectra were
recorded on a Varian Mercury spectrometer and are reported
in ppm. 1H and 13C NMR spectra were recorded at 400.1 and
100.6 MHz, respectively, with CDCl3 as the solvent. Spectra
are reported in ppm versus tetramethylsilane (dH = 0.00) for 1H
NMR and CDCl3 (dC = 77.00) for 13C NMR. Mass spectrometry
was performed on a MAT 8200 Finnigan high-resolution mass
spectrometer by electron impact (EI) and by chemical ionization
(CI) with isobutane.


Synthetic procedures


1,4-Diphenyl-2,3-dioxabicyclo[2.2.1]heptane. The target com-
pound was synthesized from 1,4-diphenyl-1,3-cyclopentadiene43,44


by photo-oxygenation to yield 1,4-diphenyl-2,3-dioxabicyclo-
[2.2.1]heptene, which was reduced with potassium azodicarboxy-
late to yield the desired product. It was recrystallized from ethanol
(110 mg, 34%) as white crystals. mp 110–112 ◦C; mmax(NaCl)/cm−1:
3055 m, 2984 w, 2944 w, 1604 w, 1497 w, 1450 m, 1340 m, 1267 m,
898 m, 742 s, 697 s; dH(400 MHz, CDCl3,, SiMe4): 2.32–2.38(2H,
m), 2.54–2.64 (2H, m), 2.72–2.78 (1H, m), 2.88–2.94 (1H, m), 7.33–
7.43 (6H, m), 7.48–7.53 (4H, m); dC(100 MHz, CDCl3,, SiMe4):
35.35, 52.70, 91.21, 126.59, 128.33, 128.49, 134.56; m/z(EI):
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252(M
•+, 8), 224(8), 220(22), 219(100), 115(6), 105(89), 91(15),


77(48), 51(15); Exact Mass: 252.1147 (calculated 252.1150).


Electrochemistry


Cyclic voltammetry was performed using either a Perkin-Elmer
PAR 283, or 263A potentiostat interfaced to a personal computer
equipped with PAR 270 electrochemistry software. The working
electrode was a 3 mm diameter glassy carbon rod (Tokai, GC-20)
sealed in glass tubing. The counter electrode was a 1 cm2 Pt plate.
The reference electrode was a silver wire immersed in a glass tube
with a sintered end containing 0.10 M TEAP in DMF. After each
experiment, it was calibrated against the ferrocene/ferricinium
couple at 0.475 V versus KCl saturated calomel electrode (SCE)
in DMF. Constant potential electrolyses were conducted with a
12 mm tipped glassy carbon rotating disk electrode (EDI101) with
a CTV101 speed control unit from Radiometer Analytical. The
experimental set-up was the same as previously reported.5


Heterogeneous electrolysis


From the electrolysis of 1,4-diphenyl-2,3-dioxabicyclo[2.2.1]-
heptane at the peak potential was recovered 1,3-diphenyl-cyclo-
pentane-cis-1,3-diol as a white solid in 97% yield;
mmax(NaCl)/cm−1: 3375 s (broad), 3088 m, 3060 m, 3030 m,
2966 m, 2938 m, 2858 w, 1665 w, 1602 w, 1495 m, 1449 s, 1406 m,
1262 m, 1227 m, 1100 m, 1071 s, 878 m, 759 s, 700 s; dH(400 MHz,
CDCl3, SiMe4): 2.42–2.57 (6H, m), 3.43 (2H, s, br), 7.25–7.31
(2H, m), 7.34–7.41 (4H, m), 7.50–7.55 (4H, m); alcohol peak
verified by deuterium exchange; dC(100 MHz, CDCl3,, SiMe4):
41.85, 55.83, 83.92, 124.94, 127.12, 128.36, 145.77; m/z(EI):
237(M − 17, 15), 236(M − 18, 41), 133(7), 105(100), 91(5), 77(13);
m/z(CI): 238(20), 237(100), 236(42), 220(6), 219(39), 218(33),
177(6), 105(52), 77(7); Exact Mass: (M − 18) 236.1204 (calculated
236.1201).


Acknowledgements


This work was financially supported by the Natural Sciences and
Engineering Research Council of Canada, the Government of
Ontario (PREA) and the University of Western Ontario. DCM
thanks the Ontario Government for an OGSST postgraduate
scholarship. Doug Hairsine is thanked for performing the mass
spectroscopic measurements.


Notes and references


1 Organic Peroxides, ed. W. Ando, John Wiley & Sons Ltd., New York,
1992.


2 C. Martin and V. Ullrich, in Prostaglandins, Leukotrienes and other
Eicosanoids: from Biogenesis to Clinical Applications, ed. F. Marks and
G. Fürstenberger, Wiley-VCH, Weinheim, New York, 1999, pp. 89–108.


3 D. J. Voet and J. G. Voet, Biochemistry, Wiley, Hoboken, NJ, 3rd edn,
2004.


4 J. P. Plastaras, F. P. Guengerich, D. W. Nebert and L. J. Marnett, J. Biol.
Chem., 2000, 275, 11784–11790.


5 D. C. Magri and M. S. Workentin, Chem.–Eur. J., 2008, 14, 1698–1709.
6 R. L. Donkers and M. S. Workentin, J. Am. Chem. Soc., 2004, 126,


1688–1698.
7 D. L. B. Stringle and M. S. Workentin, Chem. Commun., 2003, 1246–


1247.
8 R. L. Donkers, J. Tse and M. S. Workentin, Chem. Commun., 1999,


135–136.


9 Z. V. Todres, Organic Ion Radicals: Chemistry and Applications, Marcel
Dekker, New York, 2003.


10 F. Maran, D. D. M. Wayner and M. S. Workentin, Adv. Phys. Org.
Chem., 2001, 36, 85–166; F. Maran, D. D. M. Wayner and M. S.
Workentin, in Kinetics and Mechanism of the Dissociative Reduction
of C–X and X–X Bonds (X = O, S), ed. T. T. Tidwell and J. P. Richard,
New York, 2001.


11 J. M. Tanko and J. P. Phillips, J. Am. Chem. Soc., 1999, 121, 6078–
6079.


12 J. P. Stevenson, W. F. Jackson and J. M. Tanko, J. Am. Chem. Soc, 2002,
124, 4271–4281.


13 M. Chahma, X. Li, P. Phillips, P. Schwartz, L. E. Brammer, Y. Wang
and J. M. Tanko, J. Phys. Chem. A, 2005, 109, 3372–3382.


14 J. M. Tanko, X. Li, M. Chahma, W. F. Jackson and J. N. Spencer, J. Am.
Chem. Soc., 2007, 129, 4181–4192.


15 R. L. Donkers and M. S. Workentin, Chem.–Eur. J., 2001, 7, 4012–4020.
16 R. L. Donkers and M. S. Workentin, J. Phys. Chem. B, 1998, 102,


4061–4063.
17 M. S. Workentin and R. L. Donkers, J. Am. Chem. Soc., 1998, 120,


2664–2665.
18 M. G. Zagorski and R. G. Salomon, J. Am. Chem. Soc., 1980, 80,


2501–2503.
19 R. G. Salomon, Acc. Chem. Res., 1985, 18, 294–301.
20 D. J. Coughlin and R. G. Salomon, J. Am. Chem. Soc., 1977, 99, 655–


657.
21 R. G. Salomon and M. F. Salomon, J. Am. Chem. Soc., 1977, 99, 3501–


3503.
22 D. J. Coughlin, R. S. Brown and R. G. Salomon, J. Am. Chem. Soc.,


1979, 101, 1533–1539.
23 B. S. Furniss, A. J. Hannaford, P. W. G. Smith and A. R. Tatchell,


Vogel’s Textbook of Practical Organic Chemistry - 3-Benzoylpropanoic
Acid, John Wiley & Sons, New York, 1989.


24 K. Gollnick and G. O. Schenck, in 1,4-Cycloaddition Reactions, ed.
J. Hamer, Academic Press, New York, 1967, pp. 255–343.


25 Y. Takahashi, K. Wakamatsu, S. Morishima and T. Miyashi, J. Chem.
Soc., Perkins. Trans. 2, 1993, 243–253.


26 W. Adam and H. J. Eggelte, J. Org. Chem., 1977, 42, 3987–3988.
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M. G. Severin and E. Vianello, J. Am. Chem. Soc., 1985, 107, 1815–
1824.
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41 F. Najjar, C. André-Barrès, C. Lacaze-Dufaure, D. C. Magri, M. S.
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The enantioselective Diels–Alder reaction is one of the most important reactions for the synthesis of
complex molecules. It provides access to chiral six-membered carbocyclic compounds containing up to
four stereogenic centers in a single step. Asymmetric catalysis in the Diels–Alder reaction has mainly
been realized using chiral Lewis acids. In this perspective, we describe several cases of chiral
Brønsted-acid and Brønsted-base catalyzed Diels–Alder reactions, providing an overview of this rapidly
growing field.


1 Introduction


The Diels–Alder reaction provides important access to complex
carbocycles, and represents arguably one of the most powerful
approaches in organic chemistry. In particular, the asymmetric
variants have received unprecedented attention.1,2 They have
proven to be a versatile means of synthesizing a large number
of important chiral building blocks, e.g. intermediates in the
total synthesis of natural products.3 Many groups have conducted
extensive research on chiral Lewis-acid catalyzed asymmetric
Diels–Alder reactions. This state of the art of asymmetric Lewis-
acid catalyzed Diels–Alder reactions has been reviewed.1c


Organocatalysts have been shown in recent years to promote
a large range of reactions including most C–C bond formation
reactions.4 Organocatalysts are less toxic, easy to handle, generally
air and moisture tolerable, and can been applied to large-scale
synthesis. Organic Brønsted acids or Brønsted bases can be used
to catalyze Diels–Alder reactions and recent developments in this
area are described in this perspective.
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2 Brønsted-acid catalyzed Diels–Alder reactions


Chiral Brønsted acids are classified into two categories: (1) neutral
Brønsted acids, such as thiourea5,6 and TADDOL derivatives,7


which are also known as hydrogen-bonding catalysts, and (2)
stronger Brønsted acids, such as amidinium salts8 and phosphoric
acids with a BINOL backbone.9,10 However, it is often difficult
to make a distinction between the two types of catalyst without
further mechanistic studies.


2.1 Thioureas


Schreiner and Wittkopp have demonstrated that diarylthioureas
can catalyze the Diels–Alder reaction between cyclopentadiene
and a,b-unsaturated carbonyl compounds.6 To avoid solubility
problems often associated with the use of diarylureas, more soluble
thiourea analogues were investigated. From experiments using
thioureas 1a–f, it was identified that thiourea 1f, bearing two
trifluoromethyl groups at the 3,5-positions of the aromatic rings,
is the most efficient catalyst (Scheme 1).6b Electron-withdrawing
substituents at the meta- or para-positions aid in reducing the
flexibility of the catalyst, thereby minimizing the entropy loss upon
complexation with carbonyl compounds.6b The hydrogen atoms in
the ortho position are more positively polarized because of the
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electron-withdrawing groups. The hydrogen-bond donor ability
of these C–H bonds leads to internal interactions between the
Lewis-basic sulfur and the ortho hydrogen atoms, which hinder
the rotation of the phenyl groups (Scheme 1). It is likely that
enthalpic factors also contribute to the high activity of 1f. The
3,5-(CF3)2 substituents would significantly increase the acidity of
the N-H protons relative to those in 1a.


Scheme 1 Thiourea catalyzed Diels–Alder reaction.


The complexation between thiourea 1e and 4 was studied using a
combination of dynamic NMR, low-temperature IR and density
functional theory (DFT).6a A comparison of the measured and
calculated C=O IR absorptions for the complex 1e·4, implicated
the binding of the catalyst to both carbonyl moieties of the oxazo-
lidinone (Scheme 2). These findings were further supported by the
Diels–Alder reaction of 4 and cyclopentadiene (Scheme 2). Since
the uncatalyzed reaction did not occur at 23 ◦C (Scheme 2, entry 1),
prolonged heating was carried out to obtain the cycloadducts 5a
and 5b in a ratio of 36 : 64 (entry 2). In marked contrast, catalytic
amounts of Lewis acids such as AlCl3 accelerated the reaction
greatly to give 5a and 5b in good yield with high diastereoselectivity
(entry 3). Similarly, thioureas 1e and 1f catalyzed the reaction well
enough so that it could be carried out at 23 ◦C with appreciable
yields (entries 4 and 5). In the thiourea-catalyzed reactions, the
de’s were also enhanced and adduct 5a was obtained as the major
product.


Scheme 2 Diels–Alder reaction between 4 and cyclopentadiene.


2.2 TADDOL


TADDOL derivative 6 was first introduced as a chiral hydrogen-
bond donor catalyst in the enantioselective hetero-Diels–Alder


reaction of amino-dienes with aldehydes.7a Rawal et al. extended
the investigations of the chiral diol catalyst 6 to the Diels–
Alder reaction between amino-siloxydienes and a,b-unsaturated
aldehydes.7b Catalyst 6 was identified as optimal for reactions
between 1-amino-3-siloxybutadiene 7 and a-substituted aldehydes
8 (Scheme 3). Consistently high enantioselectivities were observed
with alkyl a-substituted aldehydes 8 to afford functionalized cy-
clohexenone products 9. Modifications to the chiral diol backbone
structure have been investigated by both Yamamoto and Rawal.7c


Axially chiral 1,1′-biaryl-2,2′-dimethanol 10 (Fig. 1, BAMOL)
provides high yields and selectivities for the hetero-Diels–Alder
reactions of a wide range of aldehydes with amino-siloxydienes.7c


Scheme 3 TADDOL-catalyzed Diels–Alder reaction.


Fig. 1 Axially chiral diol-1,1′-biaryl-2,2′-dimethanol (BAMOL).


X-Ray crystallographic analysis has been useful in elucidating
the structural features of TADDOL that enable it to function
effectively as a chiral catalyst. Yamamoto and Rawal have
succeeded in obtaining an X-ray structure of a complex of 2,2′-
bis-(diphenylhydroxymethyl) binaphthylene (a simple member of
the BAMOL family of catalysts) and benzaldehyde (Fig. 2).7c This
structure reveals the presence of an intramolecular hydrogen-bond
between the two hydroxy groups and an intermolecular hydrogen-
bond to the carbonyl oxygen of benzaldehyde. As a result of the
intramolecular interaction, the proton not enagaged in hydrogen-
bonding is both acidified and orientationally defined. The complex


Fig. 2 Crystal structure of a BAMOL–benzaldehyde complex.
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suggests that the carbonyl activation is through a single H-bond,
as was postulated for TADDOL catalysis (Fig. 3).


Fig. 3 Proposed single H-bond between TADDOL and benzaldehyde.


2.3 Amidinium salts


Göbel et al. first designed an axially chiral mono-amidinium
ion 11 for the Diels–Alder reaction of vinyl dihydronaphthalene
derivatives with cyclopentene-1,2-dione derivatives (Scheme 4).8a,b


A stoichiometric amount of the amidinium salt was required and
only modest enantioselectivities were obtained. A drawback of
these organocatalysts is the long and tedious synthetic route to
their preparation.


Scheme 4 Diels–Alder reaction catalyzed by mono-amidinium cation 11.


A more accessible C2-symmetrical bis-amidinium salt 15 was
developed by the same group and it can be synthesized via a shorter
synthetic route.8c Bis-amidinium 15 was used to promote the
reaction between diene 12 and dienophile 13b. With one equivalent
of 15, the adduct 14b-1 was formed with enantioselectivity up to
47% ee (Scheme 5).8c A lower ee was obtained when a catalytic
amount of 15 was used. The rate of reaction is much higher than
that with the mono-amidinium salt 11. Substitution of the phenyl
group in the catalyst structure by bulkier groups is regarded as a
strategy for further optimization of the catalyst.


Scheme 5 Diels–Alder reaction catalyzed by bis-amidinium cation 15.


2.4 Phosphoric acids


Chiral phosphoric acids have been conventionally employed as
chiral ligands and as chiral shift reagents. More recently, they
have emerged as an important class of chiral Brønsted acids
catalysts for Diels–Alder reactions.9 The majority of effective
chiral phosphoric-acid catalysts possess the general structure
shown in Scheme 6. They are derived from (R)-BINOL with
varying aryl substitutions at the 3,3′-positions.9 Application of
chiral phosphoric-acid catalysts has been limited primarily to the
activation of relatively Brønsted-basic imine substrates. However,
Yamamoto found that the more acidic N-triflyl phosphoramide
variant 16b catalyzed the Diels–Alder reaction of electron-rich
dienes 17 with a,b-unsaturated ketone 18 with high enantioselec-
tivities, while phosphoric acid 16a is inactive (Scheme 6).10 An
appropriate choice of substituents at the 3,3′-positions is crucial
for the realization of high enantioselectivity. These promising
results suggest that the phophoramide class of catalysts might find
considerable application in the reactions of carbonyl electrophiles.


Scheme 6 Chiral phosphoramide catalyzed Diels–Alder reaction.


3 Brønsted-base catalyzed Diels–Alder reactions


It is common for catalytic Diels–Alder reactions to proceed by
using a Lewis acid catalyst to lower the LUMO of the dienophile.
However, base-catalyzed Diels–Alder reaction works in a different
manner; the base catalytically activates the diene to give a higher
HOMO level.11,12


3.1 Brønsted-base catalyzed reactions of anthrones


Rickborn and Koerner were the first to report the base catalyzed
reaction between anthrone and various dienophiles (Scheme 7).11


The reactions were believed to follow a concerted mechanism via
an intermediate oxyanion to give Diels–Alder adducts. Dithranol
(1,8-dihydroxy-9-anthrone) 23 was observed to favour Michael
adducts instead (Scheme 7).


The first asymmetric catalytic Diels–Alder reaction of an-
thrones was reported by Kagan and Riant in 1989.13a Alka-
loid bases, prolinol and N-methylephedrine were investigated as
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Scheme 7 Base catalyzed reactions of anthrones.


organocatalysts. In the presence of 1–10 mol% of these chiral
catalysts, anthrone 20a reacted as a masked diene with N-methyl
maleimide 21a. The best result was obtained with 10 mol%
quinidine 25 in chloroform at −50 ◦C; the desired product 22a was
obtained in 97% yield and 61% ee (Scheme 8). During their study,
Kagan and Riant also observed that the free hydroxyl group in
the alkaloid organocatalyst was essential if high enantioselectivity
was to be achieved.


Scheme 8 Alkaloid catalyzed Diels–Alder reaction of anthrone.


A detailed study of the reaction conditions was subsequently
conducted using different Cinchona alkaloids as catalysts.13b Lower
temperatures and less polar solvents would result in better
enantioselectivities. The range of dienophile substrates was also
studied. Much slower reaction rates were observed when methyl
acrylate (0% ee) and methyl fumarate (30% ee) were used. When
methyl maleate was used as the dienophile, no reaction was
observed. The results of the mechanistic studies were in agreement
with a concerted [4 + 2] cycloaddition process. Hydrogen bonding
during the transition state was proposed to be essential for chiral
recognition.


The enantioselectivities of anthrone reactions have been im-
proved with other catalysts such as the C2-symmetrical chiral
pyrrolidine 26.14 Yamamoto et al. reported a double asymmetric
synthetic approach using chiral N-substituted maleimides 21b with
C2-chiral pyrrolidine 26 as the catalyst. In this reaction, 22b-2 was
isolated as the major isomer, and a maximum de of 80% was
obtained (Scheme 9).14a


Various pyrrolidine derivatives were examined for the reac-
tion between anthrone and maleimides. The best asymmetric
induction of 87% ee was attained when N-4-pyridylmethyl-2,5-
bis(hydroxymethyl) pyrrolidine 27 was used in the reaction of an-


Scheme 9 Double asymmetric synthesis with chiral N-substituted
maleimides and a C2-pyrrolidine.


throne 20a with 2-tert-butyl-phenylmaleimide 21c (Scheme 10).14b


The high selectivity is partly due to its conformation, in which the
aromatic ring is perpendicular to the maleimide ring with one face
of the latter being shielded by the tBu group.


Scheme 10 Hydroxy-pyrrolidine catalyzed Diels-Alder reaction between
anthrone and phenylmaleimide.


Yamamoto et al. presented a tentative transition state model
which affords the (S,S)-product (Fig. 4).14b The protonated
pyrrolidine catalyst interacts with the activated diene through ionic
interactions and hydrogen bonds.13b The transition state should
also be stabilized by the hydrogen bond between a carbonyl group
of the maleimide and a hydroxy group of the catalyst.


Fig. 4 Transition state model for the pyrrolidine catalyzed Diels–Alder
reaction of anthrones.


The Brønsted-basic bicyclic guanidine 28 has been reported by
our group to be an efficient catalyst for the enantioselective Diels–
Alder reaction between various anthrones and dienes.15 A typical
example is shown in Scheme 11; the reactions allow the formation


Scheme 11 Bicyclic guanidine catalyst 28 for asymmetric Diels–Alder
reactions.


3232 | Org. Biomol. Chem., 2007, 6, 3229–3236 This journal is © The Royal Society of Chemistry 2007







of adducts in high yields and excellent enantiomeric excesses (up to
99% ee) under mild reaction conditions. Excellent regioselectivity
was also observed when 1,5-dichloro-9-anthrone was used as the
diene, leading to the products 22g, whose regiochemistry was
determined by X-ray crystallographic analysis (Fig. 5).


Fig. 5 Possible regioisomers of Diels–Alder adducts.


Guanidine catalyst 28 also promoted the related enantioselec-
tive conjugate additions of dithranol 23 with maleimides. Other
activated olefins such as methyl trans-4-oxo-2-pentenoate 29a
and ethyl trans-3-benzoylacrylate 29b also lead to the exclusive
formation of Michael adducts (Scheme 12).15 It was found that
high enantiomeric excesses and yields could be obtained for the
Michael adducts (up to 98% ee) under mild reaction conditions.


Scheme 12 Enantioselective Michael additions to olefins.


The guanidine catalyst was proposed to generate the active diene
in situ through deprotonation. The role of the catalyst beyond
its function as a Brønsted base is still under investigation. It is
likely that hydrogen-bonding, ion-pairing, and p-interactions all
contribute to the organization of a transition state that leads to
high enantioselectivity.


3.2 Brønsted-base catalyzed reactions of pyrones


Okamura et al. were first to show that Brønsted bases such as
Et3N can promote the Diels–Alder reaction of 3-hydroxy-2-pyrone
31 and an electron-deficient dienophile, giving cycloadducts 32 in
near quantitative yields (Scheme 13).12a When N-methylmaleimide
21a was used as the dienophile, initial screening of different amino
alcohols revealed that cinchonidine 33 was an effective promoter;
endo-32a was always formed as the major diastereomer.12b Under
optimized reaction conditions, this asymmetric reaction afforded
endo-32a in 98% yield with 77% ee, and a diastereomeric ratio
(endo : exo) of 11 : 1 (Scheme 14).12b Reducing the amount


Scheme 13 Base catalyzed Diels–Alder reaction of 3-hydroxy-2-pyrone.


Scheme 14 Asymmetric Diels–Alder reaction of 3-hydroxy-2-pyrone.


of catalyst to 10 mol% still gave the desired product in high
yield (100%) but with lower enantioselectivity (66% ee) and
diastereoselectivity. When cinchonine was used as the catalyst, the
opposite enantiomer was obtained in 95% yield and with 71% ee.


The reaction with N-benzylmaleimide 21d afforded the endo-
32d in 99% yield with 54% ee when cinchonidine 33 was used
as the promoter (Scheme 14).12c No exo-adduct was observed
in this reaction. The enantioselectivity was improved to 63% ee
when quinine (1 equiv.) was used. When the catalyst loading was
decreased to 30 mol%, a nearly comparable enantioselectivity
of 59% ee was obtained, but the reaction was slower. The
enantioselectivity afforded by natural Cinchona alkaloids was
modest. Okamura proposed that the mode of action of natural
Cinchona alkaloids was to activate and orientate 31 in the Diels–
Alder reaction.


Deng et al. reported the first highly enantioselective and
diastereoselective asymmetric Diels–Alder reactions of pyrones
with various Cinchona alkaloid-based bifunctional catalysts.16


It was found that 6′-OH Cinchona alkaloids 34a–d afforded
significantly better catalytic efficiency than natural Cinchona
alkaloids (Scheme 15). The structure of the tunable 9-substituent
is equally important for high enantioselectivities. The best result
was obtained with 5 mol% of catalyst 34a; the adduct exo-36a
was obtained in 93 : 7 dr and 89% ee (Scheme 15, entry 8). It was


Scheme 15 Cinchona alkaloid catalyzed Diels–Alder reaction of
3-hydroxy-2-pyrone.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 6, 3229–3236 | 3233







proposed that 34a simultaneously raises the HOMO of the pyrone
and lowers the LUMO of the dienophile while orienting the two
reagents to exert stereochemical control.


Catalyst 34a was found to tolerate a significant degree of
variation in both the pyrones and the dienophiles. The reactions
between pyrone 31 and dienophiles with different substitution
patterns proceeded very well. It is noteworthy that even the rela-
tively unreactive dienophile 35b could be employed in this reaction,
thereby generating optically active chiral building blocks contain-
ing two adjacent tetra-substituted stereocenters (Scheme 16).16


Moreover, catalyst 34a was able to furnish useful levels of
enantioselectivity and diastereoselectivity for reactions between
dienophile 35a and pyrone 31 bearing various substituents.


Scheme 16 Diels–Alder reaction between 3-hydroxy-2-pyrone with an
unreactive dienophile catalyzed by 34a.


However, catalyst 34a was not useful for the reaction of 31 with
fumaronitrile 29c. Although the 9-thiourea Cinchona alkaloid 37
was found to be ineffective for the reaction between 31 and 35a,
it greatly improved the enantioselectivity and diastereoselectivity
of the reaction between pyrone 31 and fumaronitrile 29c. The
adduct exo-36c was obtained in 85% yield with 92% ee and >97 : 3
dr (Scheme 17).16 The reaction also worked well with maleonitrile,
which illustrated the ability of 37 to tolerate dienophiles with either
an E- or a Z-double bond. It is remarkable that these reactions
are stereospecific with respect to the geometry of the double
bond. These results are consistent with a concerted cycloaddition
mechanism.12a


Scheme 17 Diels–Alder reaction of 3-hydroxy-2-pyrone catalyzed by 37.


Okamura et al. reported an asymmetric Diels–Alder reaction
between 3-hydroxy-2-pyrone 31 and an optically active acrylate
38, which afforded a highly functionalized adduct 39 in almost
quantitative yield with >95% de (Scheme 18).17a The adduct 39 is
a useful starting material for the synthesis of various cyclohexene
oxides17b,c such as (+)-epiepoformin 4418 and (−)-theobroxide
4619 (Scheme 19). The two compounds were reported to be
metabolites of phytotoxic pathogens. (+)-Epiepoformin 44 is an


Scheme 18 Asymmetric base-catalyzed Diels–Alder reaction of 3-hy-
droxy-2-pyrone with a chiral acrylate derivative.


inhibitor of lettuce seed germination18 and (−)-theobroxide 46
can induce potato micro-tubers and morning-glory flower buds.19


The synthesis of both natural products started from the adduct 39
following the procedures as described below (Scheme 19).17b,c


Scheme 19 Synthesis of (+)-epiepoformin and (−)-theobroxide.


3.3 Brønsted-base catalyzed reactions of
N-substituted-3-hydroxy-2-pyridone


In a similar fashion, Diels–Alder reactions between N-tosyl-3-
hydroxy-2-pyridone 47 and an electron-deficient dienophile can
also be catalyzed by a base.20 When Et3N was used as catalyst,
the reaction of 47 and N-methylmaleimide 21a afforded an almost
quantitative amount of the endo-adduct within 0.5 h (Scheme 20).
The catalyst was also effective for reactions with less reactive
dienophiles, such as methyl acrylate 48a and 3-buten-2-one 48b.


Scheme 20 Base-catalyzed reactions of N-tosyl-3-hydroxy-2-pyridone.
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The endo selectivity of these reactions was very high, because the
sterically bulky substituent led to an unfavorable interaction with
the dienophile during its exo approach.20 The bulkiness of the base
catalyst also sterically influenced the approaching dienophile. In
fact, a slightly lower endo selectivity was observed for the reaction
using the less sterically hindered t-BuNH2. Stronger inorganic
bases such as n-BuLi were more effective than the amine catalysts.
Using n-BuLi as the catalyst, the reaction was faster and gave a
higher yield of product. However, n-BuLi was not effective for the
reactions with olefins such as methyl acrylate 48a and 3-buten-
2-one 48b. Direct addition of n-BuLi to these olefins may occur.
Finally, it was proposed that the reaction proceeded via a concerted
Diels–Alder reaction mechanism.20


The resulting product of this reaction is a highly functionalized
bicyclic lactam, which is a useful building block for synthesiz-
ing pseudo-aminosugars. (±)-Validamine is a biologically active
pseudo-aminosugar, first isolated as a degradation product of the
strong antibiotic validamycin A in 1971.21 The synthesis of a key
intermediate 52 is shown in Scheme 21.22 It was easily obtained
as an exclusive product in good yield from the bicyclic lactam
49b that resulted from a Diels–Alder reaction between pyridone
47 with methyl acrylate 48a (Scheme 20). Three validamine type
compounds were synthesized via this key intermediate 52.


Scheme 21 Synthetic route to three validamine type compounds.


Tamiflu 57 (Fig. 6) is a potent neuraminidase inhibitor and
the most widely used anti-influenza drug. Influenza viruses with
reduced sensitivity to neuraminidase inhibitors have been reported
recently.23 The synthesis of modified Tamiflu is thus of high
interest. Okamura et al. reported a short and efficient synthesis of
Corey’s intermediate 5824 (Scheme 22).25 The Diels–Alder adduct
60 was easily obtained from an aqueous “green” Diels–Alder
reaction that was able to be scaled-up to multigram quantities
without significant loss of yield. Only four steps are required to
prepare 58 and inexpensive reagents are used (Scheme 22).25


Fig. 6 Tamiflu and Corey’s intermediate.


Scheme 22 Synthesis of Tamiflu intermediates.


Conclusions


Recent developments in the area of both acid- and base-catalyzed
Diels–Alder reactions have been summarized. The use of Brønsted
bases to catalyze the Diels–Alder reaction is a less established
approach. Despite several important achievements in this field,
our knowledge about the underlying mechanistic details is fairly
limited and the role of individual active sites in catalytic processes
is not clearly established. The successful design of a general
chiral organocatalyst for the Diels–Alder reactions is still a
challenging task. The design of suitable substrates for Brønsted-
acid and Brønsted-base catalyzed Diels–Alder reactions also
requires further innovation and creativity.


Acknowledgements


This work was supported by grants (R-143-000-337-112 and R-
143-000-342-112) and a scholarship (to JS) from the National
University of Singapore. Financial support from the Medicinal
Chemistry Program was also acknowledged.


References


1 For recent reviews of enantioselective Diels–Alder reactions see:
(a) H. B. Kagan and O. Riant, Chem. Rev., 1992, 92, 1007–1019;
(b) D. A. Evans and J. S. Johnson in Comprehensive Asymmetric
Catalysis, ed. E. N. Jacobsen, A. Pfaltz and H. Yamamoto, Springer,
New York, 1999, vol. 3; (c) E. J. Corey, Angew. Chem., Int. Ed., 2002,
41, 1650–1667.


2 For the original work on the Diels–Alder reaction, see: (a) O. Diels and
K. Alder, Justus Liebigs Ann. Chem., 1926, 450, 237–254; (b) O. Diels
and K. Alder, Justus Liebigs Ann. Chem., 1927, 460, 98–122.


3 K. C. Nicolaou, Scott. A. Snyder, T. Montagnon and G. Vassilikogian-
nakis, Angew. Chem., Int. Ed., 2002, 41, 1668–1698.


4 Reviews on enantioselective organocatalysis: (a) P. I. Dalko and L.
Moisan, Angew. Chem., Int. Ed., 2001, 40, 3726–3748; (b) P. I. Dalko
and L. Moisan, Angew. Chem., Int. Ed., 2004, 43, 5138–5175; (c) Acc.
Chem. Res., ed. K. N. Houk and B. List, 2004, 37, 487–631, special issue
on organocatalysis; (d) Adv. Synth. Catal., ed. B. Listand C. Bolm,
2004, 346, 1021–1249, special issue on organocatalysis; (e) J. Seayad
and B. List, Org. Biomol. Chem., 2005, 3, 719–724; (f) A. Berkessel
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Novel amine- and ammonium-terminated carbosilane dendrimers of type
Gn-[Si{CH2O-(C6H4)-3-NMe2}]x or Gn-[Si{CH2O-(C6H4)-3-NMe3


+I−}]x have been synthesized and
characterized up to second generation by phenolysis of (chloromethyl)silyl-terminated dendrimers with
3-dimethylamine phenol and subsequent quaternization with methyl iodide. Quaternized carbosilane
dendrimers are stable in protic solvents and can be solubilised in water after the addition of less than
1% of dimethyl sulfoxide. A study of the antimicrobial activity of these cationic dendrimers of first and
second generation against both Gram-positive and Gram-negative bacteria is also described. The
results obtained demonstrate that the new ammonium-terminated carbosilane dendrimers can be
considered as multivalent biocides.


1. Introduction


Several groups have reported high-yield divergent synthesis of
hydrophobic carbosilane dendrimers by using repeating sequences
of alternating hydrosilylations with substituted chlorosilanes and
alkenylations with Grignard reagents.1 There are many reports
about the employment of these dendrimers as frameworks upon
which to attach other functional groups.2 However, only a
few attempts to functionalize these dendrimers with peripheral
amphiphilic groups have been published.3


Seyferth et al.4 reported the synthesis of stable amphiphilic car-
bosilane dendrimers through the reaction of (chloromethyl)silyl-
terminated dendrimers with several mercapto-substituted am-
phiphilic compounds. The (chloromethyl)silyl dendrimers are
necessary for this purpose since most silicon–heteroatom bonds
(e.g., Si–N, Si–OR, Si–S) are moisture sensitive,5 which means
that simple nucleophilic reactions with chlorosilyl-terminated
dendrimers are not suitable.


More recently, Astruc et al. have reported the nucleophilic sub-
stitution by phenol derivatives of (chloromethyl)silyl-terminated
groups, helped by the previous exchange of the chloromethyl
termini for iodomethyls upon reaction with sodium iodide.6


Four years ago, van Leeuwen et al. reported the synthesis of
(chloromethyl)silyl-terminated dendrimers by hydrosilylation of
allylsilane-ended dendrimers with (chloromethyl)dimethyl silane.7


Here, we show the functionalization of these dendrimers with
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peripheral amine groups and the subsequent transformation of
these amine groups into ammonium units leading to polycationic
carbosilane dendrimers with amphiphilic properties.


Cationic dendrimers with ammonium groups in the surface
have been described as effective antimicrobial agents.8 These
dendrimers have been shown to be more potent than their small
molecule counterparts. The use of these systems as biocides is
due to the fact that polyvalent interactions have been frequently
used by nature to either induce or combat infections9 and it has
been demonstrated that intermolecular as well as intramolecular
interactions are much more enhanced in polymeric systems.10


In this sense, dendrimers can offer a high local concentration
of functional groups and a compact structure with a narrow
polydispersity and a well-characterized molecular weight. If
these units present biologically active antimicrobial groups, one
might expect to see an increased potency associated with the high
local concentration. Nevertheless, the dendrimer size is important
since it has been shown that quaternary ammonium compounds
exert their antimicrobial action by disrupting and disintegrating
cell membranes.11 Thus bulkier dendrimers may not be able to pen-
etrate through the cell membrane barrier and may find difficulties
in reaching the target site for the anticipated antimicrobial action.


In this paper, we report the antimicrobial activity of our
ammonium terminated carbosilane dendrimers of first and sec-
ond generation against both Gram-positive and Gram-negative
bacteria. We think that the hydrophobic nature of the carbosilane
skeleton present in our dendrimers may induce some differences
(e.g. biopermeability) in the interaction of these systems with
membrane cells compared with other kinds of dendrimers de-
scribed in the literature and may well lead to differences in the
antimicrobial action. We have compared the activity of these
dendrimers with the activity of the corresponding monofunctional
counterpart and have established the range of concentrations
in which our dendrimers present bacteriostatic (refers to an
agent that halts the growth of bacteria and not necessarily
killing them) and bactericidal (refers to an antimicrobial agent
or condition that kills a bacterial cell) effects. For the same
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agent, the bacteriostatic concentration may be lower or equal to
the bactericidal concentration, but never higher. In other words,
higher concentrations are necessary to kill the bacteria.


2. Results and discussion


2.1 Synthesis and structural characterization of carbosilane
dendrimers


Preparative details and spectroscopic data for the new compounds
are given in the Experimental Section. Only selected data will
be presented for this discussion. Dendrimers containing (chloro-
methyl)dimethylsilane functionalities, Gn-[Si(Me2)CH2Cl]m (n =
1, m = 4 (1); n = 2, m = 8 (2), where “n” means the number of
generation (G) and “m” denotes the number of branches and hence
the number of peripheral groups) were conveniently obtained
through the hydrosilylation reaction of allyl-functionalized den-
drimers with (chloromethyl)dimethylsilane using Speier’s catalyst.
The reactions conditions are very similar to those described
previously by van Leeuwen7 for these complexes, but in our case,
reaction times are shorter, probably due to the different platinum
catalyst used in both cases (see Scheme 1).


Scheme 1


The reaction of the first and second generation chloromethy-
lene-terminated dendrimers, 1–2, with 3-dimethylaminophenol,
3-(NMe2)-C6H4OH, in the presence of potassium carbonate and
potassium iodide, using dimethylformamide as solvent renders
high yields of first and second generation amine-terminated den-
drimers, G1-[Si{CH2O-(C6H4)-3-NMe2}]4 (3) and G2-[Si{CH2O-
(C6H4)-3-NMe2}]8 (4) as yellow oily products. The use of a polar
and aprotic solvent clearly helps the nucleophilic substitution
reaction due to the presence of naked anions in this kind of solvent,
which in this case increases the reactivity of the phenol derivative
(see Scheme 2).


Treatment of dendrimers 3 and 4 with methyliodide in acetoni-
trile during 48 hours causes the quaternization of the peripheral
aromatic amines to give the cationic dendrimers G1-[Si{CH2O-
(C6H4)-3-NMe3


+I−}]4 (5) and G2-[Si{CH2O-(C6H4)-3-NMe3
+I−}]8


(6) (Scheme 2). The use of acetonitrile is necessary since the
quaternization reaction failed in the presence of other organic
solvents such as diethyl ether or toluene.


Dendrimers 5 and 6 are obtained as white solids in very
high yields and are soluble in acetonitrile, dimethylsulfoxide and
methanol. They can be solubilised in water adding small quantities
(less than 1%) of dimethylsulfoxide.


Structural characterization of dendrimers 1–6 has been carried
out using elemental analysis, 1H, 13C and 29Si- RMN spectroscopy
and mass spectrometry. The 1H-NMR spectra of dendrimers 3
and 4 in CDCl3 show a complex group of signals at about 7.10–
6.28 ppm corresponding to the aromatic hydrogen atoms, a singlet
around 3.53 ppm for the methylene protons of the –SiCH2O–
fragment and a singlet at 2.90 ppm due to the methyl groups
bonded to nitrogen. The carbosilane framework is insignificantly
affected by the addition of the peripheral arylamines, thus the
general features of their NMR spectra are almost identical to
those described for their precursors.7


13C{1H}-NMR spectra show six resonances for the carbon
atoms of the aromatic ring due to their unequivalence. The Cipso


bonded to the –OCH2Si group appears at 162.7 ppm, while the Cipso


bonded to –NMe2 gives a resonance at higher field, 151.8 ppm.
The chemical shift of the carbon atom in –OCH2 and the methyl
groups of –NMe2 appear at 60.0 and 40.0 ppm respectively. Fig. 1
shows the 1H and 13C{1H}-NMR spectra of the second generation
dendrimer 4. The 29Si chemical shifts of these dendrimers have been
determined by a 2D {1H–29Si}-HMBC experiment (see Fig. 2),
which shows connectivity of the silicon atoms with the protons


Fig. 1 1H and 13C-NMR spectra of dendrimer 4.


Scheme 2
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Fig. 2 2D{1H–29Si}-HMBC spectrum of dendrimer 4.


of the alkyl chains. For example, the spectrum of dendrimer 4
shows for the signal of the SiMe2 fragment (SiIII) (−0.22 ppm),
two crossed peaks assigned to Hg and Hf and another peak due
to Hm. The signal due to SiMe (SiII) (1.05 ppm) gives two crossed
peaks corresponding to Hc and Hd, together with a peak produced
by Hl. The signal corresponding to SiI is overlapped by the peak
due to SiIII.


The 1H, 13C and 29Si NMR spectra of the quaternized den-
drimers, 5 and 6, were recorded in [D6]DMSO at room tempera-
ture. These spectra exhibit resonance patterns identical to those
observed in their neutral counterparts, 3 and 4, for the carbosilane
framework, although broader signals are observed with the
increasing generation. In general, in the 1H-NMR spectra, the pos-
itive charge of the ammonium groups results in the deshielding of
about 0.7 ppm, for the methyl group directly bonded to the charged
nitrogen atoms whereas small downfield shifts are found for the
rest of the protons of the peripheral unit. Analogous behaviour is
observed in the 13C NMR spectra for the carbon atoms.


In addition, the proposed structure for dendrimer 3 has been
confirmed by mass spectrometry using APCI (atmospheric pressure
chemical ionization) (see Fig. 3). The molecular peak [M + H]+


appears at 1030 uma (theoretical, 1028.66 uma). Dendrimer 5
was analysed by mass spectroscopy using ESI (electro spray).
The spectrum shows a peak to 1470.41 uma corresponding to the


molecular peak of the cationic specie after losing an iodide anion.
Other important peaks at 1327.48 (corresponding to the loss of one
methyl group and two iodide anions) or at 1043.63 (corresponding
to the loss of three methyl groups and four iodide anions) are also
observed in the spectrum. It has not been possible to analyze
dendrimers of second generation 4 and 6 by these techniques since
their molecular weight is out of the range in the equipment used.


2.2 Antimicrobial activity


The antibacterial activity of dendrimers 5 and 6 as well as of
their monofunctional counterpart, HO-(C6H4)-3-NMe3


+I− (7),
has been tested on Staphylococcus aureus (Gram+) and Escherichia
coli (Gram−) and the MIC (minimum inhibitory concentration)
and the MBC (minimum bactericidal concentration) have been
measured. The MIC indicates the minimal concentration of an
agent that can inhibit the growth of a microorganism (bacterio-
static effect) while the MBC means the minimal concentration of
an agent that can kill a microorganism (bactericidal effect). For
the same agent and microorganism, the value of MIC is lower than
or equal to the MBC value (data shown in Table 1).


The results of the antibacterial tests in Table 1 show the
high activity of carbosilane dendrimers against both Gram+ and
Gram− bacteria. These data also show that the multivalency of
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Fig. 3 APCI spectrum of dendrimer 3.


Table 1 Bacteriostatic and bactericidal effects of compounds 5, 6 and 7


Products


Monofunctional
counterpart 7/mg l−1 Dendrimer 5/mg l−1 Dendrimer 6/mg l−1


Microorganism MIC MBC MIC MBC MIC MBC


Escherichia coli > 512 > 512 4 4 64 256
Staphylococcus aureus 512 > 512 1 4 8 32


MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration.


dendrimers plays a major role in this antibactericidal activity since
the dendrimer biocides are over two orders of magnitude more
potent than their monofunctional counterpart. This significant
improvement of biocidal action of dendritic biocides can be
attributed to the high number of functional groups in a compact
space and their polycationic structure. These tests also show a
lower MIC for the Gram+ bacteria than for the Gram− bacteria,
mainly in the second generation dendrimers. This fact has been
observed by other authors12 in lysine-based dendrimers and is
probably due to the structure of the double layer membrane of
Gram− bacteria. This underlines the importance of the interaction
between dendrimers and membrane in the mode of action of
these compounds. In this sense, it has been proposed8d that
there are electrostatic interactions between the negatively charged
bacteria membrane and the dendrimer biocides that present a high
positive charge density. These dendrimers displace the divalent
surface ions such as calcium and magnesium and may destabilize
the membrane structure; this means that dendrimer biocides
behave as surface-active organic cations and therefore have a
destabilizing effect on phospholipid systems.13 Nevertheless, the
exact mechanism of their antimicrobial action is still unclear and
mostly attributed to their ability to increase cell permeability and
disrupt cell membranes.


The generation dependence of dendrimer biocides was also
evaluated and we observed that the first generation dendrimer


is more potent than the second one, primarily in the case of
the Gram− bacteria. This result has also been shown by other
authors8d,12 and has been attributed to the size and molecular
weight of the dendrimer and its capacity to cross the membrane
of a bacteria. The higher decrease of the antimicrobial activity
observed for the second generation dendrimer against Gram−
bacteria may be due to the size of this dendrimer and its
difficulty to cross the first double-layer membrane present in
this type of bacteria. Nevertheless, there is always a balance
between the disadvantage of the smaller number of functionalites
in dendrimers of low generation and the disadvantage of a bulkier
size in the dendrimers of high generation. In addition, in our case,
we cannot rule out solubility problems in the dendrimer of second
generation since this dendrimer is less soluble in water.


3. Conclusions


A new family of amine- and ammonium-terminated carbosilane
dendrimers has been synthesized by phenolysis of chloro–carbon
bonds in chloromethyl–silicon derivatives and subsequent quater-
nization with MeI. These dendrimers have been fully characterized
using elemental analysis, NMR spectroscopy and mass spectrom-
etry. Quaternized dendrimers are stable in water or other protic
solvents for long time periods (NMR solutions of these dendrimers
show the same spectra after several months). The antimicrobial
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studies showed that the multivalency of dendrimers plays a major
role in the antibactericidal activity of these compounds, since
the dendrimer biocides are over two orders of magnitude more
potent than their monofunctional counterpart. Dendrimers 5 and
6 present antimicrobial activity against both Gram+ and Gram−
bacteria. This activity slightly decreases when the generation
dendrimer increases, mainly in the case of a Gram− bacteria,
which may well be due to the different structure of the cell wall in
these systems


4. Experimental details


4.1 General remarks


All manipulations of oxygen- or water-sensitive compounds were
carried out under an atmosphere of argon using standard Schlenk
techniques or an argon-filled glove box. Solvents were dried and
freshly distilled under argon prior to use: DMF from sodium
carbonate, pentane from sodium, diethyl ether from sodium ben-
zophenone ketyl and acetonitrile over calcium hydride.14 Unless
otherwise stated, reagents were obtained from commercial sources
and used as received, Gn-[SiMe2CH2CH=CH2]m dendrimers were
prepared according to reported methods.2f


1H, 13C and 29Si-NMR spectra were recorded on Varian Unity
VXR-300 and Varian 500 Plus instruments. Chemical shifts (d,
ppm) were measured relative to residual 1H and 13C resonances for
CDCl3 and [D6]DMSO used as solvents, and 29Si chemical shifts
were referenced to external SiMe4 (0.00 ppm). C, H and N analyses
were carried out with a Perkin-Elmer 240 C microanalyzer. APCI
samples were prepared in acetonitrile or methanol and spectra
were recorded on a Termoquest Finnigan Automass spectrometer.


4.2 Synthesis of G1-[SiCH2Cl]4 (1)


Over a toluene solution of tetraallylsilane, Si(CH2CH=CH2)4


(0.97 g, 5.09 mmol), HSi(Me)2CH2Cl (22.3 mmol, 2.70 ml) and
two drops of the Speier catalyst were added. The reaction mixture
was stirred at 60 ◦C during 5 hours. Silane excess and solvent were
removed under vacuum and the residue extracted with hexane and
then filtered with celite and active carbon to eliminate the catalyst.
The resulting solution was evaporated under reduced pressure to
give 1 as a colorless oil (2.75 g, 87%). 1H-NMR (CDCl3): d 2.75
(8H, s, CH2Cl), 1.30 (8H, m, SiCH2CH2CH2Si), 0.50 (16H, m
SiCH2CH2CH2Si), 0.09 (24H, s, SiMe2). 13C-NMR (CDCl3): d
30.5 (CH2Cl), 18.6 (SiCH2CH2CH2Si), 18.4 (SiCH2CH2CH2Si),
17.3 (SiCH2CH2CH2Si), −4.4 (SiMe2). Elemental analysis calcd.
(%) for C24H56Cl4Si5: C 45.98, H 9.0; found C 45.88, H 8.86.


4.3 Synthesis of G2-[SiCH2Cl]8 (2)


This dendrimer was prepared using a similar method to that
described for 1, starting from G1-[SiCH2CH=CH2]8 (1.03 g, 1.47
mmol), HSi(Me)2CH2Cl (12.34 mmol, 1.5 ml) and two drops of
the Speier catalyst to obtain compound 2 as a colorless oil (1.85 g,
80%). 1H-NMR (CDCl3): d 2.75 (16H, s, CH2Cl), 1.33 (24H,
m, SiCH2CH2CH2Si), 0.68 (16H, m SiCH2CH2CH2SiCH2Cl),
0.54 (32H, m SiCH2CH2CH2Si), 0.08 (48H, s, SiMe2), −0.08
(12H, s, SiMe). 13C-NMR (CDCl3): d 30.5 (CH2Cl), 18.6–17.6
(SiCH2CH2CH2SiCH2Cl), −4.5 (SiMe2), −5.0 (SiMe). Elemental


analysis calcd. (%) for C64H148Cl8Si13: C 49.09, H 9.52; found C
48.56, H 9.43.


4.4 Synthesis of G1-[SiCH2O-(C6H4)-3-NMe2]4 (3)


Over a solution of 1 (0.27 g, 0.42 mmol) in DMF (30 ml),
3-dimethylaminophenol (0.24 g, 1.69 mmol), 1 g of potassium
carbonate and a small amount of KI were added. The reaction
mixture was stirred and heated to 80 ◦C during two days, then
evaporated to dryness and the residue extracted with pentane
(2 × 20 ml) to give a yellow solution. The solvent was removed
under vacuum leading to dendrimer 3 as a yellow oily product
(0.36 g, 85%). 1H-NMR (CDCl3): d 7.10 (4H, s, C6H4), 6.35
(12H, m, C6H4), 3.54 (8H, s, CH2O), 2.91 (24H, s, NMe2), 1.37
(8H, m, SiCH2CH2CH2Si), 0.68 (8H, m, SiCH2CH2CH2SiCH2O),
0.59 (8H, m, SiCH2CH2CH2Si), 0.08 (24H, s, SiMe2). 13C-NMR
(CDCl3): d 162.7 (CipsoOCH2), 151.8 (CipsoNMe2), 129.5, 105.4,
101.9 and 99.3 (C6H4), 60.0 (CH2O), 40.7 (NMe2), 18.6, 18.4
and 17.3 (SiCH2CH2CH2Si), −4.5 (SiMe2). 29Si-NMR (CDCl3):
d 0.5 (G0–Si), −0.2 (G1–Si). Elemental analysis calcd. (%) for
C56H96N4O4Si5: C 65.31, H 9.40, N 5.44; found C 64.87, H 9.06, N
5.62. APCI: [M + H+] = 1030 uma (calcd. = 1028.66 uma).


4.5 Synthesis of G2-[SiCH2O-(C6H4)-3-NMe2]8 (4)


This dendrimer was prepared using a similar method to that
described for 3, starting from G2-[SiCH2Cl]8 (0.09 g, 0.06 mmol),
3-dimethylaminophenol (0.07 g, 0.48 mmol), K2CO3 (1 g, 7.23
mmol) and a small amount of KI. Second generation den-
drimer 4, is obtained as a yellow-orange oily product (0.11 g,
82%). 1H-NMR (CDCl3): d 7.09 (8H, s, C6H4), 6.29 (24H, m,
C6H4), 3.53 (16H, s, CH2O), 2.90 (48H, s, NMe2), 1.37 (24H,
m, SiCH2CH2CH2Si), 0.69 (16H, m, SiCH2CH2CH2SiCH2O),
0.55 (32H, m, SiCH2CH2CH2Si), 0.08 (48H, s, SiMe2), −0.09
(12H, s, SiMe). 13C-NMR (CDCl3): d 162.7 (CipsoOCH2), 151.9
(CipsoNMe2), 129.5, 105.3, 101.9 and 99.3 (C6H4), 60.0 (CH2O),
40.7 (NMe2), 18.6, 18.5 and 17.4 (SiCH2CH2CH2Si, outer frag-
ment), 19.0–18.0 (rest of the CH2 signals), −4.5 (SiMe2), −5.0
(SiMe). 29Si-NMR (CDCl3): d 0.6 (G0–Si), 1.0 (G1–Si), −0.2 (G2–
Si). Elemental analysis calcd. (%) for C128H228N8O8Si13: C 64.80, H
9.69, N 4.72; found C 63.85, H 9.51, N 4.55.


4.6 Synthesis of G1-[SiCH2O-(C6H4)-3-NMe3
+ I−]4 (5)


A solution of MeI in Et2O (2 M, 0.10 ml, 1.68 mmol) was added
to an acetonitrile (30 ml) solution of 3 (0.29 g, 0.28 mmol). The
resulting solution was stirred for 24 hours at room temperature
and then evaporated under reduced pressure to remove residual
MeI. The residue was washed with Et2O (2 × 5 ml) and dried
under vacuum to yield dendrimer 5 as a white solid compound
(0.43 g, 94%). 1H-NMR ([D6]DMSO): d 7.48 (12H, m, C6H4),
7.15 (4H, s, C6H4), 3.71 (8H, s, CH2O), 3.57 (36H, s, NMe3


+), 1.39
(8H, m, SiCH2CH2CH2Si), 0.70 (8H, m, SiCH2CH2CH2SiCH2O),
0.58 (8H, m, SiCH2CH2CH2Si), 0.08 (24H, s, SiMe2). 13C-NMR
([D6]DMSO): d 161.3 (CipsoOCH2), 147.7 (CipsoNMe3


+), 130.2,
114.8, 111.3 and 106.5 (C6H4), 60.5 (CH2O), 55.9 (NMe3


+),
17.4, 17.3 and 16.3 (SiCH2CH2CH2Si), −5.18 (SiMe2).29Si-NMR
(CDCl3): d 1.3 (G0–Si), 0.3 (G1–Si). Elemental analysis calcd. (%)
for C60H108I4N4O4Si5: C 45.11, H 6.81, N 3.51; found C 44.62, H
6.54, N 3.44. ESI: [M − I]+ = 1470.4 uma (calcd. = 1470.6 uma),
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[M − Me − 2I]+ = 1328.5 uma (calcd = 1328.7 uma), [M − 3Me −
4I]+ = 1044.6 uma (calcd 1044.8 uma).


4.7 Synthesis of G2-[SiCH2O-(C6H4)-3-NMe3
+ I−]8 (6)


This dendrimer was prepared using a similar method to that de-
scribed for 5, starting from G2-[SiCH2O-(C6H4)-3-NMe2]8 (0.18 g,
0.75 mmol) and MeI (0.6 ml, 9.6 mmol). Second generation
dendrimer, 6, is obtained as a white solid compound (0.21 g,
80%). 1H-NMR ([D6]DMSO): d 7.49 (24H, m, C6H4), 7.26 (8H, s,
C6H4), 3.71 (16H, s, CH2O), 3.58 (72H, s, NMe3


+), 1.36 (24H,
m, SiCH2CH2CH2Si), 0.69 (16H, m, SiCH2CH2CH2SiCH2O),
0.54 (32H, m, SiCH2CH2CH2Si), 0.08 (48H, s, SiMe2), −0.09
(12H, s, SiMe). 13C-NMR ([D6]DMSO): d 161.3 (CipsoOCH2), 147.7
(CipsoNMe3


+), 130.2, 114.8, 111.3 and 106.5 (C6H4), 60.5 (CH2O),
55.9 (NMe3


+), 17.8–17.1 (SiCH2CH2CH2Si), −5.1 (SiMe2), −5.2
(SiMe).29Si-NMR (CDCl3): d −0.3 (G0–Si), 1.2 (G1–Si), 0.0 (G2-
Si). Elemental analysis calcd. (%) for C136H252I8N8O8Si13: C 46.57,
H 7.24, N 3.19; found C 45.23, H 6.98, N 2.99.


4.8 Synthesis of HO(C6H4)-3-NMe3
+ I− (7)


A solution of MeI in Et2O (2 M, 0.10 ml, 1.68 mmol) was added to
an acetonitrile (30 ml) solution of 3-dimethylaminophenol (0.21 g,
1.50 mmol). The resulting solution was stirred for 6 hours at
room temperature and then evaporated under reduced pressure
to remove residual MeI. The residue was washed with Et2O (2 ×
5 ml) and dried under vacuum to give 7 as a purple solid compound
(0.35 g, 84%). 1H-NMR ([D6]DMSO): d 7.40 (3H, m, C6H4),
6.96 (1H, d, C6H4), 3.53 (9H, s, NMe3


+). 13C-NMR ([D6]DMSO):
d 157.8 (CipsoOH), 147.8 (CipsoNMe3


+), 130.2, 116.0, 109.9 and
107.1 (C6H4), 55.7 (NMe3


+). Elemental analysis calcd. (%) for
C9H14INO: C 38.73, H 5.06, N 5.02; found C 38.52, H 4.99, N 4.92.


4.9 Antimicrobial activity assay


The minimal inhibitory concentration (MIC) of the products
was determined in 96-well tray microplates using the interna-
tional standard methods ISO 20776–1 by microdilution tray
preparation.15 The assay was carried out in duplicate microplates
with three different wells for each analysed concentration. The
bacteria used in the analysis were Escherichia coli (Gram−) and
Staphylococcus aureus (Gram+). Both strains were obtained from
the “Colección Española de cultivos tipo” (CECT). A stock
solution of the products was prepared by dissolving 0.01024 g
of the compound with 60 ll of dimethyl sulfoxide (DMSO) and
10 ml of distilled water. After that, the desired concentration was
achieved by dilution with distilled water. The microplates were
incubated at 37 ◦C using an ultra microplate reader ELX808iu
(Bio-Tek Instruments). The minimal bactericidal concentration
(MBC) was calculated inoculating 100 ll of the samples used to
calculate the MIC in a Petri dish with Mueller–Hinton agar (ref.
02–136, Scharlau). After 48 h of incubation at 37 ◦C, the presence
of colonies was tested. The MBC was the minimal concentration
where no growth was detected.


Acknowledgements


We thank the Ministerio de Ciencia y Tecnologı́a (project
CTQ2005-00795/BQU), Fondo de Investigación Sanitaria
(PI040993) and Fundación Caja Navarra for financial support.


References


1 (a) A. W. van der Made and P. W. N. M. van Leeuwen, J. Chem. Soc.,
Chem. Commun., 1992, 1400; (b) A. W. van der Made, P. W. N. M.
van Leeuwen, J. C. de Wilde and R. A. C. Brandes, Adv. Mater., 1993,
5, 466; (c) L.-L. Zhou and J. Roovers, Macromolecules, 1993, 26, 963;
(d) D. Seyferth, D. Y. Son, A. L. Rheingold and R. L. Ostrander,
Organometallics, 1994, 13, 2682.


2 (a) J. Roovers, L.-L. Zhou, P. M. Toporowski, M. van der Zwan, H.
Iatrou and N. Hadjichristidis, Macromolecules, 1993, 26, 4324; (b) B.
Alonso, I. Cuadrado, M. Morán and J. Losada, J. Chem. Soc., Chem.
Commun., 1994, 2575; (c) A. Miedaner, C. J. Curtis, R. M. Barkley and
D. L. DuBois, Inorg. Chem., 1994, 33, 5482; (d) J. W. J. Knapen, A. W.
van der Made, J. C. de Wilde, P. W. N. M. van Leeuwen, P. Wijkens,
D. M. Grove and G. van Koten, Nature, 1994, 372, 659; (e) B. Alonso,
M. Morán, C. M. Casado, F. Lobete, J. Losada and I. Cuadrado, Chem.
Mater., 1995, 7, 1440; (f) I. Cuadrado, M. Morán, J. Losada, C. M.
Casado, C. Pascual, B. Alonso and F. Lobete, in Advances in Dendritic
Macromolecules, ed. G. R. Newkome, JAI Press, Greenwich, CT, 1996,
vol. 3, pp. 151–201; (g) D. Seyferth, T. Kugita, A. L. Rheingold and
G. P. A. Yap, Organometallics, 1995, 14, 5362; (h) M. C. Coen, K.
Lorenz, J. Kressler, H. Frey and R. Mülhaupt, Macromolecules, 1996,
29, 8069.


3 (a) K. Lorenz, R. Mülhaupt, H. Frey, U. Rapp and F. J. Mayer-Posner,
Macromolecules, 1995, 28, 6657; (b) S. S. Sheiko, A. M. Muzafarov,
R. G. Winkler, E. V. Getmanova, G. Eckert and P. Reineker, Langmuir,
1997, 13, 4172; (c) P. Ortega, J. F. Bermejo, L. Chonco, E. de Jesús,
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Bidentate phosphine ligands have been prepared on polystyrene beads modified with polyether dendron
spacers. When complexed to Pd0, these systems exhibited a negative dendritic effect on Heck catalysis
(contrary to the analogous monodentate phosphine systems), but mostly a positive influence on
carbonylation. This opposite influence of the dendronization falls into line with other differences in the
optimal ligand structure for the two reactions. The negative effect on the Heck catalysis with bidentate
phosphines may indicate that dendrimer-induced reduction in the cross-linking upon Pd complexation
is responsible for the positive effect in the corresponding monodentate phosphine systems.


Introduction


In the past few years a few research groups have explored the issue
of dendritic catalysts immobilized on solid supports.1,2 In most
cases positive dendritic effects, i.e. improved catalytic output of the
dendritic catalysts as compared to their non-dendritic analogues,
were observed.3 Thus, we reported polymer-supported catalysts
based on dendrons decorated with monodentate phosphines (e.g.
structure 1), revealing positive dendritic effects on the activity
and chemoselectivity of Co complexes in the Pauson–Khand
reaction and Pd complexes in the Heck and Suzuki reactions.3a–c


While dendronization of the polystyrene matrix must influence the
catalyst performance through a variety of different factors, only
some of them will lead to an improvement in the catalyst action,
while others are likely to negatively affect the catalysts.


The aforementioned experiments demonstrated that, in the
case of the monodentate phosphine systems in the tested re-
actions, the superposition of all the factors affected by the
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dendronization results in a positive net outcome. During these
experiments it was found that one of the most important factors,
contributing to the positive effect, was reduced cross-linking of
the polymer upon complexation, a property directly derived from
the dendronization-induced proximity of the ligating groups. In
this communication we demonstrate that for bidentate terminal
ligands the contribution of this factor to the net result is of
substantially reduced magnitude (if it exists at all), and accordingly
the effect of dendronization can become negative.


Herein we report the preparation of dendrons decorated
with chelating bidentate phosphine ligands on a support, their
complexation with a Pd0 precursor and catalysis of Heck and
amidocarbonylation reactions with the obtained complexes.4–6


Results and discussion


In the past, our group communicated the preparation of polyether
dendrons on polystyrene, and their use as spacers for the afore-
mentioned catalytic systems.3a,b,7 Although these dendrons were
prepared in a highly efficient and selective way via a Mitsunobu–
reduction reaction sequence (Scheme 1), the Mitsunobu reaction
required the two-step synthesis of a special coupling agent 3, which
must be prepared from expensive starting materials and has a
limited shelf-life.


In order to remove this obstacle, we reworked the synthesis,
changing the monomer coupling step to the nucleophilic sub-
stitution of benzyl halide by the phenolate of 2, and adding
an additional monomer activation step – chlorodehydroxylation
(Scheme 2).


Clean and efficient substitution reactions yielding Gn(CO2Me)
were carried out using LiH. The reduction step conditions are
the same as those previously reported for the two-step assembly
sequence, while excellent results were obtained for chlorodehy-
droxylation with a PPh3/C2Cl6 reagent mixture, yielding Gn(Cl)
quantitatively. All steps exhibited quantitative conversion. The pu-
rity of each step is excellent as confirmed by the cleavage analysis.
Morever, gel phase 13C NMR did not detect any impurities on the
support. Thus, replacing the two-step sequence with the three-step
one, we were able to reach approximately the same yield and purity
of the dendrons, using only readily available commercial reagents.
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Scheme 1 The reported synthesis of polyether dendrons.6


Scheme 2 The modified synthesis of polyether dendrons.


This alternative sequence also directly provided the chloromethyl-
terminated dendrons Gn(Cl) that were used as starting materials
for the bidentate ligand synthesis.


The synthesis of the diphosphine ligand followed the route pre-
viously reported for its assembly on the Wang Bromo polystyrene,
and was initiated from immobilization of serinol on the Gn(Cl) via
a nucleophilic substitution reaction (Scheme 3).8 Although for the
synthesis of the first two generation ligands, serinol itself is used in
this step as an HCl-sequestering base, diisopropylethylamine must


Scheme 3 Synthesis of the bidentate phosphines.


be added for the immobilization of serinol on G3(Cl), to prevent
dendron cleavage. It is possible that a higher local concentration
of HCl is temporarily generated in this reaction with G3(Cl) and is
responsible for the cleavage. The next step, chlorodehydroxylation,
followed under the conditions previously described. The synthesis
was accomplished via phosphinodechlorination with KPPh2.


For most steps en route from Gn(Cl) to Gn(serinol-PPh2) the
conversion and yield were close to quantitative, and only for
the last two steps of the G3(serinol-PPh2) synthesis was a lower
yield observed. The synthesis of the ligands was monitored by
the cleavage analysis (first two steps) and gel-phase NMR (the
last step). The yield of the phosphination in the last step was
determined using a 31P NMR-based quantification experiment
with the commercial supported diphenylphosphino polystyrene
reference.9 The cleavage analysis and quantification, being in a
very good agreement, demonstrated that the overall yield of the
G1(serinol-PPh2) is 71%. For the higher generations, the 9-step and
12-step reaction sequences yielded 45% and 11% of the second-
and third-generation structures respectively.


The ligands Gn(serinol-PPh2) were converted to catalytic resins,
following their complexation with Pd(dba)2 (Scheme 4).10 Two
series of catalysts were prepared. For the first series, the incubation
procedure was based on a 1 : 1 ratio between the bisphosphine
ligand and the soluble Pd precursor, thus leading to systems where
each ligating site is complexed by the Pd(dba) fragment (Gn-I).
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Scheme 4 The complexation with Pd0.


The second series of the catalysts was generated using a 2 : 1 ratio
between the bidentate ligand and the Pd precursor, thus leading
to systems with only half of the ligating sites being occupied
by Pd (Gn-II). In the synthesis of the second series, complete
discoloration of the brown Pd(dba)2 solution occurred during the
incubation, while in the first series synthesis the discoloration was
almost complete. This observation provides evidence for complete
incorporation of the calculated amount of Pd into the ligating sites
on the resin. Additional evidence for the generation of the planned
catalytic series was obtained from gel-phase 31P NMR. While the
phosphorus signal of the free ligand appears at −23 ppm, that of
the ligand complexed with Pd(dba) appears at +13 ppm. For the
first series of dendritic catalysts the complete disappearance of the
broad signal at −23 ppm was accompanied by the appearance of
a new broad signal at +13 ppm. For the second series two signals
in ca. 1 : 1 ratio appeared at −23 and +13 ppm.


The preliminary studies with the zeroth-generation ligand
(G0(serinol-PPh2)) prepared on the Wang resin through a sequence
similar to that in Scheme 3 demonstrated that partial complexation
with Pd (versus full complexation) somewhat improves the perfor-
mance of the catalytic system in the Heck reaction. Therefore, the
second series (Gn-II) was examined in the Heck arylation of methyl
acrylate with bromobenzene (Table 1). The reaction was carried
out at 110 ◦C for 14 h with the amount of catalytic resin normalized
with respect to Pd equivalents, under conditions similar (though
not equivalent) to those used in the dendritic effect study of the
monodentate phosphine-based catalysts.3b,c The results in Table 1
demonstrate a negative effect of the dendronization on the catalytic
performance of the complexes of the bisphosphine ligand. There
is a notable decrease in the activity of G1-II, G2-II and G3-II
compared with that of G0-II. The activity of the catalysis decreases
steadily with the increase of dendron generation.


The striking difference with the monodentate phosphine system
may point to the source of the dendritic effect in the monodentate
ligand case. We have demonstrated that the catalytic systems are
based on the (phosphine)2Pd complex fragments.3c Clearly in the
monodentate phosphine case each formation of such fragment is a
cross-linking event, unless the two phosphines are chemically con-
nected to the same attachment point (e.g. dendronized support).


Table 1 The Heck reaction of bromobenzene with methyl acrylatea


Entry Catalyst Conversion (%) Yield (%)b


1 G0-II 72 68
2 G1-II 56 52
3 G2-II 48 43
4 G3-II 16 12


a Reagents and conditions: 0.53 mmol bromobenzene, 0.64 mmol methyl
acrylate, 0.7 mmol triethylamine and 3.75% catalyst (0.02 mmol Pd) in
1 ml NMP at 110 ◦C, 14 h. b HPLC yield.


Table 2 The amidocarbonylation reaction of bromobenzene with
diethylaminea


Entry Catalyst Conversion (%) Yield (%)b


1 G0-I 74 72
2 G1-I 43 42
3 G2-I 21 20
4 G3-I 100 99
5 G0-II 80 80
6 G1-II 97 97
7 G2-II 100 99
8 G3-II 100 99
9c G1-II 44 40


10c G2-II 79 78


a Reagents and conditions: 0.5 mmol bromobenzene, 2.0 mmol diethy-
lamine, 0.7 mmol triethylamine and 1% catalyst (0.005 mmol Pd) in 2 ml
NMP under 70 psi CO at 150 ◦C, 17 h. b HPLC yield. c Reaction time 6 h.


This is not the case with the strongly chelating bidentate ligands.
Therefore, the dendronized resins do not gain a strong cross-
linking related advantage, as compared to the non-dendronized
one, when decorated with the bidentate ligands. Most likely other
factors associated with the dendronization of the support, such as
reduced pore volume and diminished swelling,2a are responsible for
the differences between the dendritic and non-dendritic supported
catalysts. These properties can definitely lead to the restricted
access of reagents to the pores and, consequently, the decreased
activity in the higher generations.


In the case of the amidocarbonylation reaction (Table 2),
the zeroth generation ligand demonstrated an even stronger
dependence on the degree of complexation than in the Heck
reaction.10,11 In this case we decided to examine both series of
the catalyst, fully complexed Gn-I and partially complexed Gn-
II. In the series Gn-I a negative dendritic effect was observed
up to the second-generation G2-I catalyst (Table 2, entries 1–3).
This trend was drastically altered for the G3-I catalyst, which
led to quantitative conversion (entry 4). A substantially better
performance was demonstrated by the second series of catalysts
(entries 5–8). In this case a positive effect was observed, with
the quantitative conversion for the second- and third-generation
catalysts. At shorter reaction times the dendritic influence is even
more dramatic, as a comparison between G1-II and G2-II in the
6 hour reaction demonstrated (entries 9 and 10).


Usually, Pd leaching, revealed by black Pd particle precipitation,
is observed in both catalytic processes. However, this phenomenon
was minimal for G3-II in the carbonylation reaction and, upon
recycling, the second run yielded 97% of the product. It is even
plausible that high ligand density of the third-generation dendrons
prevented complete precipitation of Pd from the G3-I system,
converting it into a G3-II-like catalyst and, thus, eventually leading
to its high activity in the amidocarbonylation reaction.12 On the
other hand, G0-II recycled from the Heck reaction (the most active
catalyst in the first run) led to substantially lower conversion and
yield in the second run (ca. 10%).


The considerable differences between the Heck and carbony-
lation reactions, in regard to the dendritic influence, fall into
line with the differences in the preferred ligand architecture that
we observed for the two reactions catalyzed by the supported
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Table 3 Differences in the performance of bisphosphine ligands in the Heck and amidocarbonylation reactionsa


Heck reaction Carbonylation


Entry Ligand Conversion (%) Yield (%)b Conversion (%) Yield (%)b


1 G0-I 65 61 74 72
2 4 91 72 18 16
3 5 41 37 74 73
4 6 100 96 56 54


a Reagents and conditions: Heck reaction: 0.53 mmol bromobenzene, 0.64 mmol methyl acrylate, 0.7 mmol triethylamine and 3.75% catalyst (0.02 mmol
Pd, Pd:P ratio 1 : 2) in 1 ml NMP at 110 ◦C, 14 h. Carbonylation reaction: 0.5 mmol bromobenzene, 2.0 mmol diethylamine, 0.7 mmol triethylamine and
1% catalyst (0.005 mmol Pd, Pd:P ratio 1 : 2) in 2 ml NMP under 70 psi CO at 150 ◦C, 17 h. b HPLC yield.


non-dendritic phosphine–Pd complexes. Ligands 4–6 were pre-
pared on Wang support, complexed with Pd(dba)2, and used
in catalysis of the two reactions. The results (Table 3) reveal
dramatic differences between the influences of different structural
features of the ligand on the outcome of the two reactions. Thus,
carbonylation catalysis is strongly favored by complexes of six-
membered chelates, while the Heck reaction can also proceed
effectively with ligands forming larger chelate rings (if at all)
(entries 1 and 4). Substituents on the bridge of the six-membered
chelates improve the Heck catalysis, while negatively affecting
the carbonylation reaction (entries 1 and 2). The replacement of
diarylalkylphosphines by strongly electron-donating trialkylphos-
phines substantially improves the carbonylation catalysis, while
it is disadvantageous in the case of the Heck reaction (entries 3
and 4).


The common factor of these findings is that strong chelates/high
electron density on Pd are “good” for carbonylation, while they are
not contributing as much, or are even disadvantageous, for Heck
reaction. Plausibly, Pd with a single coordinated phosphine (likely
PdII) is a necessary intermediate in the Heck reaction, though the
ability to easily form the (phosphine)2Pd fragment is also crucial
(probably for the stabilization of Pd0). On the other hand, the
stable bisphosphine chelate–Pd fragment can propagate without
dissociation through the intermediates of the carbonylation cycle.
Though it is difficult to supply direct experimental evidence for
this hypothesis in supported catalysis, the mechanistic study of
the related systems in solution revealed a similar explanation for
the differences in the chelating strength requirement from the
optimal ligand in the Heck and alkoxycarbonylation catalysis of
chloroarenes.13 It is possible that at some stage of the carbonylation
reaction even three phosphine donors are required for stabilizing
the catalytic intermediate (frequently, phosphine excess is used in
homogeneous Pd-catalyzed carbonylation processes14).


For all these reasons we believe that, in the case of bidentate
phosphine ligands, the high local density of phosphines dictated
by the dendritic architecture is an advantage for the carbonylation
process, while it does not contribute to (or even inhibits) the Heck
catalytic reaction.


Experimental


General synthesis of Gn(CO2Me)


A mixture of dimethyl 5-hydroxyisophthalate (10 equiv.) and
LiH (5 equiv.) was stirred in the minimal volume of dry DMF
at room temperature for 5 minutes, and added to a suspension
of the appropriate halomethyl-functionalized resin (1 equiv. of
halomethyl group.) in the minimal volume of dry DMF. TBAI
(3 equiv.) was added and the mixture was stirred at 60 ◦C overnight.
The resin was filtered off and washed with DMF, DMF–water,
THF, THF–water, THF and DCM and dried in vacuum.


Synthesis of Gn(OH)


G1(OH), G2(OH) and G3(OH) were prepared via the reported
procedures.6


General synthesis of Gn(Cl)


Hexachloroethane (5.5 equiv.) and triphenylphosphine (5.5 equiv.)
were added to a suspension of the resin-bound alcohol (1 equiv.
of OH groups) in dry THF (10 ml g−1 resin). The suspension was
mixed at room temperature overnight. The resin was washed with
THF (× 3) and dichloromethane and dried under vacuum.


G1(Cl). Prepared from G1(OH) (0.54 mmol g−1). Yield 96%,
purity >99%, loading 0.50 mmol g−1. Gel-phase 13C NMR
(100.8 MHz, C6D6): d 158.5, 144.6, 138.7, 120.8, 114.5, 69.2, 45.0.
Following TFA-induced cleavage: 1H NMR (200 MHz, CDCl3–
TFA 1 : 1): d 7.11 (s, 1H), 6.94 (s, 2H), 4.56 (s, 4H). 13C NMR
(100.8 MHz, CDCl3–TFA 1 : 1): d 154.1, 140.0 122.1, 115.4, 45.0.


G2(Cl). Prepared from G2(OH) (0.31 mmol g−1). Yield >99%,
purity >95%, loading 0.30 mmol g−1. Following TFA-induced
cleavage: 1H NMR (200 MHz, CDCl3–TFA 1 : 1): d 7.01–6.82 (m,
9H), 5.28 (s, 4H), 4.56 (s, 8H). 13C NMR (100.8 MHz, CDCl3–TFA
1 : 1): d 160.9, 139.7, 138.7, 122.0, 121.9, 115.3, 114.4, 70.2, 54.3.


G3(Cl). Prepared from G3(OH) (0.28 mmol g−1). Yield 95%,
purity >90%, loading 0.26 mmol g−1. Gel-phase 13C NMR
(100.8 MHz, C6D6): d 158.7, 144.9, 120.8, 118.5, 114.4, 113.0,
69.1, 45.0. Following TFA-induced cleavage: 1H NMR (200 MHz,
CDCl3–TFA 1 : 1): d 7.07–6.91 (m, 21H), 5.13 (broad s, 12H), 4.55
(s, 16H). 13C NMR (100.8 MHz, CDCl3–TFA 1 : 1): d 158.4, 158.5,
139.6, 138.9, 138.5, 121.8, 119.9, 115.3, 114.3, 114.2, 70.2, 70.1,
45.4.
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General synthesis of Gn(serinol-OH)


Serinol (10 equiv.) was added to a suspension of the Gn(Cl) resin
(1 equiv. of Cl groups) in a minimal volume of dry DMF. The
suspension was stirred for 17 hours at 50 ◦C, filtered, the resin
washed with ethanol (× 2) and DCM (× 2) and dried in vacuo.


General synthesis of Gn(serinol-Cl)


The synthesis followed the procedure for preparation of Gn(Cl).


General synthesis of Gn(serinol-PPh2)


N,N-Diisopropylethylamine (20 equiv.) was added to a suspension
of the Gn(serinol-Cl) resin (1 equiv. of NH groups) in the minimal
volume of dry THF. After 1 hour of stirring of the suspension at
room temperature, the resin was washed with THF. For better
results the procedure was performed twice. The resin was re-
suspended in a minimal volume of THF, in a glove box, and
potassium diphenylphosphide (0.5 M in THF, 20 equiv.) was
added to the suspension of resin. The suspension was stirred for
24 hours. The resin was filtered off and washed with water, acetone,
chloroform and ether and dried in vacuum.


G1(serinol-PPh2). Prepared from G1(serinol-Cl) (0.44 mmol
g−1). Yield >99%, purity >99%, loading 0.36 mmol g−1. Partial
gel-phase 13C NMR (100.8 MHz, C6D6): d 139.2, 133.0, 114.2,
69.6, 52.6, 50.8, 36.2. Gel-phase 31P NMR (162 MHz, C6D6):
d −23.3.


G2(serinol-PPh2). Prepared from G2(serinol-Cl) (0.23 mmol
g−1). Yield >99%, purity >95%, loading 0.19 mmol g−1. Gel-phase
31P NMR (162 MHz, C6D6): d −23.4.


G3(serinol-PPh2). Prepared from G3(serinol-PPh2)
(0.11 mmol g−1). Yield 50%, loading 0.043 mmol g−1. Gel-
phase 31P NMR (162 MHz, C6D6): d −23.4. TFA-induced
cleavage: 1H NMR (200 MHz, CDCl3–TFA 1 : 1): d 7.87–7.67 (m,
160H, Ph), 7.00–6.70 (m, 28H), 4.90–3.90 (m, 68H).


Synthesis of 4


The synthesis followed the route reported earlier for G0(serinol-
PPh2).8 Yield >99%. Partial gel-phase 13C NMR (100.8 MHz,
C6D6): d 139.8, 132.7, 56.2, 27.6, 26.0, 16.1. Gel-phase 31P NMR
(162 MHz, C6D6): d −24.5.


Synthesis of 5


In a glove box, a solution of tert-butyllithium (10% in pentane,
3.2 ml, 4.9 mmol, 10 equiv.), was added slowly to a solution of
dicyclohexylphosphine (7.4 mmol, 15 equiv.) in dry THF. The
mixture was stirred for 3 hours, the solvent was evaporated and the
resulting salt was dissolved in a minimal amount of dry THF. This
solution was added to the suspension of Wang PS-bound 11-(4-
(2,6-bis(2-chloroethyl)carboxamide)phenyloxy)undec-1-yl (1.0 g,
0.49 mmol g−1, 0.98 mmol of Cl groups, 4 equiv.) in 2 ml THF and
stirred overnight.15 The resin was filtered off (in the hood), washed
with water, acetone, chloroform and ether, and dried in vacuum.
Yield 95%, purity >95%, loading 0.40 mmol g−1. Partial gel-phase
13C NMR (100.8 MHz, C6D6): d 167.3, 114.6, 69.8, 56.8, 40.6, 33.2,
29.4, 28.9, 27.2 26.4, 22.2. Gel-phase 31P NMR (162 MHz, C6D6):


d −10.1. Following TFA-induced cleavage: 1H NMR (200 MHz,
CDCl3–TFA 1 : 1): d 8.03 (br, 1H), 7.53 (s, 2H), 5.70 (d, JHP =
460 Hz, 4H), 4.39 (t, J = 6.5 Hz, 2H), 4.02 (m, 2H), 3.90 (m, 4H),
2.55 (m, 4H), 1.6 (m, 98H). 13C NMR (100.8 MHz, CDCl3–TFA
1 : 1): d 170.0, 159.7, 134.2, 118.6, 117.5, 69.3, 69.0, 42.8, 29.2,
29.0, 28.8, 28.7, 27.8, 25.7, 25.2. 31P NMR (162 MHz, C6D6):
d 22.5.


Synthesis of 6


The general procedure for synthesis of Gn(serinol-PPh2)
was applied on Wang PS-bound 11-(4-(2,6-bis(2-chloroethyl)-
carboxamide)phenyloxy)undec-1-yl (0.49 mmol g−1).15 Yield 90%,
purity >95%, loading 0.38 mmol g−1. Partial gel-phase 13C NMR
(100.8 MHz, C6D6): d 138.2, 136.4, 132.5, 116.0, 115.1, 69.9, 29.4,
25.9. Gel-phase 31P NMR (162 MHz, C6D6): d −23.4.


The complexation with Pd(dba)2 and the carbonylation reaction
procedures were reported elsewhere.10


General procedure for the Heck reaction


Bromobenzene (0.056 ml, 0.53 mmol, 1 equiv.), methyl acrylate
(0.057 ml, 0.64 mmol, 1.2 equiv.) and triethylamine (0.1 ml,
0.73 mmol, 1.3 equiv.) were added to the suspension of the
supported complex (0.02 mmol Pd) in 1 ml NMP. The mixture
was stirred for 14 h at 110 ◦C. The suspension was filtered and
washed with acetonitrile. The filtrate was diluted with acetonitrile
and analyzed by HPLC.


Conclusions


In conclusion, we have demonstrated synthesis of and catalysis
with a new type of supported dendritic ligand. The dendritic
influence in this case reflects its multifactor nature. The delicate
balance between the factors depends on the chosen catalytic
process and even on the conditions of the particular reaction.
For the carbonylation reaction it was demonstrated that an
overall negative dendritic effect could be turned into a positive
one. The Heck reaction catalysis with the bidentate ligands
displayed an overall negative dendritic effect. This finding supports
the hypothesis of the reduced cross-linking as the main factor
responsible for the positive dendritic effect, observed previously
for supported dendritic monodentate phosphine-based catalysts.
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The reaction of 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadienes with a,b-unsaturated and
functionalized acid chlorides afforded a variety of 3,5-diketoesters which are not readily available by
other methods. The reaction of 1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene with sulfonyl
chlorides allows a direct synthesis of 2,4-diketosulfones.


Introduction


1,3,5-Tricarbonyl derivatives and their higher homologues are of
considerable pharmacological relevance and occur in a variety
of natural products (polyketides). In addition, they are versatile
synthetic intermediates.1 Important syntheses of polyketides rely
on the condensation of 1,3-dicarbonyl dianions2 with carboxylic
acid derivatives.3–5 However, there are several drawbacks, such
as proton transfer and O-acylation. In addition, functionalized
substrates, such as a,b-unsaturated esters, cannot be successfully
used, due to various side-reactions (e.g. conjugate addition of
the dianion onto the double bond of the substrate). In fact,
the preparative scope is limited to substrates which tolerate the
presence of strong nucleophiles and bases. The employment of N-
acyl-2-methylaziridines6 and Weinreb amides7 allow some of these
problems to be addressed.


Recently, we reported8 the condensation of 1,3-bis(silyl enol
ethers)9 with acid chlorides. This strategy provides a convenient
approach to several 1,3,5-tricarbonyl compounds under mild
conditions. In our previous paper8 we focussed on reactions of
1-methoxy-1,3-bis(trimethylsilyloxy)-1,3-butadiene (1a), readily
available from methyl acetoacetate,10 with various simple aromatic
and aliphatic acid chlorides. For example, the reaction of 1a with
benzoyl chloride (2a) afforded 3,5-dioxoester 3a in good yield
(Scheme 1). Product 3a mainly exists in its enol tautomeric form.
The dashed line given in the structure of 3a indicates that there is
a fast equilibrium between two enolic forms. In fact, only one set
of signals is observed by NMR. This type of fast equilibrium is
also observed in case of acetylacetone.


It is of note that it proved to be important that the reaction
was carried out in the absence of a Lewis acid. The formation
of 3a can be explained by attack of the terminal carbon atom
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Scheme 1 Possible mechanism of the reaction of 1-methoxy-1,3-
bis(trimethylsilyloxy)-1,3-butadiene 1a with benzoyl chloride (2a).8 Con-
ditions: i: 1) CH2Cl2, −78 → 20 ◦C, 2) NaHCO3, H2O; keto : enol = 0 :
100.


of 1a onto the acid chloride. This step might be catalyzed by
the presence of a catalytic amount of HCl present in the acid
chloride (formed by its hydrolysis). The reaction works equally
well using commercially available (new bottle) or freshly distilled
2a. The yields significantly dropped when relatively old material
was employed. Due to the preparative utility of this reaction,
we studied its scope in more detail and the results of our
efforts are reported herein. The present study includes, for the
first time, the variation of the 1-methoxy-1,3-bis(silyloxy)-1,3-
butadiene and of the acid chloride (including unsaturated and
functionalized derivatives and sulfonic acid chlorides). Note, the
products reported herein are not available by direct reaction of
1,3-dicarbonyl dianions with carboxylic acid derivatives.


Results and discussion


Variation of the 1,3-bis(trimethylsilyloxy)-1,3-butadiene


The reaction of benzoyl chloride (2a) with 1-alkoxy-1,3-
bis(silyloxy)-1,3-butadienes 1b and 1c, containing a substituent
located at the central carbon atom, afforded the 3,5-dioxoesters
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Table 1 Synthesis of 1,3,5-tricarbonyl compounds 3b,c


3 R1 R2 Keto : enol %a


b Me Et 87 : 13 43
c Et Me 67 : 33 50


a Yields of isolated products; the products contain benzoic acid which
could not be separated (see Experimental section) Conditions: i: CH2Cl2,
−78 → 20 ◦C, 2) NaHCO3, H2O.


Table 2 Synthesis of 1,3,5-tricarbonyl compounds 3d,e


3 Ar keto : enol %a


d Ph 100 : 0 32
e 4-(NO2)C6H4 100 : 0 35


a Yields of isolated products; the products contain benzoic or 4-
nitrobenzoic acid which could not be separated (see Experimental section)
Conditions: i: 1) CH2Cl2, −78 → 20 ◦C, 2) NaHCO3, H2O.


3b and 3c, respectively (Table 1). However, a considerable amount
of benzoic acid could not be separated from the product. The
presence of benzoic acid might be explained by the instability of
the products which presumably undergo a retro-Claisen reaction
during silica gel chromatography or during the reaction. In
contrast to the unsubstituted diketoester 3a, products 3b,c mainly
exist in their keto forms.


The reaction of benzoyl chlorides 2a,b with 1-methoxy-
1,3-bis(silyloxy)-1,3-butadiene 1d, derived from methyl 3-
oxopentanoate, afforded 1,3,5-tricarbonyl compounds 3d and 3e.
The products again contained benzoic acid which could not be
separated (Table 2). The ethyl ester analogue of 3d has been
previously reported.6 Products 3d,e exclusively reside in their keto
form. This is not unexpected as the presence of a substituent
located between the two carbonyl groups of 1,3-diketones usually
results in a considerable increase of the amount of the keto
tautomer.


The reaction of 2a with 1-phenyl-1,3-bis(trimethylsilyloxy)-1,3-
butadiene and 2,4-bis(trimethylsilyloxy)-1,3-pentadiene, derived
from benzoylacetone and acetylacetone, respectively, proved to
be unsuccessful (no conversion). This is a result of the lower
reactivity of 1,3-diketone- compared to b-ketoester-derived 1,3-
bis(silyl enol ethers). Due to these limitations, the variation of
the 1,3-bis(silyloxy)-1,3-butadiene was not further studied. Taking
into account the results of our previous study in this field,8


the condensation of 1,3-bis(silyl enol ethers) with acid chlorides


Table 3 Synthesis of 6,7-unsaturated 3,5-dioxoesters 5a–m


5 R1 R2 R3 %a


a H Ph H 71
b H Ph Me 63
c H 4-MeC6H4 H 17
d H 4-(MeO)C6H4 H 37
e H 3,4-(MeO)2C6H3 H 35
f H 3,4-(–OCH2O–)C6H3 H 30
g H 4-FC6H4 H 20
h H 3-ClC6H4 H 14
i H 4-(O2N)C6H4 H 13
j H 2-Furyl H 30
k H 2-Thienyl H 30
l Me Me H 71
m H CH3CH=CH H 47


a Yields of isolated products; keto : enol = 0 : 100 for all products
Conditions: i: 1) CH2Cl2, −78 → 20 ◦C, 2) NaHCO3, H2O.


seems to be restricted to b-ketoester-derived and unsubstituted
1,3-bis(silyl enol ethers), such as 1a.


Variation of the acid chloride


The reaction of 1,3-bis(silyloxy)-1,3-butadiene 1a with a,b-
unsaturated acid chlorides 4a–m afforded the 6,7-unsaturated
3,5-dioxoesters 5a–m (Table 3). All products exclusively exist in
their enol tautomeric form. Similar to compound 3a, a rapid
equilibrium between two enolic structures is present. Therefore,
only one set of signals is observed by NMR. The best yields
were obtained for phenyl- and methoxyphenyl-substituted acrylic
acid chlorides. Good yields were obtained also for 5l and 5m
which were prepared from 3-methylbutanoyl chloride and hexa-
2,4-dienoic acid chloride, respectively. To our surprise, the yields of
the products derived from aryl-substituted acrylic acid chlorides
very much depend on the type of the aryl group. Whereas a good
yield was obtained for products 5a,b (containing a phenyl group),
the yields dropped for electron-rich and (even more) for electron-
poor aryl groups.


In contrast, we have reported earlier that equally good yields
were obtained for the reaction of 1a with electron-rich and
electron-poor benzoyl chlorides. The yields dropped for steri-
cally encumbered acid chlorides. The reaction of 1a with 2-
fluorobenzoyl chloride (6), carried out for reasons of compari-
son, gave the 5-(2-fluorophenyl)-3,5-dioxoester 7 in good yield
(Scheme 2). The use of heterocyclic substrates has not been
studied in our previous report. The reaction of 1a with (thien-
2-yl)carboxylic chloride (8), carried out again for reasons of
comparison, afforded the 5-(thien-2-yl)-3,5-dioxoester 9 in good
yield (Scheme 3). These results show that the reaction of 1,3-
bis(silyloxy)-1,3-butadienes with a,b-unsaturated acid chlorides is
much more prone to slight changes of the substitution pattern
compared to the reaction with simple benzoyl chlorides. It is
noteworthy, that relatively good yields were obtained for products
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Scheme 2 Synthesis of 5-(2-fluorophenyl)-3,5-dioxoester 9 Conditions: i:
1) CH2Cl2, −78 → 20 ◦C, 2) NaHCO3, H2O; keto : enol = 0 : 100.


Scheme 3 Synthesis of 5-(thien-2-yl)-3,5-dioxoester 9 Conditions: i: 1)
CH2Cl2, −78 → 20 ◦C, 2) NaHCO3, H2O; keto : enol = 0 : 100.


5l and 5m containing a methyl and a (prop-1-en-1-yl) group,
respectively.


Some years ago, we reported the synthesis of 3(2H)furanones
based on reactions of 1,3-bis(silyl enol ethers) with chloroacetyl
chloride.11 The reaction of 1,3-bis(silyloxy)-1,3-butadiene 1a with
3-chloropropanoyl chloride (10a) and 4-chlorobutanoyl chloride
(10b) proceeded with very good chemoselectivity and afforded the
x-chloro-3,5-dioxoesters 11a and 11b, respectively, in very good
yields (Scheme 4). It is of note that the reaction of the dianion
of methyl acetoacetate with 10a and 10b and their corresponding
ester derivatives failed. Compounds 7, 9, and 11a,b exclusively
exist in their enol tautomeric form.


Scheme 4 Synthesis of 11a,b Conditions: i: 1) CH2Cl2, −78 → 20 ◦C, 2)
NaHCO3, H2O; keto : enol = 0 : 100 for both products.


The reaction of enolates with sulfonyl chlorides was previously
reported to result in chlorination rather than formation of
b-ketosulfones.12,13 b-Ketosulfones are available by reaction of
enolates with disulfides and subsequent oxidation of the sulfide
moiety.14 Kamigata et al. reported the synthesis of b-ketosulfones
by Ru(PPh3)2Cl2-catalyzed reaction of silyl enol ethers with
sulfonyl chlorides.15 However, the scope of this method is limited to
acetophenone-derived silyl enol ethers. Other reactions of silyl enol
ethers with sulfonyl chlorides have, to the best of our knowledge,
not been reported to date.


Our starting point was the reaction of the dianion of methyl
acetoacetate with tosyl chloride which resulted in the formation
of complex mixtures under various conditions. In contrast,
the reaction of 1,3-bis(silyloxy)-1,3-butadiene 1a with sulfonyl
chlorides proved to be, in principle, possible. However, the yields
strongly depended on the type of substrate employed. The best


Table 4 Synthesis of 3-oxo-sulfonylesters 13a–p


13 R keto : enol % (13)a


a Ph 60 : 40 61
b 4-MeC6H4 78 : 22 87
c 4-iPrC6H4 60 : 40 99
d 4-tBuC6H4 67 : 33 38
e 4-PhC6H4 60 : 40 17
f 4-(MeO)C6H4 33 : 67 89
g 3,4-(MeO)2C6H3 60 : 40 78
h 2-Naph 75 : 25 33
j 4-ClC6H4 60 : 40 61
k 4-FC6H4 55 : 45 20
l 2,5-Cl2C6H3 60 : 40 6
m 4-Cl-3-FC6H3 50 : 50 14
n 4-BrC6H4 55 : 45 6
o 4-(MeCO)C6H4 55 : 45 12
p Me 100 : 0 10
q nBu 100 : 0 20
r nOct 100 : 0 15


a Yields of isolated products Conditions: i: 1) CH2Cl2, −78 → 20 ◦C, 2)
NaHCO3, H2O.


yields were again obtained when the reactions were carried out
in the absence of Lewis acid. The reaction of 1a with phenyl-
sulfonyl chloride (12a) and its alkyl-substituted derivatives 12b–
d afforded the 3-oxo-4-sulfonylesters 13a–d in good to excellent
yield (Table 4). In contrast, the yield of biphenyl derivative 13e
was rather low. The condensation of 1a with methoxy-substituted
phenylsulfonyl chlorides 12f,g gave products 13f,g in very good
yields. 3-Oxo-4-sulfonylester 13h was prepared in moderate yield
from 2-naphthylsulfonyl chloride. The reactions of 1a with 1-
naphthylsulfonyl chloride (12i) failed, presumably due to steric
reasons. The reaction of 1a with halogen-substituted phenyl-
sulfonyl chlorides gave the 3-oxo-4-sulfonylester 13j–n. Except
from 4-chlorophenyl-derivative 13j (61%), the yields were rather
low. The great difference between the yields of 4-chlorophenyl
and 4-bromophenyl derivatives 13j and 13n is surprising. The
results are reproducible but cannot convincingly be explained at
present. The individual quality of the sulfonyl chlorides may have
a considerable influence on the reactions. The reaction of 1a with
(4-acetylphenyl)sulfonyl chloride gave 13o, albeit, in low yield. The
arylsulfones 13a–o exist as mixtures of keto-enol-tautomers. The
condensation of 1a with alkylsulfonyl chlorides 12p–r afforded
products 13p–r in low yields. These products exclusively exist in
their keto form.


The structures of all products were confirmed by spectroscopic
methods. The structure of 13j was independently confirmed by
X-ray crystal structure analysis (Fig. 1).†


Conclusions


In conclusion, we have reported the synthesis of 3-oxo-
5-hydroxy-hepta-4,6-dienoates by reaction of 1-methoxy-1,3-
bis(trimethylsilyloxy)-1,3-butadiene with a,b-unsaturated acid
chlorides. The reaction of 1-methoxy-1,3-bis(trimethylsilyloxy)-
1,3-butadiene with sulfonyl chlorides provides a convenient
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Fig. 1 Ortep plot of 13j (50% probability level).


approach to 4-arylsulfonyl-3-ketobutanoates. It is worth noting
that the products reported herein are not available by direct reac-
tion of 1,3-dicarbonyl dianions with carboxylic acid derivatives.


Experimental section


General comments


All solvents were dried by standard methods and all reactions
were carried out under an inert atmosphere. For 1H and 13C
NMR spectra the deuterated solvents indicated were used. Mass
spectrometric data (MS) were obtained by electron ionization (EI,
70 eV), chemical ionization (CI, H2O) or electrospray ionization
(ESI). For preparative scale chromatography, silica gel (60–
200 mesh) was used. Melting points are uncorrected.


General procedure for the synthesis of 3,5-dioxoalkanoates 3, 5, 7,
9, and 11


To a CH2Cl2 solution of 1 (2.0 equiv.) was slowly added the acid
chloride (1.0 equiv.) at −78 ◦C. The reaction mixture was slowly
warmed to 20 ◦C during 6 h and the solution was stirred at 20 ◦C
for further 6–8 h. To the solution was added a saturated aqueous
solution of NaHCO3 (20 mL). The organic and the aqueous layer
were separated and the latter was extracted with CH2Cl2 (3 ×
10 mL). The combined organic layers were dried (Na2SO4), filtered
and the filtrate was concentrated in vacuo. The residue was purified
by column chromatography (silica gel, n-heptane–EtOAc) to give
the respective products.


Methyl 5-hydroxy-7-phenyl-3-oxohepta-4,6-dienoate (5a)


Starting with 4a (0.96 g, 5.76 mmol) and 1a (3.00 g, 11.52 mmol),
dissolved in CH2Cl2 (10 ml), 5a was isolated as an orange oil
(1.01 g, 71%). 1H NMR (300 MHz, CDCl3, keto : enol = 0 : 100):
d = 3.46 (s, 2H, CH2), 3.75 (s, 3H, CH3), 5.76 (s, 1H, CH), 6.58 (d,
3J = 15.9 Hz, 1H, CH=CH), 7.37–7.54 (m, 5H, Ph), 7.63 (d, 3J =
15.9 Hz, 1H, CH=CH), 14.84 (s, 1H, OH). 13C NMR (75 MHz,
CDCl3): d = 47.1 (CH2), 52.8 (CH3), 101.1 (CH), 122.4 (CH=CH),
128.4, 129.3, 130.5 (Ph), 135.2 (C), 150.0 (CH=CH), 168.3, 177.1,
192.9 (CO). IR (neat, cm−1): m = 3061 (m), 3027 (m), 2953 (m),
1742 (s), 1636 (s), 1584 (s, br), 1496 (m), 1437 (s), 1328 (s), 1261
(s), 1203 (m), 1129 (s), 1073 (m), 1017 (m), 973 (m), 945 (m), 931
(m), 867 (m), 770 (m). MS (CI, isobutane) m/z (%) = 247 ([M +
1]+, 100). Anal. calcd. for C14H14O4 (246.26): C, 68.28; H, 5.73.
Found: C, 68.20; H, 5.39%.


Methyl 3,5-dioxo-5-(thiazol-2-yl)pentanoate (9)


Starting with 8 (0.84 g, 5.76 mmol), CH2Cl2 (10 ml) and 1,3-
bis(silyl enol ether) 1a (3.00 g, 11.52 mmol), 9 was isolated as a
brownish oil (0.80 g, 61%). 1H-NMR (300 MHz, CDCl3, keto :
enol = 0 : 100): d = 3.43 (s, 2H, CH2), 3.77 (s, 3H, CH3), 6.15 (s,
1H, CH), 7.14 (dd, 3J = 5.0 Hz, 3J = 3.8 Hz, 1H, CH), 7.63 (dd,
3J = 5.0 Hz, 4J = 1.2 Hz, 1H, CH), 7.72 (dd, 3J = 3.8 Hz, 4J =
1.2 Hz, 1H, CH), 15.49 (s, 1H, OH). 13C-NMR (75 MHz, CDCl3):
d = 44.0 (CH2), 52.8 (CH3), 97.3, 128.7, 131.2, 133.3 (CH), 141.0
(C), 168.4, 181.4, 182.8 (CO). IR (neat, cm−1): m = 3106 (m), 3001
(w), 2953 (m), 2845 (w), 1742 (s), 1618 (s, br), 1519 (s), 1436 (s),
1412 (s), 1353 (m), 1272 (s, br), 1156 (m), 1084 (m), 1067 (m), 1015
(m), 948 (m), 861 (m), 789 (m), 727 (m). MS (EI, 70 eV) m/z = 226
(M+, 13.9), 194 (19.5), 166 (24.3), 153 (40.4), 111 (100), 69 (40.6).
HRMS (EI, 70 eV): calcd. for C10H10O4S (M+) 226.0294, found
226.0298.


Methyl 7-chloro-5-hydroxy-3-oxohept-4-enoate (11a)


Starting with 10a (0.55 ml, 5.76 mmol) dissolved in CH2Cl2 (10 ml)
and 1a (3.00 g, 11.52 mmol), 11a was isolated as a yellow oil (0.88 g,
74%). 1H-NMR (300 MHz, CDCl3, keto : enol = 0 : 100): d = 2.80
(t, 3J = 6.6 Hz, 2H, CH2), 3.38 (s, 2H, CH2), 3.75 (s, 3H, CH3),
3.76–3.78 (m, 2H, CH2), 5.68 (s, 1H, CH), 14.93 (s, 1H, OH). 13C-
NMR (75 MHz, CDCl3): d = 39.4, 41.1, 44.8 (CH2), 52.8 (CH3),
101.2 (CH), 168.1, 186.4, 189.8 (CO). IR (neat, cm−1): m = 3002
(m), 2956 (s), 2848 (m), 1742 (s), 1617 (s, br), 1437 (s), 1407 (m),
1331 (s), 1263 (s), 1157 (s), 1015 (m), 922 (m), 785 (m, br). MS (EI,
70 eV) m/z = 206 (M+, 8.2), 174 (17.9), 146 (10.4), 143 (73.6), 139
(13.1), 135 (13.8), 133 (41.1), 116 (16.9), 111 (20.3), 101 (67.0), 97
(26.3), 93 (14.4), 91 (43.0), 84 (16.2), 69 (100). HRMS (EI, 70 eV):
calcd. for C8H11O4Cl (M+) 206.0340, found 206.0342.


General procedure for the synthesis b,d-diketosulfones 13a–r


To a CH2Cl2 solution (10 mL) of 1,3-bis(silyl enol ether) 1a
(11.5 mmol) was added sulfonyl chloride 12a–r (5.8 mmol) at
−78 ◦C under argon atmosphere. The temperature of the reaction
mixture was allowed to rise to 20 ◦C during 14 h and, subsequently,
a saturated aqueous solution of NaHCO3 (20 mL) was added.
The organic layer was separated and extracted with CH2Cl2 (3 ×
20 mL). The combined organic layers were dried (Na2SO4), filtered
and the filtrate was concentrated in vacuo. The residue was purified
by column chromatography (silica gel, n-heptane : EtOAc =
10 : 1).


Methyl 3-oxo-4-(phenylsulfonyl)butanoate (13a)


Starting with 12a (1.02 g, 5.8 mmol) and 1a (3.00 g, 11.5 mmol),
dissolved in CH2Cl2 (10 mL), 13a was isolated as a yellow solid
(0.90 g, 61%), mp 62–64 ◦C. 1H-NMR (300 MHz, CDCl3, keto :
enol = 60:40): enol: d = 3.74 (s, 3H, OCH3), 3.94 (s, 2H, CH2),
5.19 (s, 1H, CH), 7.54–7.61 (m, 2H, Ar), 7.66–7.73 (m, 1H, Ar),
7.88–7.94 (m, 2H, Ar), 11.76 (s, 1H, OH); keto: d = 3.75 (s, 3H,
OCH3), 3.78, 4.37 (s, 2H, CH2), 7.54–7.61 (m, 2H, Ar), 7.66–7.73
(m, 1H, Ar), 7.88–7.94 (m, 2H, Ar). 13C-NMR (75 MHz, CDCl3):
enol: d = 52.0 (OCH3), 62.1 (CH2), 95.5 (CH), 128.6, 129.8, 134.9,
138.7 (Ar), 164.4, 172.4 (CO); keto: d = 49.6 (CH2), 53.0 (OCH3),
67.1 (CH2), 128.6, 129.6, 134.6, 138.8 (Ar), 167.2, 191.3 (CO). IR
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(KBr, cm−1): m = 3439 (w), 3103 (s), 3068 (s), 2959 (s), 2911 (s),
2854 (s), 1747 (m), 1724 (m), 1587 (s), 1481 (s), 1446 (m), 1439
(s), 1409 (s), 1373 (s), 1339 (m), 1323 (m), 1264 (s), 1205 (m), 1154
(m), 1127 (s), 1090 (s), 1072 (s), 1057 (s), 1024 (s), 948 (s), 869 (s),
796 (s), 748 (s), 720 (s), 688 (s), 652 (s), 607 (s), 541 (s), 528 (s),
461 (s). MS (EI, 70 eV): m/z (%) = 256 (M+, 2), 225 (19), 224 (11),
192 (31), 183 (25), 174 (9), 160 (18), 141 (87), 135 (17), 125 (17),
118 (13), 115 (39), 101 (45), 94 (12), 91 (19), 78 (20), 77 (100), 74
(14), 69 (16), 59 (13), 51 (37), 43 (14). HRMS (EI, 70 eV): calcd
for C11H12O5S (M+) 256.0400, found: 256.0396. Anal. calcd. for
C11H12O5S (256.27): C 51.55, H 4.72, S 12.51; found: C 51.70, H
4.58, S 12.40%.
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L-(−)-Sucrose was efficiently synthesized using intramolecular aglycon delivery and used to elucidate
osmotic effects on the activity of invertase, which catalyzes the hydrolysis of D-(+)-sucrose. The osmotic
effect imposed by L-sucrose was responsible for more than 30% of the activity loss ascribed otherwise to
“substrate inhibition.”


Introduction


The diverse roles of carbohydrates in nature can be divided
into two broad categories: those defined by molecule-specific
recognition such as metabolism and protein-based signaling path-
ways, and those derived from physicochemical properties such as
biomechanical stability and colligative effects. Although the latter
is often thought to be nonspecific, molecular fine structure can
have a strong influence on the solution properties of sugars. This
makes it challenging to differentiate recognition processes from
nonspecific effects in the biological functions of carbohydrates.


Here we deconvolute solute effects from substrate recognition
by evaluating the activity of a sugar-processing enzyme in the
presence of a mirror-image carbohydrate. This approach is pred-
icated on the condition that such molecules are not recognized
as substrates, but are otherwise physicochemically identical to the
natural enantiomer. In this study we examine the inhibitory effects
of sucrose on yeast invertase (b-fructofuranosidase; E.C. 3.2.1.26),
and its association with the phenomenon known as substrate
inhibition.1,2 By using L-(−)-sucrose (1) as the dominant solute,
we show that osmotic effects contribute significantly toward the
apparent substrate inhibition of invertase. In addition, we find the
kcat and KM values of invertase to be sensitive to osmolytes such as
L-sucrose, even at relatively low concentrations.


The invertase family has a long and cherished history in
enzymology and biotechnology, having served as the classic model
of Michaelis–Menten kinetics at low substrate concentrations,3


and also as a confectionery agent for increasing sweetness and
forestalling sucrose crystallization by the in situ generation of
fructose.4 The decrease in invertase activity with increasing sucrose
concentration is well known, and has been ascribed to the
simultaneous occupancy of two sucrose molecules in the active
site (Fig. 1b).2,5 This popular model for substrate inhibition can
be expressed as a modified form of the Michaelis–Menten equation
[eqn (1)]:1,6
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Fig. 1 Models of sucrose-induced inhibition of invertase. (a) Catalytic
hydrolysis of sucrose by invertase (dark square = active site; dots = H2O).
(b) Substrate inhibition with active site blocked by second molecule S [cf.
eqn (1)]. (c) Lower conformational mobility due to reduction in water
activity, based on the preferential exclusion principle.


(1)


where v, kcat, [E0], and KM are the velocity, forward rate constant,
total enzyme concentration, and Michaelis constant respectively,
and K ′


S is the dissociation constant of the inactivated complex.
However, the substrate inhibition model does not actually fit
well with the kinetics of invertase activity (Fig. 2). The relevance
of substrate inhibition is further challenged by a recent crystal
structure of an invertase–sucrose complex, which suggests a well-
defined binding domain in the active site for the fructofuranoside
ring, but no comparable points of contact for the accompanying
a-glucopyranoside.7 This, coupled with glucose’s poor ability to act
as a competitive inhibitor, indicates that the active site of invertase
does not encourage the occupancy of a second sucrose molecule
by glucopyranose recognition.


Fig. 2 Substrate inhibition of yeast invertase by D-(+)-sucrose. Exper-
imental data (•) compared with Michaelis–Menten kinetics (—; KM =
7.76 mM, V max= kcat[E0] = 0.13 lmol min−1) and least-squares fit according
to eqn (1) (—; K ′


S = 436 ± 45 mM).
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Colligative effects, which are often nonlinear with respect to
solute fraction,8,9 may be responsible for the discrepancies in
enzyme kinetics derived from eqn (1). In particular, sucrose
is an effective osmolyte and can reduce water activity to a
greater extent than most neutral solutes.10,11 The role of osmotic
effects in substrate inhibition is likely driven by the preferential
exclusion principle, introduced by Lee and Timasheff (Fig. 1c).12


The preferential exclusion of sucrose from protein surfaces is
thought to provide some protection against thermal denaturation
by increasing the surface tension of the macromolecular cavity and
reinforcing the hydration shell, forcing the protein to adopt a more
compact conformation.13 The same effect may also reduce the
conformational mobility of enzymes, with a subsequent decrease
in kcat. In the case of invertase, experimental verification of an
osmotic effect by sucrose is complicated by its dual role as osmolyte
and substrate. We address this problem by using biochemically
inert L-sucrose as a surrogate osmolyte.


Results and discussion


An expedient synthesis of L-sucrose 1 was developed based on
intramolecular aglycone delivery (IAD),14–16 using the oxidative
coupling of L-glucoside 2b and L-fructofuranosyl donor 3 to
form mixed acetals (Scheme 1). This strategy has been used
in the synthesis of other mirror-image disaccharides such as L-
trehalose,17 as well as the coupling of b-D-fructofuranosides to
p-methoxybenzyl (PMB) ethers.16 However, PMB a-L-glucoside
2a could not be coupled with 3, possibly due to the short lifetime
of the intermediate quinone methide. The coupling efficiency was
improved by replacing 2a with 3,4,5-trimethoxybenzyl L-glucoside
2b, whose lower oxidation potential enabled the stereoselective
formation of L-sucrose derivative 4 in 41% yield, followed by
hydrogenation to afford 1 in sufficient amounts for our studies.18


Scheme 1 Synthesis of L-(−)-sucrose 1 using the IAD strategy. DDQ =
2,3-dichloro-5,6-dicyanoquinone; DMTST = dimethyl(methylthio) sulfo-
nium triflate; DTBMP = 2,6-di-tert-butyl-4-methylpyridine.


L-Sucrose was tested as a substrate against purified yeast
invertase, and found to be inert to enzymatic hydrolysis.18 The
osmotic effect of sucrose on invertase was then evaluated by
adding increasing amounts of L-sucrose to solutions of invertase
with 60 mM D-sucrose, the optimal concentration for enzymatic
activity (Fig. 3a). The relative decrease in activity at the highest
D/L-sucrose concentrations used (0.5 M) was more than 1/3 of the
activity loss ascribed otherwise to canonical substrate inhibition.


Fig. 3 (a) Osmotic effects on invertase activity, using L-sucrose (•),
D-trehalose (�), and lactose (�). Invertase activity as a function of pure
D-sucrose (�) is shown for comparison. Total amount of osmolyte includes
the initial concentration of D-sucrose ([S0] = 60 mM). (b) Lineweaver–Burk
plot illustrating the osmotic effect (using trehalose) at low D-sucrose
concentrations (10–60 mM). Trehalose concentrations: 0 mM (•); 40 mM
(�); 140 mM (�); 240 mM (�); 340 mM (�); 440 mM (♦).


The nonspecific osmotic effect of L-sucrose on invertase was es-
tablished in two ways. First, a parallel study with the disaccharide
D-trehalose, a constitutional isomer of sucrose and a well known
osmolyte, revealed a very similar reduction in the catalytic rate
of invertase, whereas the weak osmolyte D-lactose had nearly no
effect on enzyme activity (Fig. 3a). A Lineweaver–Burk analysis of
invertase activity as a function of trehalose concentration reveals
a modest decrease in KM and V max reminiscent of uncompetitive
inhibition (Fig. 3b),6,18 but the large inhibition constant (K i =
1.6 ± 0.2 M) implies that the enzyme–osmolyte interactions are
nonspecific.


Second, competitive inhibition assays with D-fructose, L-
fructose, and glycerol were run to address the role of chiral
recognition in substrate inhibition. The loss of fructofuranosidase
activity in the presence of D-fructose (K i = 7 mM) was 47% at
100 mM, whereas inhibition by glycerol and L-fructose at 100 mM
were only 5% and 2% respectively, establishing that competitive
inhibition is chirospecific.18 By comparison, the decelerating effect
of L-sucrose at 100 mM was 17%, indicating that chiral recognition
is not relevant in osmotic pressure effects.


Evaluation of other crowding agents revealed a general reduc-
tion in invertase activity with increasing solute concentration.19–21


Interestingly, both small achiral polyols (glycerol, mw 92) and
macromolecular solutes such as dextran (40 kd) and polyethylene
glycol (PEG; 5 kd) had similar decelerating effects as the disac-
charide osmolytes, but with variable impact on KM and catalytic
efficiency kcat/KM (Fig. 4).18 Dextran and PEG enhanced the
catalytic efficiency of invertase with increasing solute fraction,
in accord with a recent study on enzyme kinetics under crowded
conditions.20 In contrast, a slight decrease in kcat/KM was observed
for D-trehalose and glycerol. We presume L-sucrose to have the
same effect on catalytic efficiency as the other osmolytes, although
our limited supply precluded a parallel study.


These experiments indicate that crowding agents decelerate
invertase kinetics by limiting conformational mobility.19 In the case
of small, neutral osmolytes such as sucrose, preferential exclusion
of solute increases the surface tension of the enzyme’s hydration
cavity, raising the activation barrier between conformational
states. In the case of macromolecular solutes, a greater frequency of
repulsive steric interactions drives proteins toward more compact
conformations.22 Experimental evidence for crowding-induced
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Fig. 4 (a) Influence of crowding agents on invertase activity as a function
of solute fraction: trehalose (•); glycerol (�); 40 kd dextran (�); 5 kd
PEG (�). [S0]= 60 mM or 2 wt%; invertase activity as a function of pure
D-sucrose (�) is shown for comparison. (b) Influence of macromolecular
crowding agents versus osmolytes on catalytic efficiency (kcat/KM). Lines
are drawn to guide the eye.


changes in protein conformation has been reported in both
cases.20,23 Therefore, despite their different mechanisms, both
osmotic pressure and entropic steric repulsion can modulate
enzyme activity by reducing its effective free volume.24


The association and rate constants for invertase are also sensi-
tive to osmotic pressure. Kinetic analyses are typically performed
under the assumption of ideal solution conditions, with constant
KM and kcat. However, these rate constants cannot be extrapolated
toward studies involving osmolytes. In our case, we find that KM


and kcat values are affected by sugar concentrations as low as
100 mM, well below the levels typically associated with nonlinear
colligative effects. We find that KM and kcat are best described as
log functions with respect to osmolyte concentration (see Fig. 5).18


Fig. 5 Semilogarithmic plots of kcat (left) and KM (right) versus total sugar
concentration, up to 0.5 M ([S0] = 10–60 mM). kcat(S) = 4.539–0.590 log[S]
(in L min−1); KM(S) = 9.318–0.913 log[S] (in mM).


The issue of substrate inhibition was revisited after subtracting
the osmotic effects of added L-sucrose (cf. Fig. 3a) from the activity
profile of invertase with D-sucrose. Applying kcat and KM as log[S]
functions (cf. Fig. 5) produced a good least-squares fit of the
corrected data to eqn (1) with a K ′


S of 1.03 ± 0.10 M (Fig. 6).
With osmotic effects taken into account, the substrate inhibition
constant is more than double the earlier value. The revised analysis
reveals that true substrate inhibition has considerably less influence
on invertase activity than previously thought.25


Conclusions


Our study demonstrates that the physicochemical influence of
substrates on enzymes may be distinguished from activities in-
volving enantioselective recognition by introducing mirror-image
molecules as co-solutes. In the case of invertase, the application
of L-sucrose enabled the separation of osmotic effects from true
substrate inhibition, and provided a benchmark for evaluating


Fig. 6 Substrate inhibition by D-sucrose corrected for osmotic effects (•),
and least-squares fit according to eqn (1) (—) using KM and kcat as functions
of log[S] (cf. Fig. 5). Original data (�) is shown for comparison.


crowding effects on invertase activity by other osmolytes and
macromolecular solutes. The strong osmotic effect on invertase
may have implications on its native functions in plant physiol-
ogy: recent developments suggest possible osmoregulatory roles
associated with root and stem elongation.26–28 It is remarkable
that relatively low levels of osmolytes can cause kcat and KM


values to deviate significantly from those measured under ideal
solution conditions. Such environmental effects should be taken
into account when measuring enzyme kinetics with high solute
concentrations or in physiologically relevant environments.


Experimental


Synthesis of L-sucrose


Substituted a-benzyl L-glucosides 1a–e were prepared from com-
mercial sources of L-glucose or from L-glucal as previously
described.17,29 L-Fructose was prepared in gram quantities from
L-sorbose using a protocol reported by Zhao and Shi,30 and
converted into a-thioethyl derivative 2 by adapting previously
reported methods developed with the natural enantiomer.16


A mixture of DDQ (330 mg, 1.44 mmol) and 4 Å molecular
sieves in CH2Cl2 (4 mL) at 0 ◦C was treated with a solution of 2
(400 mg, 0.80 mmol) and 1e (760 mg, 1.12 mmol) in CH2Cl2 (4 mL).
The mixture was warmed to RT and stirred for 6 h, then quenched
with an aqueous solution of 0.7% ascorbic acid, 1.3% citric acid,
and 0.9% NaOH (12 mL). The reaction mixture, which formed
a yellow suspension upon standing, was diluted with EtOAc (50
mL) and filtered through Celite prior to aqueous workup. The
crude acetal was concentrated to a brown oil, dried by azeotropic
distillation with toluene and placed under high vacuum for 1 h,
then dissolved in anhydrous CH2Cl2 (10 mL) and transferred to a
flask containing DTBMP (920 mg, 4.4 mmol) and 4 Å molecular
sieves (200 mg). The mixture was stirred for 15 min at RT, treated
with DMTST (88 mg, 4.0 mmol), then stirred for 16 h. The mixture
was diluted with EtOAc (50 mL) and filtered through Celite prior
to aqueous workup and silica gel chromatography (10% EtOAc in
hexanes), which yielded heptabenzyl L-sucrose 3 as a light yellow
oil (520 mg, 41%).


Heptabenzyl derivative 3 (600 mg, 0.6 mmol) was dissolved in
MeOH (25 mL) and treated with Pd(OH)2 on carbon (250 mg),
then stirred under an atmosphere of H2 for 24 h. The reaction
mixture was filtered through a pad of prewashed Celite and
concentrated to yield L-sucrose 4 as a waxy solid (200 mg, 98%).
IR (neat) 3312, 1605, 1420, 1054; dH (500 MHz; CD3OD) 5.36
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(d, 1H, J = 4 Hz), 4.07 (d, 1H, J = 9.3 Hz), 4.08–3.99 (m, 1H),
3.80–3.64 (m, 7H), 3.57 (d, 1H, J = 3.3 Hz), 3.41–3.33 (m, 4H);
dC (125 MHz; 10% D2O in CD3OD) 103.84, 92.18, 82.20, 77.62,
74.18, 72.88, 71.69, 69.76, 62.41, 61.99, 60.64; HRMS(ESI): calcd
for C12H22O11Na 365.1060 [M + Na]+, found 365.1062; [a]20


D = −67
(c = 1, H2O).


Invertase kinetics with L-sucrose and other crowding agents


Activity measurements were performed at optimum substrate
concentrations ([S0] = 60 mM) in the presence of crowding agents,
using a microscale version of the dinitrosalicylate (DNS) assay
for reducing sugars.31 kcat and KM values were obtained using low
substrate concentrations ([S0] = 10–60 mM) at constant solute
fraction, based on the combined wt% of D-sucrose and crowding
agent. In a typical assay, a 40 lL aqueous solution containing
D-sucrose (120 mM) and L-sucrose (0–880 mM) was diluted in a
test tube with 30 lL of 0.05 M sodium acetate (pH 4.7) buffer and
heated to 55 ◦C. 10 lL of a yeast invertase stock solution (0.3 lM)
was added and the reaction mixture was incubated for 10 min at
55 ◦C, then quenched by the addition of DNS reagent (1000 lL)
and heated to near reflux for 5 min. The solution was quickly
cooled to RT and diluted twofold, followed by an absorbance
measurement at 540 nm.
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The synthesis of (2S)-2-amino-7,8-epoxyoctanoic acid is re-
ported along with the X-ray crystal structure of its complex
with human arginase I, revealing unique coordination inter-
actions with two manganese ions in the enzyme active site.


Epoxides (also known as oxiranes) have been used successfully as
irreversible inhibitors of a large variety of proteolytic enzymes,
e.g., cysteine proteases.1 Although the oxirane moiety is stable
in neutral aqueous solution and is only weakly electrophilic,2


it becomes much more reactive upon interaction with a Lewis
acid such as a metal ion or a hydrogen bond donor. Lewis acid
activation facilitates oxirane reactions with strong nucleophiles
such as activated serine and cysteine residues, and also with weaker
nucleophiles such as the carboxylate groups of aspartate and
glutamate residues.3 Such is the catalytic strategy employed by
mammalian epoxide hydrolases, in which the substrate oxirane
moiety is activated by hydrogen bonds with two tyrosine residues
for nucleophilic attack by an aspartate side chain.4


Although activation of the oxirane moiety is achieved by
protonation in most enzymes, activation by metal coordination
is occasionally observed. For example, the oxirane moiety of
fosfomycin is activated by coordination of the epoxide to the single
Mn2+ in the active site of the fosfomycin resistance protein FosA.5


Additionally, carboxypeptidase A is inhibited by 2-benzyl-3,4-
epoxybutanoic acid through a mechanism involving oxirane–Zn2+


coordination prior to nucleophilic attack by a glutamate residue.6


Despite the significant potential of the oxirane moiety in
the design of ligands and inhibitors of metalloenzymes, very
little structural information is available regarding oxirane–metal
coordination. Only one crystal structure of an intact epoxide
coordinated to a metal ion is available in the Protein Data Bank
(PDB), that of the fosfomycin–Mn2+ interaction in the active
site of FosA.5 Here, we report the synthesis of (2S)-2-amino-
7,8-epoxyoctanoic acid (3) and the X-ray crystal structure of its
complex with human arginase I. This manganese metalloenzyme
catalyzes the hydrolysis of L-arginine to form L-ornithine and urea
and is overexpressed in various desease states such as asthma7


and atherosclerosis.8 The structure of this complex reveals the
first view of an intact oxirane bridging a binuclear manganese
cluster.
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The synthesis of 3 is shown in Scheme 1.‡ Briefly, Cbz-protected
(S)-2-amino-7-octenoic acid was prepared from the previously
reported b-lactone (1)9 according to the procedure developed
by Vederas.10 Compound 2 was then epoxidized with MCPBA
to form a mixture of two diastereomers of Cbz-protected 3.
Deprotection of the amino group was achieved using a relatively
mild hydrogenation procedure. Full experimental details for the
synthesis and characterization of compounds 1–3 can be found in
the ESI.† We note that the syntheses of protected versions of 2
and a derivative of 3 have been reported previously.11,12


For X-ray crystallography, human arginase I was overexpressed
in E. coli, purified, and crystallized as described previously.13


The structure of the arginase–3 complex at 1.51 Å resolution
was determined from crystals soaked with 40 mM solution of
the inhibitor for 3 days. Initial phases for the electron density
map were obtained by molecular replacement using the program
Phaser14 with chain A of the unliganded human arginase I
complex (PDB accession code 2ZAV, less solvent molecules13a)
used as a search probe against twinned data. In order to refine
and calculate electron density maps, structure factors amplitudes
(|F obs|) derived from twinned data (Iobs) were deconvoluted into
structure factor amplitudes corresponding to twin domains A and
B (|F obs/A| and |F obs/B|, respectively) as described.13a Iterative
cycles of model building with the graphics program O15 and
refinement using torsion angle dynamics as implemented in CNS16


improved the protein structure as monitored by Rtwin and Rfree/twin.
Group B-factors were utilized during refinement. In the final stages
of refinement the majority of water molecules were automatically
fit into residual electron density peaks using a cutoff of 3.0r,
which improved the Rtwin and Rfree/twin values. In the later stages
of refinement a gradient omit map calculated with CNS16 clearly
showed the presence of a strong peak corresponding to 3 bound
to the active sites of monomers A and B of the asymmetric unit.
Disordered segments at the N- and C-termini (M1-T5 and N319-
K322) were absent in the experimental electron density and are
omitted from the final model. Data collection and refinement
statistics are reported in Table 1.


The 7(R) diastereomer of 3 binds exclusively in the active site
of human arginase I (Fig. 1a). The binding of 3 does not cause
any significant conformational changes in the active site, and the
r.m.s. deviation is 0.18 Å for 313 Ca atoms between the structures
of the complexed and unliganded enzymes. However, an important
structural change is observed in the manganese coordination
polyhedron: the oxirane oxygen displaces the bridging hydroxide
ion observed in the unliganded enzyme13a and bridges Mn2+


A


and Mn2+
B with an average coordination distance of 2.3 Å. This


distance is comparable to Mn2+–O distances observed in protein17


and small molecule18 crystal structures.
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Scheme 1 Synthesis of (2S)-2-amino-7,8-epoxyoctanoic acid (3).‡ Reagents and conditions: (a) PPh3, DEAD, −78 ◦C; (b) 4-pentenylmagnesium
bromide, CuBr·SMe2, THF/SMe2, −23 ◦C; (c) MCPBA, CH2Cl2, rt; (d) H2, Pd(OH)2/C, 25 min. DEAD = diethyl azodicarboxylate; MCPBA =
3-chloroperoxybenzoic acid.


Fig. 1 (a) Stereoview of a simulated annealing gradient omit map showing 3 (3.2r contour, cyan) bound in the active site of human arginase I
(monomer A). Dashed lines indicate manganese coordination (red) and hydrogen bond (green) interactions. Atom color codes: carbon (yellow), oxygen
(red), nitrogen (blue), manganese (violet). Carbon atoms of 3 are black. (b) Summary of intermolecular interactions for arginase I–3 complex. (c)
Oxirane–metal interactions retrieved from the CSD and PDB. Atom color codes: C (black), O (red), Mn (violet), Ga (olive), Li (green), Cd (blue), Hg
(gray), Na (cyan), Ag (pink), Ca (yellow), Ru (orange) and Zr (red). The Mn2+ ions labelled A/B and A′/B′ represent the metal ion positions in monomers
A and B, respectively, of the human arginase I–3 complex.


As observed in the binding of other amino acid inhibitors to
human arginase I,13b the a-carboxylate and a-amino groups of 3
are anchored to the active site of arginase by three direct and
four water-mediated hydrogen bonds. Additionally, the oxirane
oxygen receives a hydrogen bond from D128, which is presumably
protonated to accommodate this interaction.


Analyses of the PDB and the Cambridge Structural Database
(CSD) indicate that the human arginase I–3 complex is only the
second crystal structure ever determined of a metal-bridging
oxirane, the first such complex being rac-(l2-3,4,5,6-tetrafluoro-


benzene-1,2-diyl)-(l2-2-methyloxirane-O,O)-bis(chloromercury)
(CSD accession code MOCNAT).19 Interestingly, the structure of
a gallium–oxirane complex reveals Ga–O separations of 1.951 Å
and 2.886 Å, the latter of which is too long to consider as an
inner-sphere interaction (CSD accession code CABPIF).20


A full search for oxirane–metal complexes in the CSD was
performed using the ConQuest program. A total of 14 different
crystal structures were retrieved with metal–O separations of 1.75–
3.50 Å.21 Each of these structures was inspected visually to confirm
the oxirane fragment and checked against the original literature
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Table 1 Data collection and refinement statistics


Human arginase I-3 complex


Data collection
Resolution/Å 50.0–1.51
Unique reflections measured 99149 (9976)
Rmerge


a 0.060 (0.485)b


I/r(I) 12.7 (2.9)b


Completeness (%) 98.8 (99.5)b


Multiplicity 3.6 (3.6)b


Refinement
Reflections used in
refinement/test set


96593/4719


Rtwin, Rtwin/free
c 0.152 (0.252)b, 0.193 (0.258)b


Protein atomsd 4762
Water moleculesd 332
Atoms of 3d 24
Manganese ionsd 4
r.m.s. deviations
Bond lengths/Å 0.006
Bond angles/◦ 1.4
Dihedral angles/◦ 22.7
Improper dihedral angles/◦ 1.0
Average B-factors/Å2


Main chain 23
Side chain 25
Manganese ions 18
3 21
Solvent 30


a Rmerge = ∑
|I − 〈I〉|/


∑
I , where I is the observed intensity and 〈I〉 is the


average intensity calculated for replicate data. b Number in parentheses
refer to the outer 0.1 Å shell of data. c Rtwin = ∑


|[F calc/A| 2+ |F calc/B|2]1/2 −
F obs|/


∑
|F obs| for reflections contained in the working set. |F calc/A| and


|F calc/B| are the structure factor amplitudes calculated for the separate twin
domains A and B, respectively. Rtwin underestimates the residual error in the
model over the two twin-related reflections by a factor of approximately
0.7. The same expression describes Rtwin/free, which was calculated for test
set reflections excluded from refinement. d Per asymmetric unit. Data
deposition: final coordinates and structure factors have been deposited
in the Protein Data Bank: PDB entry code 3DJ8.


report of the structure determination. Scatterplots were obtained
by superimposing the triangular oxirane group of each complex
and allowing the metal ions to ride into position using the Insight
II (ACCELRYS) program.


From the 14 small molecule structures reported in the CSD
and 2 protein–oxirane structures reported in PDB (including
the arginase I–3 complex), a total of 29 unique oxirane–metal
interactions with metal–O separations of 3.5 Å or less have been
retrieved and are superimposed in Fig. 1c. As can be seen, metal
ions involved in these complexes include Mn (11), Ga (4), Li (4),
Cd (2), Hg (2), Na (2), Ag (1), Ca (1), Ru (1) and Zr (1). Metal
ions tend to cluster in two regions above and below the oxirane
plane, as a result of the interactions with the two lone electron
pairs of the oxygen of the oxirane. The coordination geometry of
the oxirane oxygen of 3 to Mn2+


B lies outside of the clusters evident
in Fig. 1c, perhaps because the oxirane oxygen also interacts with
D128 and thereby must optimize simultaneously interactions with
two metal ions and a hydrogen bond donor.


Despite the apparent activation of the oxirane oxygen of 3 by
bridging the two Mn2+ ions in the arginase active site, and despite
the proximity of H141 and E277 to the electrophilic carbons of
the oxirane moiety, a covalent bond between the enzyme and 3
does not form. Apparently, H141 and E277 are either too distant


or too poorly oriented for nucleophilic attack. As a consequence,
however, we have successfully captured a unique metalloprotein
complex in which the oxirane oxygen simultaneously coordinates
to two Mn2+ ions.
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Two successive regio- and chemoselective magnesiations
using TMPMgCl·LiCl and TMP2Mg·2LiCl enable the full
functionalization of protected uracils and thiouracils in good
to excellent yields.


The functionalization of heterocycles like uracils is of great
importance for the preparation of bio-relevant molecules, es-
pecially with antiviral properties.1 Wada2 and Quéguiner3 have
reported the regioselective lithiation of 2,4-dimethoxypyrimidine
(2) using TMPLi. Recently, we have shown that TMPMgCl·LiCl
(1; TMP = 2,2,6,6-tetramethylpiperidyl)4 allows a full functional-
ization of the pyrimidine scaffold under mild conditions.5 Herein,
we wish to report a complementary metalation procedure of
the uracil derivative (2) as well as of the thio-analogue of 2
(2,4-bis(methylthio)pyrimidine 4) using TMPMgCl·LiCl (1)5 or
TMP2Mg·2LiCl (3).6 Whereas the lithiation of dimethoxyuracil
(2) with TMPLi3 (ether, 0 ◦C, 10 min) produces exclusively the
5-lithiated pyrimidine 5, we have found that the treatment of 2
with TMPMgCl·LiCl (1; 1.1 equiv, THF, 25 ◦C, 15 min) furnishes
exclusively the 6-magnesiated uracil derivative 6 (Scheme 1).
No trace of 5-magnesiated uracil could be detected after 1 h
at 25 ◦C.


Scheme 1


Thus, the quenching of 6 with various electrophiles such
as I2, Me3SiCN, 4-ethyl iodobenzoate7 (after transmetalation
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with ZnCl2 followed by the addition of Pd(dba)2 and P(o-
furyl)3), t-BuCOCl (after transmetalation with CuCN·2LiCl)8 and
ethyl cyanoformate provides a range of polyfunctional uracil
derivatives (7a–e) in 70–75% yield (Scheme 1 and Table 1,
entries 1–5). Subsequent magnesiation of selected uracils 7 allows
a further functionalization in position 5 leading to the 5,6-
disubstituted uracils 8a–c in 78–87% yield (entries 6–8). We have
extended our approach to the thiouracil derivative,9 and have
treated 2,4-bis(methylthio)pyrimidine (4) with TMP2Mg·2LiCl (3,
1.1 equiv, THF, −20 ◦C, 60 min), which provides the 6-magnesiated
pyrimidine derivative 9 (Scheme 2). No trace of 5-magnesiated
thiouracil could be detected. Thus, trapping of 9 with typical
electrophiles furnishes the new 6-substituted thiouracils 10a–c in
76–81% yield (Scheme 2 and Table 1, entries 9–11). The formation
of a new carbon–carbon bond is also readily performed by a
Negishi7 cross-coupling providing the 6-arylpyrimidines 10d and
10e in 71 and 80% (Table 1, entries 12–13). A further metalation
with TMP2Mg·2LiCl (3, 1.1 equiv, THF, −5 ◦C, 45 min) can be
performed at position 5. Quenching with electrophiles such as I2,
PhCOCl (after transmetalation with CuCN·2LiCl)8 or PhCHO
provides the fully substituted pyrimidines 10a–c in 61–66% yield
(entries 14–16).


Scheme 2


In summary, we have reported a new successive regioselective
functionalization of protected uracils and thiouracils. This method
should find broad applications in the synthesis of pharmaceuti-
cally relevant molecules. Further investigations are under way in
our laboratories.
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Table 1 Products obtained by regio- and chemoselective magnesiation of pyrimidines of type 2 and 4 with TMPMgCl·LiCl (1) or TMP2Mg·2LiCl (3)
and quenching with electrophiles


Entry Mg reagenta Electrophile Product Yield (%)b


1 I2 74


2 6 Me3SiCN 70


3 6 75d,e


4 6 t–BuCOClc 72c


5 6 NC-CO2Et 71


6 I2 87f


7 84c


8 PhCOCl 78c


9 I2 76


10 9 (BrCCl2)2 81


11 9 FCCl2CClF2 78
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Table 1 (Contd.)


Entry Mg reagenta Electrophile Product Yield (%)b


12 9 71d ,e


13 9 80d ,e


14 I2 61


15 10c PhCOCl 65c


16 10c PhCHO 66


a X=Cl·LiCl or TMP·2LiCl. b Isolated yield of analytically pure product. c 1 equiv. of CuCN·2LiCl was added. d The Grignard reagent was transmetalated
with 1.2 or 2.4 equiv. of ZnCl2 in THF. e 3 mol% of Pd(dba)2 and 6 mol% of P(o-furyl)3 were added. f This reaction was made starting from 7a in a “one
pot” procedure.
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