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Abstract—Cascade thermal and decarboxylative cycloaddition reactions of uracil polyoxin C (UPoC) with mono- and di-carbonyl
compounds in the presence of a dipolarophile leads, via stabilised and non-stabilised azomethine ylides respectively, to a series of polyoxin
cycloadducts related to Nikkomycin B in good to excellent yields and high diastereoselectivity.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The nikkomycins1 and neopolyoxins2 are a group of
nucleoside di- and tri-peptide antibiotics produced by
Streptomyces tandea and S. cocaoi ssp. asoensis. Repre-
sentative examples of these intriguing natural products
include nikkomycin B (1), nikkomycin J (2) and nikko-
mycin Bx (3). These compounds are potent chitin synthetase
inhibitors and they exhibit fungicidal, insecticidal and
acaricidal activities.1,2 The inhibition of botrytis cinerea,
pyricularia oryzae, and candida albicans by the neopoly-
oxins is particularly noteworthy.2

Uracil polyoxin C (UPoC)3 (4) is the carboxy terminal
nucleoside amino acid common to many members of the
polyoxin and nikkomycin family and is a versatile relay
intermediate for the synthesis of analogues.2,4 The poly-
oxins (5)5 exhibit marked and selective activity against
phytopathogenic fungi whilst being non-toxic to bacteria,
plants, or animals.6 Their effectiveness against candida
albicans is particularly important since this organism causes
major disease problems for AIDS patients.7 As a conse-
quence of these biological effects derivatives of these
compounds are attractive targets for synthesis.

The decarboxylative route to azomethine ylides via imines

of a-amino acids when coupled to a subsequent cyclo-
addition8 – 11 has provided access to bicyclic pyrrolidines,8

biomimetic examples of the mode of action of pyridoxal and
pyruvate based enzyme decarboxylases,9 a new route to
spirocyclic and bridged-ring compounds,10,11 and medium
rings via ring expansion of cyclic secondary a-amino
acids.12 This versatile methodology has now been applied to
the synthesis of new analogues of UPoC.

2. Decarboxylative cycloaddition reactions

Cascade thermal reactions of uracil polyoxin C (UPoC) with
mono- and di-carbonyl compounds in the presence of
N-methylmaleimide (NMM) and N-phenyl maleimide
(NPM) leads, via an intermediate azomethine ylide, to a
series of polyoxin cycloadducts in excellent yield.

The reactions were performed in DMF using 2 mol equiv. of
carbonyl compound and 1 mol equiv. of N-methyl
maleimide or N-phenyl maleimide. Thus UPoC (4) reacted
with methyl pyruvate and NMM or NPM (DMF, 70 8C,
26 h) to afford 9:1 and 12:1 mixtures of cycloadducts (6a,
7a) and (6b, 7b) respectively in 94 and 96% yield. The
relative stereochemistry of the pyrrolidinyl substituents of
the major chiral endo-isomers (6a) and (6b) were deter-
mined from NOE data and 2D-COSY studies. In the case of
(6a) irradiation of 3-H effected enhancement of the signals
for 1-Me (6%) and 3a-H (7.95%) whilst irradiation of 3a-H
effected enhancement of the signals for 3-H (5.65%) and
6a-H (4.4%). Irradiation of 1-Me effected enhancement of
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the signals for 6a-H (4.6%) and 3-H (2.25%). Irradiation of
3-H effected enhancement of coincident signals for 20-H,
30-H and 40-H (11.3%) and irradiation of 3a-H effected
enhancement of the signals for 20-H, 30-H and 40-H (4.3%).
There are two possible diastereoisomeric cycloadducts (6a)
and (7a), arising from endo-cycloaddition to either dia-
stereotopic face of the azomethine ylide syn 1 (8),8,11 and
these are indistinguishable from these data. However, the
absolute stereochemistry of (6b) was determined by an
X-ray crystal structure (Fig. 1).

Figure 1 unequivocally establishes the absolute stereo-
chemistry of the new stereocentres created in the cyclo-
addition as 1S,3S,3aS and 6aR. Hence the cycloaddition
proceeds via endo addition to the 1 (si), 3 (re)- face of syn 1
(8). The minor isomers could not be isolated in a pure form.
The stereochemical preference for the formation of dipole
syn 1 (8) is discussed in detail later.

UPoC (4) reacted with benzaldehyde and NMM under the
same conditions over 24 h to yield a 3:1 mixture of
cycloadducts (6c) and (7c) in 78% combined yield. The
minor isomer could not be isolated in a pure form. The
stereochemistry of the major endo-product (6c) was
established from NOE data and 2D-COSY studies. Thus
irradiation of 3-H effected enhancement of coincident
signals for 3a-Hþ6a-H (4.2%) and irradiation of 1-H
effected enhancement of the signals for 3a-Hþ6a-H
(11.8%) and 3-H (4.9%). Irradiation of 3-H effected
enhancement of the signals for 30-H (8.2%) and
irradiation of 1-H effected enhancement of the

signals for 20-H (9.7%). Irradiation of 20-H effected
enhancement of the signals for 1-H (9.7%) and 3a-Hþ6a-H
(4.35%).

Reaction of (4) with 2-pyridine carboxaldehyde and NMM
occurred over 22 h in DMF at 65 8C to afford a 4:3 mixture
of cycloadducts (6d) and (7d) (52%). The isomeric mixture
could not be separated and analysis of the 1H NMR
spectrum of the mixture was difficult due to overlapping
signals. Hence the relative stereochemistry of the major
isomer was not firmly established but the protons were
assigned based on 2D-COSY studies and by analogy with
related systems.

The product from the reaction (DMF, 80 8C, 22 h) of UPoC
(4), N-phenylsulphonyl indolyl-3-aldehyde and NMM
consisted of a 1:1 mixture of cycloadducts (6e) and (7e) in
74% yield. The relative stereochemistry of the pyrrolidinyl
substituents of (6e) was established from NOE data and 2D-
COSY studies. Thus irradiation of 3a-H effected enhance-
ment of the signals for 6a-H (5.5%) and 3-H (3.5%) whilst
irradiation of 1-H effected enhancement of the signals for
6a-H (6%).

Isatin, UPoC (4) and NMM react under similar conditions
(DMF, 90 8C, 30 h) affording a 2:1 mixture of cycloadducts
(6f) and (7f) in 82% combined yield. The second most
abundant isomer could not be isolated in a pure form. The
cis-3,3a-stereochemistry of the pyrrolidine ring of the major
isomer (6f) was determined from NOE data [irradiation of
3a-H effected enhancement of the signals for 3-H (15%)]
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whilst the stereochemistry at C-1 is assigned on the basis of
previous studies.13

3. Cascade imine formation-prototropy-cycloaddition

UPoC methyl ester hydrochloride (9),14 benzaldehyde and

NMM were reacted (pyridine, MgSO4, 100 8C, 28 h) to give
a single cycloadduct (11) in 32% yield via azomethine ylide
syn 1 (10) (Scheme 1). The relative stereochemistry of the
pyrrolidinyl substituents of (11) was established from NOE
data and 2D-COSY studies. Thus irradiation of 1-H effected
enhancement of the signals for 6a-H (10.6%) whilst
irradiation of 6a-H effected enhancement of the signals for

Figure 1. X-ray crystal structure of (6b).
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1-H (10.15%) and 3a-H (8.45%). Irradiation of 3a-H
effected enhancement of the signals for 6a-H (12.3%) and
irradiation of CO2Me effected enhancement of the signals
for ArH (10.25%). Again there are two possible endo-
diastereoisomeric cycloadducts corresponding to endo-
cycloaddition to the two diastereotopic faces of dipole syn
1 (10). We have rationalised the stereocontrol in these
cycloadditions using semi-empirical calculations as
described below (Scheme 2).

4. Rationalisation of stereocontrol using semi-empirical
calculations

The stereoselectivity observed in the cycloadditions of
both dipoles (8) and (10) is remarkable, especially in light
of the fact that each dipole can adopt four possible
geometries (denoted syn 1, anti 1, syn 2, and anti 2
respectively, Scheme 2). Additionally, each of these four
geometrical isomers can undergo cycloaddition from the

Scheme 1. Stereoselective in situ formation and cycloaddition of dipole (10).

Scheme 2. Possible cycloaddition modes for syn 1, syn 2, anti 1, and anti 2 geometries of dipole (8).
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two non-equivalent dipole faces (termed re and si
respectively, where this refers to the prochirality at the
carbon of the dipole attached to the sugar moiety, Scheme 2)
and in both endo and exo modes (Scheme 2). We have used
semi-empirical calculations to probe the factors that may
give rise to the high diastereocontrol within these
cycloadditions.

4.1. (a) Decarboxylative generation and subsequent
cycloadditions of dipole (8)

We chose to investigate the cycloadditions of dipole 8,
(R1¼Me, R2¼CO2Me) with N-phenyl maleimide (NPM),
which had been observed to yield mainly one diastereo-
isomeric cycloadduct (6b) for which the stereochemistry
had been unambiguously assigned using X-ray crystal-
lography. The heats of formation of all the four geometric

Table 1. Calculated heats of formation, for 1,3-dipoles (8) and their cycloaddition transition states to NPM

Dipoles (8)/Hf
a Hf

a and imaginary vibrational frequenciesb ni of transition states from dipoles (8)

endo exo

re si re si

syn 1, 2253.47 2234.33 (2467.40) 2239.04 (2467.40) 2236.83 (2426.66) 2236.56 (2448.91)
anti 1, 2231.73 2230.80 (2447.20) 2223.67 (2425.25) 2224.54 (2513.90) 2223.67 (2498.38)
syn 2, 2247.65 2219.67 (2332.81) 2230.72 (2348.11) 2224.52 (2455.11) 2228.04 (2405.29)
anti 2, 2253.52 2234.47 (2405.29) 2237.31 (2408.59) 2239.84 (2426.35) 2239.09 (2445.19)

a Heats of formation in kcal mol21, obtained using AM1 Hamiltonian after full geometry optimisation and corrected for solvation.15

b All transition structures were characterized by observing them to have a single negative vibrational frequency corresponding to the reaction coordinate
following a normal mode analysis (figures in brackets in cm21).

Table 2. Calculated activation energies, Ea, for cycloaddition of dipoles (8)
to NPM

Entry Dipole (8) Cycloaddition activation energies, Ea
a

endo exo

re si re si

1 syn 1 19.56 14.85 17.06 17.33
2 anti 1 20.56 16.59 26.82 27.69
3 syn 2 28.40 17.34 23.55 20.03
4 anti 2 19.47 16.63 14.10 14.85

a Energies in kcal mol21. This energy is the difference between the sum of
the heats of formation of dipoleþNPM (Hf¼20.42 kcal mol21) and the
heat of formation of the corresponding transition state.

Scheme 3. Formation of 1,3-dipoles (8) from decarboxylation of imines.
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forms of dipole (8) together with the 16 possible transition
states (Scheme 2) for cycloaddition of (8) to N-phenyl
maleimide, and the corresponding activation energies are
shown in Tables 1 and 2.

Additionally, in order to establish a broad picture of the
energetics involved in the whole reaction sequence, the
generation of dipoles (8) via decarboxylative condensation
of (4) with methyl pyruvate was investigated using semi-
empirical calculations (Scheme 3). Each of the two possible
imines resulting from the initial condensation can give rise
to two particular dipoles respectively via decarboxylation
(Scheme 3). The calculated heats of formation of each of the
four decarboxylative transition states (Hf(TS)), together
with the corresponding activation energies (Ea) are given in
Table 3. Clearly these data indicate a strong preference for
the reaction to proceed via decarboxylation of the E-imine
to yield the syn 1 geometrical isomer of dipole (8), (Table 3,
entry 2). Inspection of this transition structure reveals the
existence of an intramolecular H-bond (length¼2.14 Å)
between the dipole NH and the C-2 carbonyl present on the
uracil ring. (Fig. 2).

This transition structure also contains an H-bond
(length¼2.12 Å) between the CvO within the departing
CO2 molecule and the 30-OH of the sugar (Fig. 2).

It would appear that this hydrogen bonding is important in
stabilising this particular arrangement and promoting the
formation of the syn 1 dipole. This intramolecular H-bond-
ing feature involving the dipole N–H and uracil CvO is
also apparent in the calculated structures of the syn 1- and
anti 2-dipoles and here also appears to make important
contributions in stabilising these dipole geometries (Figs. 3
and 4). The ubiquitous role of hydrogen bonding in structure
and mechanism is well known16 and these theoretical
insights suggest novel ways of controlling dipole stereo-
chemistry by distal functionality.

Another interesting feature of the transition structures from
the decarboxylations is the very long C–O bond linking the
departing CO2 fragment to the dipole (see for example,
Fig. 2). This implies that these decarboxylations are highly
asynchronous and may be tend towards being more
accurately described as involving CO2 loss from an
intermediate zwitterionic imminium carboxylate rather
than from concerted decarboxylation from an intermediate
oxazolidinone. As these calculations were performed in a
simulated DMF solvent,16 this asynchronicity would be
expected to be maximised, and it would be interesting to
investigate the effect of solvent polarity on the predicted
mechanism of decarboxylation. In our previous studies on
the stereochemistry8 and mechanism11 of related processes
we had favoured the concerted route via the oxazolidinone.

The energetically favoured E!syn 1 (8) transition state
restricts the reaction outcome to formation of an adduct
derived from the syn 1-dipole (Table 2, entry 1). Here, the
energetics clearly favour formation of the endo adduct

Table 3. Calculated heats of formation for 1,3-dipoles (8) and their
cycloaddition transition states to NPM

Entry Reaction Hf(TS)a ni
b Ea

c

1 E!anti 1 (8) 2324.72 2497.59 31.52
2 E!syn 1 (8) 2340.02 2497.59 16.22
3 Z!syn 2 (8) 2340.96 2497.59 26.71
4 Z!anti 2 (8) 2313.35 2497.59 53.32

a Heats of formation in kcal mol21, obtained using AM1 Hamiltonian after
full geometry optimisation and corrected for solvation.15

b All transition structures were characterized by observing them to have a
single negative vibrational frequency corresponding to the reaction
coordinate following a normal mode analysis (figures in brackets and
expressed in cm21).

c Energies in kcal mol21. This energy is the difference between the heat of
formation of the transition state and that calculated for the corresponding
imine (E-imine, Hf¼2356.24 kcal mol21, Z-imine, Hf¼2367.67 -
kcal mol21).

Figure 2. Calculated transition structure leading to dipole: syn 1 (8)
showing H-bonding (dashed lines).

Figure 3. Calculated structure of anti 2 (8).

Figure 4. Calculated structure of dipole syn 1 (8).
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resulting from addition to the si face of the dipole to yield
adduct (6b) in complete agreement with our experimental
observations. This diastereoselectivity appears to be a direct
consequence of the uracil-derived intramolecular H-bond-
ing which acts to lock the conformation of the dipole and
directs the attack of the dipolarophile from the least-
hindered face of the dipole.

4.2. (b) 1,2-Prototropic generation and subsequent
cycloadditions of dipole (10)

Similar geometrical outcomes to those for the cyclo-
additions of dipole (8) can be applied to the reaction of
dipole (10) with NMM (Scheme 4).

The calculated heats of formation of the transition states and
the corresponding activation energies for these various
cycloaddition modes are given in Tables 4 and 5.

Unlike the case for the generation of dipoles (8) via
irreversible decarboxylation, the generation of dipoles (10)
presumably involves a reversible formal 1,2-prototropic
shift in the initially formed imines following the conden-
sation reaction. In terms of thermodynamic stability, this
means that syn 1 dipole (10) will dominate this equilibrium
as it is between 4.5 and 12 kcal mol21 lower in energy than
the alternative dipole geometries (Table 4, column 1). It is
interesting that in the case of dipole (10), although the
intramolecular H-bonding involving the uracil ring and the

Scheme 4.Possible cycloaddition modes forsyn1,syn 2, anti 1, andanti 2 geometries of dipole (10).

Table 4. Calculated heats of formation for 1,3-dipoles (10) and their cycloaddition transition states to NMM

Dipoles (10)/H

f
a

Hf
a

and imaginary vibrational frequenciesb n iof transition states from dipoles ( 10)

endo exo

re si re si

syn1,2242.02 2232.49 (2467730) 2233746 (2467730) 2214713 (2465735) 2227.23 (2414798)
anti 1 2237.62 2234.32 (2468.48) 2232.51 (2460.66) 2235.90 (2513.90) 2239.69 (2475.91)

syn2, 2229.95 2225778 ( 2426792) 2220.20 ( 2462.49) 2222.23 ( 2523.90) 2217778 ( 2465.52)
anti 2, 2230.632224.68 ( 2460.71) 2140.75 ( 2528785) 2216.74 ( 2516.78) 2215.63 ( 2465.52) a Heats of formation in kcal mol21, obtained using AM1 Hamiltonian after full geometry optimisation and corrected for solvation.15

b

All transition structures were characterized by observing them to have a single negative vibrational frequency corresponding to the reaction coordinate
following a normal mode analysis (figures in brackets and expressed in cm21 ).
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dipole N–H is present in the anti 1 and syn 2 geometries,
these are not the most stable forms and both are higher in
energy than the syn 1 form in which this H-bonding is
absent. It is noted however that the syn 1 dipole has a
considerably greater calculated electronic dipole moment
(5.95 D in a simulated solvent environment) compared
to that of either the anti 1 (2.44 D) or the syn 2 (2.02 D)
dipoles and so presumably derives considerable
stabilisation from the fact that the calculations were
performed where solvation from a polar solvent is
simulated.15

Within the possible transition structures resulting from
cycloaddition of the syn 1 dipole, those due to an endo
approach of the dipolarophile are clearly favoured over the
exo-derived systems (entry 1, Table 5). The predicted
balance between either si or re addition is essentially even
however, with si addition only very slightly favoured over
re. In fact, as described above, this reaction gives a
moderate yield of adduct (11) whose stereochemistry
corresponds to the predicted syn 1-endo-si cycloaddition
mode. Based on our calculations, we would expect some of
the alternative syn 1-endo-re adduct to have also been
obtained, and although no other cycloadducts could be
isolated from the reaction mixture, we cannot rule out the
possible presence of this isomer.

In summary, condensation of either UPoC itself or the
corresponding ester with aldehydes and ketones gives ready
access to 1,3-dipoles either via formal 1,2-prototropic- or
decarboxylative processes respectively.

The geometry within these 1,3-dipoles is predicted to be
highly stereodefined and, due to their inherent asymmetry,
they can undergo diastereoselective cycloadditions.

This stereocontrol is predicted to be particularly relevant in
the case of the dipoles (8) derived from decarboxylation,
where an intramolecular H-bond involving the N–H of the
dipole and a carbonyl group of the uracil moiety restricts
the conformational flexibility of the dipole relative to the
sugar moiety and results in highly diastereoselective
reactions via cycloaddition occurring from the most
accessible face of the dipole. It should be possible to design
a range of systems which take advantage of this ability
to define the diastereofacial selectivity of such dipoles
via remote H-bonding using appropriately-positioned
substituents.

4.3. Bioactivity of compounds

The nikkomycin analogues (6a-f) were inactive at 125 mg/
ml when tested against strains of Aspergillus fumigatus, and
Candida albians.

5. Experimental

5.1. General

Nuclear magnetic resonance spectra were determined at
300, 400, 500 MHz Bruker spectrometers as specified.
Chemical shifts are given in parts per million (d) downfield
from tetramethylsilane as internal standard. Spectra were
determined in the solvent specified. The following
abbreviations are used; s¼singlet, d¼doublet, t¼triplet,
q¼quartet, m¼multiplet, br¼broad, brs¼broad singlet and
app¼apparent.

Flash column chromatography was performed using silica
gel 60 (230–400 mesh). Melting points were determined on
a Kofler hot stage apparatus and are uncorrected. Micro-
analyses were obtained using a Carlo–Erba Model 1106
instrument. Mass spectra were recorded at 70 eV on a VG
Autospec mass spectrometer. Specific rotations were
measured at ambient temperature with an Optical Activity
Ltd, AA-1000 polarimeter. All solvents were purified
according to procedures given in Purification of Laboratory
Chemicals, D. D. Perrin, W. L. F. Armarego, D. R. Perrin,
Permagon Press, 1980.

5.1.1. Cycloadducts (6a) and (7a). A mixture of uracil
polyoxin C (UpoC) (4) (0.1 g, 0.35 mmol), methyl pyruvate
(0.071 g, 0.7 mmol) and NMM (0.04 g, 0.35 mmol) in
degassed DMF (10 ml) was stirred and heated from room
temperature to 70 8C over 30 min and heating at this
temperature was maintained for 26 h under a N2

atmosphere. Flash chromatography, eluting with 9:1 v/v
EtOAc–ethanol afforded the product (0.144 g, 94%) as a
9:1 mixture of (6a) and (7a). Attempts to separate the
isomers by crystallisation from CH2Cl2–petroleum ether
(60–80 8C) resulted in the same 9:1 isomeric mixture as
pale yellow prisms. The minor isomer could not be isolated
in a pure form and was not studied further. Mp (mixed
isomers) 147–152 8C, [a]D

20¼þ50.8 (C, 1 g/100 ml, EtOH).
Found: C, 48.15; H, 4.6; N, 10.10. C18H22N4O9.0.5H2O
requires: C, 48.3; H, 4.9; N, 12.5%. HRMS: 438.1465,
C18H22N4O9 requires: 438.1474. m/z (%) (FAB): 439
(Mþ1, 49), 379 (5), 227 (29), 149 (9), 97 (31), 83 (43),
69 (61) and 55 (100).

5.1.2. Major isomer (6a): (1R ,3S ,3aR ,6aS)-3-
[(20R,30S,40R,50R)-50-(200,400-dioxo-300,500-dihydro-2H-pyri-
midin-100-yl)-300,400-dihydroxy-tetrahydro-furan-2-yl]-
1,5-dimethyl-4,6-dioxo-octahydro-pyrrolo[3,4-c]pyr-
role-1-carboxylic acid methyl ester). d (300 MHz)
(acetone-d6) assigned from the spectrum of the mixture:
9.96 (br, 1H, NHCvO), 8.32 (d, 1H, J¼8.1 Hz, 600-H), 5.84
(d, 1H, J¼5.2 Hz, 50-H), 5.5 (d, 1H, J¼8.1 Hz, 500-H), 4.2
(m, 3H, 20-H, 30-H, 40-H), 4.0 (app. d, 1H, J¼9.8 Hz, 3-H),
3.73 (s, 3H, CO2Me), 3.51 (dd, 1H, J¼8.1, 9.8 Hz, 3a-H),
3.32 (d, 1H, J¼8.1 Hz, 6a-H), 2.6 (s, 3H, NMe) and 1.46 (s,

Table 5. Calculated activation energies, Ea, for cycloaddition of dipoles
(10) to NMM

Entry Dipole (10) Cycloaddition activation energies, Ea
a

endo exo

re si re si

1 syn 1 20.59 19.62 38.95 25.85
2 anti 1 21.53 23.34 19.95 16.16
3 syn 2 22.54 28.12 26.23 30.54
4 anti 2 22.45 106.38 30.39 26.06

a Energies in kcal mol21. This energy is the difference between the sum of
the heats of formation of dipoleþNMM (Hf¼211.06 kcal mol21) and the
heat of formation of the corresponding transition state.
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3H, Me). NOE data:

5.1.3. Cycloadducts (6b) and (7b). A stirred mixture of
(UpoC) (4) (0.1 g, 0.35 mmol), methyl pyruvate (0.071 g,
0.7 mmol) and NPM (0.060 g, 0.35 mmol) in degassed
DMF (10 ml) was heated from room temperature to 70 8C
over 30 min and heating at this temperature was maintained

for 26 h under a N2 atmosphere. Flash chromatography,
eluting with 10:1 v/v EtOAc–ethanol afforded the product
(0.168 g, 96%) as a 12:1 mixture of (6b) and (7b) as a pale
yellow amorphous solid. HPLC separation employed a
Luna, C18 (2) 10 mm 250£4.6 mm, column eluting with
15:85 v/v MeCN/H2O, flow rate: 0.7 ml/min with UV
detection at 254 nm. The major isomer was obtained as
pale yellow needles. Mp 161–164 8C, [a]D

20¼þ60.2 (C,
1 g/100 ml, EtOH). Found (mixed isomers): C, 53.6; H,
4.95; N, 10.2 C23H24N4O9.H2O requires: C, 53.3; H, 5.0; N,
10.8%. HRMS(ES): 523.1436, C18H23N4O9Na requires:
523.1441. m/z (%) (FAB): 501 (Mþ1, 100), 441 (10), 329
(9), 287 (25) and 149 (10).

5.1.4. Major isomer (6b): (1R ,3S ,3aR ,6aS)-3-

[(20R,30S,40R,50R)-50-(200,400-dioxo-300,500-dihydro-2H-pyri-
midin-100-yl)-300,400-dihydroxy-tetrahydro-furan-2-yl]-1-
methyl-4,6-dioxo-5-phenyl-octahydro-pyrrolo[3,4-
c]pyrrole-1-carboxylic acid methyl ester). d (500 MHz)
(acetone-d6): 9.85 (br, 1H, NHCvO), 8.34 (d, 1H,
J¼8.1 Hz, 600-H), 7.30 (m, 3H, Ar-H), 7.15 (m, 2H, Ar-H),
5.98 (d, 1H, J¼5.8 Hz, 50-H), 5.45 (d, 1H, J¼8.1 Hz, 500-H),
4.62 (br, 1H, NH), 4.45 (m, 1H, 20-H), 4.41 (m, 1H, 40-H),
4.38 (m, 1H, 30-H), 4.10 (app. d, 1H, J¼8.6 Hz, 3-H), 3.74
(s, 3H, CO2Me), 3.68 (dd, 1H, J¼8.6, 9.0 Hz, 3a-H), 3.59
(d, 1H, J¼9.0 Hz, 6a-H), 2.76 (br, 2H, OH) and 1.54 (s, 3H,
Me). 13C(125 MHz) (acetone-d6): 23.37 (CH), 46.34 (CH),
51.6 (CH), 55.89 (CH), 59.88 (CH), 67.28 (q), 72.33 (CH),
73.07 (CH), 81.83 (CH), 88.82 (CH), 102.49 (CH), 126.23
(2C, CH), 127.75 (CH), 128.34 (2C, CH), 132.95 (q), 141.86
(CH), 150.84 (q), 162.37 (q), 172.9 (q), 174.45 (q), 175.01
(q). m/z (%) (ES): 523 (MþNa, 100). NOE data:

5.1.5. Cycloadducts (6c) and (7c). A stirred mixture of
uracil polyoxin C(4) (0.1 g, 0.35 mmol), benzaldehyde
(0.09 g, 0.76 mmol) and NMM (0.04 g, 0.35 mmol) in

Enhancement (%)

Signal irradiated 600-H 50-H 500-H 20-H, 30-H, 40-H 3-H 3a-H Me 6a-H CO2Me

600-H 2.5 8.2 4.25
50-H 4.3
500-H 3.1
20-H, 30-H, 40-H 2.0 3.65 3.05
3-H 1.3 11.3 7.95 6.0
3a-H 4.3 5.65 4.4
6a-H 1.75 2.75 2.0
CO2Me 3.0
Me 2.25 4.6

Enhancement (%)

Signal irradiated 600-H 50-H 500-H 40-H 3-H 3a-H 30-H 6a-H CO2Me

600-H 4.65 13.8
500-H 7.67
20-H 1.0 3.0 6.2
3-H 8.8 10.0 3.2
6a-H 16.7 3.3
CO2Me 1.0
Me 2.65 1.0 3.9 1.0
40-H 9.0 2.0
30-H 5.5 3.2
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degassed DMF (10 ml) was heated from room temperature
to 80 8C over 30 min and heating at this temperature was
maintained for 22 h under a N2 atmosphere. Flash
chromatography, eluting with 9:1 v/v EtOAc–ethanol
afforded the product (0.121 g, 78%) as a 3:1 mixture of
(6c) and (7c). The isomeric mixture crystallised from
CH2Cl2–petroleum ether (60–80 8C) as pale yellow prisms.
Mp 173–177 8C. Found: C, 55.25; H, 4.95; N, 12.5,
C21H22N4O7.0.5H2O requires: C, 55.85; H, 5.15; N,
12.4%. HRMS: 442.1488. C21H22N4O7 requires: 442.1495
m/z (%) (FAB): 443 (Mþ1, 100), 331 (19), 229 (55), 144
(18) and 69 (22).

5.1.6. Major isomer (6c): (1R ,3S ,3aR ,6aS)-3-
[(20R,30S,40R,50R)-50-(20,40-dioxo-30,50-dihydro-2H-pyri-
midin-100-yl)-300,400-dihydroxy-tetrahydro-furan-2-yl]-5-
methyl-1-phenyl-tetrahydro-pyrrolo[3,4-c]pyrrole-4,6-
dione). d (400 MHz) (acetone-d6) assigned from the
spectrum of the isomeric mixture: 10.2 (br, 1H,
NHCvO), 7.8 (d, 1H, J¼8.1 Hz, 600-H), 7.3–7.2 (m, 5H,
Ar-H), 5.90 (d, 1H, J¼4.5 Hz, 50-H), 5.61 (d, 1H, J¼8.1 Hz,
500-H), 4.8 (d, 1H, J¼8.4 Hz, 1-H), 4.0 (m, 1H, 40-H), 4.33
(m, 1H, 30-H), 4.41 (m, 1H, 20-H), 3.90 (app. d, 1H,
J¼7.5 Hz, 3-H), 3.56–3.49 (m, 2H, 3a-H and 6a-H) and
2.74 (s, 3H, NMe). NOE data:

5.1.7. Minor isomer(7c): (1S ,3R ,3aS ,6aR ) -3-
[(20R,30S,40R,50R)-50-(20,40-dioxo-30,50-dihydro-2H-pyri-
midin-100-yl)-300,400-dihydroxy-tetrahydro-furan-2-yl]-5-
methyl-1-phenyl-tetrahydro-pyrrolo[3,4-c]pyrrole-4,6-
dione. d (400 MHz) (acetone-d6) assigned from the
spectrum of the isomeric mixture: 10.2 (br, 1H,
NHCvO), 7.8 (d, 1H, J¼8.1 Hz, 600-H), 7.3–7.2 (m, 5H,
Ar-H), 5.90 (d, 1H, J¼4.5 Hz, 50-H), 5.72 (d, 1H, J¼8.1 Hz,

500-H), 4.9 (d, 1H, J¼8.4 Hz, 1-H), 4.65 (m, 1H, 40-H), 4.40
(m, 1H, 30-H), 4.41 (m, 1H, 20-H), 3.90 (app. d, 1H,
J¼7.5 Hz, 3-H), 3.56–3.49 (m, 2H, 3a-H and 6a-H) and
2.73 (s, 3H, NMe).

5.1.8. Cycloadducts (6d) and (7d): (1R,3S,3aR,6aS)-3-
[(20R,30S,40R,50R)-50-(200,400-dioxo-30,50-dihydro-2H-pyri-
midin-100-yl)-300,400-dihydroxy-tetrahydro-furan-2-yl]-5-
methyl-1-pyridin-2yl-tetrahydro-pyrrolo[3,4-c]pyrrole-
4,6-dione) and (1S,3R,3aS,6aR)-3-[(20R,30S,40R,50R)-50-
(200,400-dioxo-30,50-dihydro-2H-pyrimidin-100-yl)-300,400-
dihydroxy-tetrahydro-furan-2-yl]-5-methyl-1-pyridin-
2yl-tetrahydro-pyrrolo[3,4-c]pyrrole-4,6-dione). A stirred

mixture of uracil polyoxin C(4) (0.1 g, 0.35 mmol),
pyridine-2-carboxaldehyde (0.15 g, 1.4 mmol) and NMM
(0.04 g, 0.35 mmol) in degassed DMF (10 ml) was heated
from room temperature to 65 8C over 30 min and heating at
this temperature was maintained for 24 h under a N2

atmosphere. Flash chromatography, eluting with 9:1 v/v
EtOAc–ethanol afforded the product (0.08 g, 55%) as a 4:3
mixture of isomers together with trace amounts of a third
isomer. The mixed isomers crystallised from CH2Cl2–
petroleum ether (60–80 8C) as pale yellow prisms. Mp
169–174 8C. HRMS: 443.1446, C20H21N5O7 requires:
443.1441, d (400 MHz) (MeOH-d4) (mixed isomers): 8.44
(d, 1H, J¼4.8 Hz, pyridine-H, isomers), 7.83 (d, 1H,
J¼8.1 Hz, 600-H, isomers), 7.72 (m, 1H, pyridine-H,
isomers), 7.82 and 7.25 (2£m, 2H, pyridine H), 5.85 and
5.82 (2£d, 1H, J¼4.7 Hz, 6a-H and 50-H isomers), 5.77 and
5.65 (2£d, 1H, J¼8.1 Hz, 500-H, isomers), 4.28 (m, 2H, 1-H,
and 40-H, isomers), 4.01 (m, 2H, 6a-H and 30-H, isomers),
3.61 and 3.46 (2£m, 3H, 3a-H, 20-H and 30-H isomers) and
2.75 (25, 3H, NMe, isomers). m/z (%) (FAB): 444 (Mþ1,
94), 332 (12), 230 (32), 113 (45), 97 (23), 83 (46), 69 (77)
and 57 (100).

Enhancement (%)

Signal irradiated 600-H 50-H 500-H 1-H 40-H 30-H 20-H 3-H 3a-H, 6a-H Ar-H

600-H 5.5 7.5
50-H 3.5 2.5 2.7
500- 7.2
1-H 9.7 4.9 11.8 12.6
40-H 5.2
30-H 3.45 5.7 4.1 7.7 4.35
20-H 4.5 5.65 4.7
3-H 8.2 4.2
3a-H, 6a-H 6.2 4.2 5.5 4.2
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5.1.9. Cycloadducts (6e) and (7e): (1R,3S,3aR,6aS)-1-(1-
benzenesulphonyl-1-H-indol-3-yl)-3-[(20R,30S,40R,50R)-
50-(200,400-dioxo-300,400-dihydro-2H-pyrimidin-1-yl)-300,400-
dihydroxy-tetrahidro-furan-2-yl]-5-methyl-tetrahydro-
pyrrolo[3,4-c]pyrrole-4,6-dione) (6e) and (1S,3R,
3aS,6aR)-1-(1-benzenesulphonyl-1-H-indol-3-yl)-3-
[(20R,30S,40R,50R)-50-(200,400-dioxo-300,400-dihydro-2H-pyri-
midin-1-yl)-300,400-dihydroxy-tetrahydro-furan-2-yl]-5-
methyl-tetrahydro-pyrrolo[3,4-c]pyrrole-4,6-dione)
(7e). A stirred mixture of uracil polyoxin C (0.1 g,
0.35 mmol), N-sulphonyl indole-3-carboxaldehyde (0.19 g,
0.7 mmol) and NMM (0.04 g, 0.35 mmol) in degassed DMF
(10 ml) was heated from room temparature to 80 8C over
30 min and heating at this temperature was maintained for
24 h under N2. Flash chromatography, eluting with 9:1 v/v
EtOAc–ethanol afforded the product (0.16 g, 72%) as a 1:1
mixture of isomers. Crystallisation from CH2Cl2–petroleum
ether (60–80 8C) gave one isomer, slightly contaminated with
the other isomer, as pale yellow amorphous solid. Mp 167–
171 8C. [a]D

20¼þ12 (0.5 g/100 ml EtOH. Found (mixed
isomers): C, 54.75; H, 4.7; N, 10.7; S, 4.95; C29H27N5O9

S.H2O: C, 54.45; H, 4.5; N, 10.90, S, 5.0%. m/z (%) (FAB):
622 (Mþ1, 100), 510 (19), 480 (22), 408 (28) and 365 (14),
113 (19), 97 (31), 83 (45) and 69 (74).

Compound (6e). Found: C, 55.35; H, 4.55; N, 10.75: S, 5.1,
C29H27N5O9 S.0.5H2O requires: C, 55.25; H, 4.45; N, 11.1,
S, 5.1%. HRMS: 621.1517 C29H27N5O9 S.H2O requires:
621.1529. d (400 MHz) (Methanol-d6): 10.2 (br, 1H,
NHCvO), 8.4–7.6 (m, 11H, Ar-H, 600-H and CHvC),
5.80 (d, 1H, 4.5 Hz, 50-H), 5.32 (d, 1H, J¼8.1 Hz, 500-H), 4.9
(br, 1H, 20-H), 4.40–4.35 (m, 2H, 40-Hþ2-H), 4.30 (app. t,
1H, J¼4.6 Hz, 1-H), 3.94 (dd, 1H, J¼8.9, 4.6 Hz, 6a-H),
3.90 (app. d, 1H, J¼7.0 Hz, 3-H), 3.75 (d, 1H, J¼7.8 Hz, 30-
H), 3.66 (dd, 1H, J¼8.9, 7.0 Hz, 3a-H) and 2.85 (s, 3H,
NMe). m/z (%) (FAB): 622 (MþH, 100), 510 (21), 408 (42),
127 (44), 113 (35) and 69 (23).

5.1.10. Cycloadducts (6f) and (7f). A mixture of uracil
polyoxin C(4) (0.1 g, 0.35 mmol), isatin (0.12 g,
0.70 mmol) and NMM (0.04 g, 0.35 mmol) in degassed
DMF (10 ml) was heated from room temperature to 90 8C
over 30 min and heating at this temperature was maintained
for 30 h under a N2 atmosphere. Flash chromatography,
eluting with 9:1 v/v EtOAc–ethanol afforded the product
(0.138 g, 82%) as a 2:1 isomer mixture. Crystallisation from
CH2Cl2–petroleum ether (60–80 8C) resulted in the same
2:1 isomeric mixture as a pale yellow amorphous solid. Mp
254–259 8C. Found (mixed isomers): C, 50.6; H, 4.5; N,
13.8. C22H22N5O8 2.H2O requires: C, 50.85; H, 4.8; N,
13.5%. m/z (%) (FAB): 484 (Mþ1, 100), 312 (20), 270 (51),
185 (20), 113 (20) and 77 (10).

5.1.11. Major isomer (6f). d (400 MHz) (MeOH-d4)
assigned from the spectrum of the isomeric mixture: 8.0
(d, 1H, J¼8.1 Hz, 6”-H), 7.3–6.8 (m, 4H, Ar-H), 5.80 (d,
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1H, J¼4.8 Hz, 50-H), 5.64 (d, 1H, J¼8.1 Hz, 500-H), 4.61 (d,
1H, J¼8.2 Hz, 6a-H), 4.42 (m, 1H, 20-H), 4.15 (m, 2H, 30-
Hþ40-H), 3.72 (app. t, 1H, J¼8.2 Hz, 3a-H), 3.43 (app. d,
1H, J¼8.2 Hz, 3-H) and 2.91 (s, 3H, NMe).

5.1.12. Minor isomer (7f). d (400 MHz) (MeOH-d4)
assigned from the spectrum of the isomeric mixture: 7.68
(d, 1H, J¼8.1 Hz, 600-H), 7.3–6.8 (m, 4H, Ar-H), 5.82 (d,
1H, J¼4.8 Hz, 50-H), 5.73 (d, 1H, J¼8.1 Hz, 500-H), 4.63 (d,
1H, J¼8.6 Hz, 6a-H), 4.24 (m, 1H, 20-H), 4.15 (m, 2H, 30-
Hþ40-H), 4.52 (dd, 1H, J¼8.6, 7.8 Hz, 3a-H), 3.50 (app. d,
1H, J¼7.8 Hz, 3-H) and 3.0 (s, 3H, NMe).

5.1.13. (1S,3S,3aS,6aR)-3-[(20R,30S,40R,50R)-50-(200,400-
Dioxo-3 00,4 00-dihydro-2H-pyrimidin-1-yl)-3 00,4 00-di-
hydroxy-tetrahydro-furan-2-yl]-5-methyl-4,6-dioxo-1-
phenyl-octahydro-pyrrolo[3,4-c]pyrrole-1-carboxylic
acid methyl ester) (11). UPoC methyl ester hydrochloride
(9)13 (0.15 g, 0.45 mmol), NMM (0.055 g, 0.5 mmol),
benzaldehyde (0.1 g, 0.9 mmol) and anhydrous magnesium
sulphate (0.5 g) were stirred in pyridine (15 ml) at 100 8C
for 28 h. Dichloromethane was added to the cooled solution
which was then washed with water (2£20 ml), dried
(MgSO4), filtered and the filtrate evaporated under reduced
pressure. Flash chromatography of the residue, eluting with
9:1 v/v EtOAc–EtOH afforded (11) (0.07 g, 32%) as a brown
solid. Attempted crystallisation from CH2Cl2–petroleum
ether (60–80 8C) afforded a pale brown amorphous solid.
Mp 154–159 8C. HRMS: 500.1569, C23H24N4O9 requires:
500.1569, d (400 MHz), (acetone-d6): 10.1 (br, 1H,
NHCvO), 7.66 (d, 1H, J¼8.1 Hz, 600-H), 7.4–7.1 (m, 5H,
Ar-H), 5.65 (m, 2H, 50-H, 500-H), 5.16 (t, 1H, J¼6.1 Hz, 20-H),
5.0 (1H, d, J¼6.8 Hz, NH), 4.94 (dd, 1H, J¼8.2, 6.8 Hz, 1-H),
3.78 (dd, 1H, J¼8.2, 5.1 Hz, 6a-H), 3.45 (d, 1H, J¼5.1 Hz,
3a-H), 3.43 (s, 3H, OMe) and 2.80 (s, 3H, NMe). m/z (%)
(FAB): 501 (Mþ1, 10), 149 (20), 109 (18), 95 (34), 81 (48), 69
(72) and 55 (100). NOE data:

5.2. Single-crystal X-ray analysis

Crystallographic data for 6b was measured on a Nonius
Kappa CCD area-detector diffractometer using a mixture of
area detector v- and f-scans and graphite monochromated
Mo Ka radiation (l¼0.71073 Å). The structure was
solved by direct methods using SHELXS-8617 and were
refined by full-matrix least-squares (based on F 2) using
SHELXL-97.18 The weighting scheme used was
w¼[s 2(Fo

2)þ(0.1148P)2þ3.8871P]21 where P¼(Fo
2þ2Fc

2)/
3. All non-hydrogen atoms were refined with anisotropic
displacement parameters whilst hydrogen atoms were
constrained to predicted positions using a riding model.
The final absolute configuration was based on the
known chirality of the uracil polyoxin starting material.
The residuals wR2 and R1, given below, are defined as
wR2¼(

P
[w(Fo

22Fc
2)2]/

P
[wFo

2]2)1/2 and R1¼
P
llFol2lFcll/P

lFol.

Full supplementary crystallographic data, which include
hydrogen co-ordinates, thermal parameters and complete
bond lengths and angles, have been deposited at the
Cambridge Crystallographic Data Centre and are available
on request.(6b, CCDC 214092).

Crystal data for 6b. C23H24N4O9·H2O,
0.31£0.31£0.13 mm, M¼518.48, trigonal, space group
R3̄, a¼25.5247(9), c¼9.9448(3) Å, U¼5611.1(3) Å3,
Z¼4, Dc¼1.38 Mg m23, m¼0.11 mm21, F(000)¼2448,
T¼150 K.

Data collection. 1.0,2u,52.08; 4863 unique data were
collected [Rint¼0.052]; 4248 reflections with Fo .4.0
s(Fo).

Structure refinement. Number of parameters¼339, good-
ness of fit, s¼1.043; wR2¼0.1698, R1¼0.0607.
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