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8-Substituted 2-morpholin-4-yl-quinolin-4-ones and 9-substituted 2-morpholin-4-yl-
pyrido[1,2-a]pyrimidin-4-ones with selected aryl and heteroaryl groups as the substituent have been
synthesised as potential inhibitors of DNA-dependent protein kinase. A multiple-parallel approach,
employing Suzuki cross-coupling methodology, was utilised in the preparation of 8-substituted
2-morpholin-4-yl-quinolin-4-ones. For this purpose 8-bromo-2-morpholin-4-yl-quinolin-4-one was
required as an intermediate. This compound was obtained by adapting a literature route in which
thermal cyclocondensation of (2-bromoanilino)-morpholin-4-yl-5-methylene-2,2-dimethyl[1,3]dioxane-
4,6-dione afforded 8-bromo-2-morpholin-4-yl-quinolin-4-one. A multiple-parallel approach, employing
Suzuki cross-coupling methodology, was also utilised to prepare 9-substituted 2-morpholin-4-yl-
pyrido[1,2-a]pyrimidin-4-ones using 9-hydroxy-2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-one
O-trifluoromethanesulfonate as an intermediate. 8-Substituted 2-morpholin-4-yl-quinolin-4-ones and
9-substituted 2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-ones were both inhibitors of DNA-dependent
protein kinase. When the substituent was dibenzothiophen-4-yl, dibenzofuran-4-yl or biphen-3-yl, IC50


values in the low nanomolar range were observed. Interestingly, the pyridopyrimidinones and
quinolinones were essentially equipotent with the corresponding 8-substituted 2-morpholin-4-
yl-chromen-4-ones previously reported (I. R. Hardcastle, X. Cockcroft, N. J. Curtin, M. Desage
El-Murr, J. J. J. Leahy, M. Stockley, B. T. Golding, L. Rigoreau, C. Richardson, G. C. M. Smith and
R. J. Griffin, J. Med. Chem., 2005, 48, 7829–7846).


Introduction


DNA-dependent protein kinase (DNA-PK), a member of the
phosphatidyl inositol (PI3)-kinase related kinase (PIKK) family,
is a multi-component serine/threonine protein kinase that plays a
key role in the repair of mammalian DNA double-strand breaks
(DSBs).1 Selective DNA-PK inhibitors could be useful for defining
the role of DNA-PK. In addition, by impeding DNA DSB repair,
DNA-PK inhibitors have potential application as radio- and
chemo-potentiators in the treatment of cancer. 8-Aryl-substituted
2-morpholin-4-yl-chromenones (e.g. 1a–1g) have been shown to
be potent and selective inhibitors of DNA-PK.2 Structure–activity
studies and homology modelling have shown the importance of
the morpholinyl oxygen atom and chromenone carbonyl oxygen
as hydrogen bond donors to specific groups in the protein target.2,3


To probe whether alterations to the core heterocycle at positions
other than the carbonyl group would be tolerated we have
synthesised 8-substituted 2-morpholin-4-yl-quinolin-4-ones 2a–
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2g and 9-substituted 2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-
ones 3a–3f. The 8-substituent in 2a–2g and the 9-substituent in
3a–3f are selected aryl and heteroaryl groups, some of which are
known to confer high potency in 8-substituted 2-morpholin-4-
yl-chromenones. We show that the 8-substituted 2-morpholin-
4-yl-quinolin-4-ones 2a–2g and 9-substituted 2-morpholin-
4-yl-pyrido[1,2-a]pyrimidin-4-ones 3a–3f are equipotent with
the corresponding 8-aryl 2-morpholin-4-yl-chromen-4-ones
(1a–1g).2


Results and discussion


Synthesis of 8-substituted 2-morpholin-4-yl-quinolin-4-ones


Previous investigators4,5 have demonstrated the synthesis of
2,6-disubstituted quinolin-4-ones from 5-(bis-methylsulfanyl-
methylene)-2,2-dimethyl[1,3]dioxane-4,6-dione 4, which is easily
prepared from Meldrum’s acid (2,2-dimethyl[1,3]dioxane-4,6-
dione).6 Sequential displacement of the methylsulfanyl groups
of 4 with amines, one of which was p-bromoaniline, to give e.g.
5, followed by heating of this intermediate in diphenyl ether or
polyphosphoric acid gave 2,6-disubstituted quinolin-4-ones, e.g. 6.
The mechanism of the cyclisation step in this remarkable sequence
was proposed to involve an imidoylketene.7 To access 8-substituted
2-morpholin-4-yl-quinolin-4-ones 2a–2g we envisaged using 8-
bromo-2-morpholin-4-yl-quinolin-4-one 7 as an intermediate for
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Suzuki couplings, with 7 being derived from 4 in an analogous
manner to that described3,4 for 2,6-disubstituted quinolin-4-ones.


We have found an improved methodology leading to substi-
tuted quinolin-4-ones from 4 and have uncovered some further
mechanistic features. Reaction of 4 with 2-bromoaniline proceeded
smoothly in 2,2,2-trifluoroethanol (TFE) solvent at reflux giv-
ing 5-[2-bromoanilino-(methylthio)-methylene]-2,2-dimethyl-4,6-
dione 8 in 88% yield. This step was accomplished even more
efficiently by prior oxidation of 4 with 3-chloroperbenzoic acid
(mCPBA), which enabled reaction with 2-bromoaniline in TFE to
occur at room temperature. Reaction of 8 with 2 mole equiv. of
morpholine in TFE at reflux gave (2-bromoanilino)-morpholin-4-
yl-5-methylene-2,2-dimethyl[1,3]dioxane-4,6-dione 9 (64%). In an
analogous manner to that described for e.g. 5,3,4,8 heating 9 at reflux
in diphenyl ether gave 8-bromo-2-morpholin-4-yl-quinolin-4-one
7 (84%). A one-pot conversion of 8 into 7 was achieved by initial
heating of 8 with 2 mole equivalents of morpholine in diphenyl
ether at 90 ◦C for 18 hours, followed by raising the temperature
to 260 ◦C for 3 hours.8 In an attempt to conduct this sequence at
lower temperature we found that heating 8 with 2 mole equiv. of
morpholine at 90 ◦C for 18 hours and then at 200 ◦C for 1 hour led
to a different product, which was identified as 3-(2-bromoanilino)-
3-morpholin-4-yl-propionamide morpholinamide 10a by crystal
structure analysis‡ (Fig. 1, Supplementary Information†). Heating
10a in diphenyl ether at 250 ◦C gave 7 (47%).


These experiments show that whilst 7 can undoubtedly be
derived directly from 9 without addition of further morpholine,3,4,8


there is an alternative pathway to 7 via 10a. The latter may proceed
via an electrocyclic process, involving the tautomer 10b, which
leads to an intermediate that expels morpholine. The fact that 7
can also arise by thermolysis of 10a/10b raises the question as
to whether the precursor of 7 in the one-pot reaction described
using 2 mole equivalents of morpholine is 9 or 10a/10b. Actually,
heating 8 with 1 mole equivalent of morpholine in diphenyl ether at
100 ◦C gave 9, from which 7 was derived by raising the temperature
to 250 ◦C. However, under these conditions a by-product was
11. Monitoring a one-pot reaction by HPLC showed that 8 with
2 mole equivalents of morpholine at 100 ◦C gave exclusively 9
after 1 hour. Heating the mixture at 150 ◦C for 16 hours afforded


‡ CCDC reference numbers 647931 and 647932. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b705095j


10a. When the temperature was raised from 100 ◦C to 200 ◦C
10a was obtained within 30 minutes. Finally heating at 250 ◦C
for 3 hours gave 7. The experiments performed (summarised in
Scheme 1) show that efficient formation of 7 from 8 in a one-pot
system occurs better with 2 mole equiv. rather than 1 mole equiv. of
morpholine and that although 9 is an intermediate, the immediate
precursor of 7 is 10a/10b.


Suzuki reactions were performed on compound 7 leading
to 8-substituted 2-morpholin-4-yl-quinolin-4-ones 2a–2g. The
couplings were optimised using a 24-reaction GreenHouseTM,
which led to the selection of potassium carbonate as base with
tetrakis(triphenylphosphine)palladium(0) as catalyst in dioxane
solvent.


Synthesis of 9-substituted
2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-ones


A key intermediate for the synthesis of 9-substituted 2-
morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-ones 3a–3f was 2,9-
dihydroxypyrido[1,2-a]pyrimidin-4-one 12, which was prepared
by heating 2-amino-3-hydroxypyridine with either diethyl mal-
onate or di-(2,4,6-trichlorophenyl) malonate (Scheme 2).9,10 This
method followed closely the published syntheses of 12, the
parent 2-hydroxypyrido[1,2-a]pyrimidin-4-one 13 and related
compounds.9,11,12 The 2-hydroxyl group of 12 was selectively
chlorinated by reaction with an excess of phosphorus oxy-
chloride to afford 2-chloro-9-hydroxypyrido[1,2-a]pyrimidin-4-
one 14. Displacement of the chloro function of 14 with mor-
pholine gave 9-hydroxy-2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-
4-one 15, quantitatively. Compound 15 has been reported in the
patent literature as a precursor to inhibitors of phosphoinositol
3-kinase, but without details of its preparation.13 Finally, 15 was
converted into the corresponding 9-O-triflate 16 by reaction with
trifluoromethanesulfonic (triflic) anhydride. The structure of 16
was unambiguously determined as 9-hydroxy-2-morpholin-4-yl-
pyrido[1,2-a]pyrimidin-4-one O-trifluoromethanesulfonate by an
X-ray crystal structure analysis‡ (Figs. 2 and 3, Supplemen-
tary Information†). 9-Substituted 2-morpholin-4-yl-pyrido[1,2-
a]pyrimidin-4-ones 3a–3f were obtained from 16 by Suzuki reac-
tions employing the same optimised combination of base, catalyst
and solvent [K2CO3, tetrakis(triphenylphosphine)palladium(0)
and dioxane], as described above for the preparation of 2a–2g.
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Scheme 1 Reagents and conditions: (i) mCPBA, DCM, rt; (ii) 2-bromoaniline, TFE, rt; (iii) morpholine (2 equiv.), TFE or Ph2O, 90 ◦C; (iv) Ph2O, 260 ◦C;
(v) morpholine (2 equiv.), Ph2O, 200 ◦C; (vi) Ph2O, 250 ◦C; (vii) polyphosphoric acid, 130 ◦C; (viii) cat. Pd(PPh3)4, K2CO3, ArB(OH)2, dioxane, 90 ◦C.


Scheme 2 Reagents and conditions: (i) 3-hydroxy-2-aminopyridine, PhBr, reflux; (ii) POCl3, reflux; (iii) morpholine, ethanol, reflux; (iv) Tf2O, NEt3,
DCM, −78 ◦C; (v) ArB(OH)2, K2CO3, cat. Pd(PPh3)4, dioxane, 90 ◦C (see Scheme 1 for definition of Ar groups in 3a–3f).


An alternative route to 3a–3f was explored via 9-bromo-2-
hydroxypyrido[1,2-a]pyrimidin-4-one 17. 2-Amino-3-bromopyri-
dine was prepared from 2-aminopyridine as described.14 However,
reaction of 2-amino-3-bromopyridine with diethyl malonate gave
only 10% yield of 17. In another approach 2-phenylacetonitrile
was converted into 2-amino-3-phenylpyridine in the manner
described.15 Heating this compound with diethyl malonate gave
only 21% 2-hydroxy-9-phenylpyrido[1,2-a]pyrimidin-4-one 18 and
so this route was also discontinued.


Inhibition of DNA-dependent protein kinase by 8-substituted
2-morpholin-4-yl-quinolin-4-ones and 9-substituted
2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-ones


Compounds 2a–2g and 3a–3f were evaluated as inhibitors
of DNA-PK using the published assay,16 and the results are
summarised in Table 1. The DNA-PK inhibitory activities of
the analogous 8-substituted chromen-4-ones are included for
comparison. The results show that replacing the 1-oxygen of
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Table 1 Inhibition of DNA-PK by 8-substituted 2-morpholin-4-yl-quinolin-4-ones (2a–2g) and 9-substituted 2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-
4-ones (3a–3f)


DNA-PK inhibitory activity (IC50)/nMa


Ar


2a 4900 3a 733 1ab 1600


2b 1200 3b 390 1b 300


2c 1260 3c 1420 1c 800


2d 49 3d 89 1d 176


2e 28 3e 59 1e 40


2f 28 3f 13 1f 12


2g 2430 — — 1g 600


a DNA-PK inhibitory activity was determined as described in reference 16. The values for the 8-substituted chromenones are taken from reference 2.
b LY294002.


8-aryl-2-morpholin-4-yl-chromenones with NH (2a–2g) does not
significantly affect the biological activity, indicating that neither
the 1-oxygen nor 1-NH make significant productive hydrogen
bonding interactions with DNA-PK. This analysis assumes that
the tautomer indicated for the 8-substituted 2-morpholin-4-yl-
quinolin-4-ones 2a–2g is preferred over the alternative 19. This
statement is based on analogy with quinolin-4-one17 and similar
heterocycles18 for which the pyridone-like tautomer is preferred
in polar solvents, although the population of the enol tautomer
may be increased by appropriate hydrogen bonding interactions.19


Replacing the 5-C of 8-aryl-2-morpholin-4-yl-chromenones with


N (3a–3f) also had no significant effect on the biological activity.
As with the 8-aryl-2-morpholin-4-yl-chromenones, the optimum
8- or 9-substituents were dibenzothiophen-4-yl, dibenzofuran-4-yl
and biphen-3-yl, all of which gave IC50 values in the low nanomolar
range.


Conclusions


This paper presents efficient methods for preparing a variety of
8-substituted 2-morpholin-4-yl-quinolin-4-ones and 9-substituted
2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-ones using the Suzuki
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reaction on the readily available precursors 8-bromo-2-morpholin-
4-yl-quinolin-4-one and 9-hydroxy-2-morpholin-4-yl-pyrido[1,2-
a]pyrimidin-4-one O-trifluoromethanesulfonate, respectively.
Quinolin-4-ones 2a–2g and pyrido[1,2-a]pyrimidin-4-ones 3a–3f
with 8-/9-substituents dibenzothiophen-4-yl, dibenzofuran-4-yl
and biphen-3-yl were especially potent against DNA-dependent
protein kinase. These and previous results2,3,16,18 indicate that three
structural motifs are principally associated with low nanomolar
(IC50) potency against DNA-PK: i) a bicyclic heterocyclic core
containing a carbonyl group; ii) a morpholin-4-yl substituent
on the core and iii) a bulky aromatic/heteroaromatic system
(e.g. dibenzothiophen-4-yl) attached to the core. There is an
optimum substitution pattern: 2-morpholinyl and 4-one in all
cases; 8-aryl (or heteroaryl) for chromenones 1 and quinolinones
2 {or the corresponding 9-aryl (or heteroaryl) for pyrido[1,2-
a]pyrimidinones 3}. Remarkably, there is little difference in
potency between the three structurally distinct heterocyclic cores
described in this paper. We are continuing our studies with the
aim of obtaining a clinical candidate from the structural types
studied or closely related analogues or derivatives thereof.


Experimental


Materials and methods


Chemicals and solvents were obtained from reputable suppliers
(for further details see ref. 20). Solvents were either dried by stan-
dard techniques or purchased as anhydrous. Triethylamine was
dried by distillation from calcium hydride and stored over potas-
sium hydroxide, under nitrogen. Chromatography, spectroscopy
and combustion analyses were performed as described.2,3,16,20


Where the inclusion of dichloromethane (DCM) was necessary
to obtain a good agreement between calculated and found values
for C, H and N, the requisite amount of DCM was observed
in the 1H NMR spectrum of the compound concerned. A
GreenHouseTM 24-position reactor (Radley’s, Cambridge, UK)
was used for Suzuki reactions, which were all run under an argon
atmosphere.


5-(Bis-methylsulfanylmethylene)-2,2-dimethyl[1,3]dioxane-4,6-
dione (5)


To 2,2-dimethyl-1,3-dioxane-4,6-dione (Meldrum’s acid) (4.09 g,
28.4 mmol) in DMSO (14 mL) were added triethylamine (7.9 mL,
56.8 mmol) and carbon disulfide (1.7 mL, 28.4 mmol) in quick
succession. The mixture was stirred vigorously at room temper-
ature for 1 h. After cooling (ice-bath), iodomethane (3.5 mL,
56.8 mmol) was slowly added to the reaction mixture. When the
addition was complete the mixture was allowed to warm up to
room temperature and was stirred for a further 4 h before being
diluted with ice-cold water (25 mL). Trituration of the mixture
precipitated the product, which was filtered off and washed with
petrol. The crude product (2.76 g, 45%) was obtained as a yellow
solid that was pure enough for use in subsequent reactions: mp:
118 ◦C (lit.6 116–118 ◦C); IR (cm−1) 3728, 1668, 1373, 1302, 1264,
1199; 1H NMR, (300 MHz, CDCl3) d 1.54 (6H, s, 2 × CH3); 2.58
(6H, s, 2 × CH3S); 13C NMR, (75 MHz, CDCl3) d 21.9; 27.2; 103.3;
160.3; 194.0.


8-Bromo-2-morpholin-4-yl-1H-quinolin-4-one (7)


Method A. A solution of 5-[(2-bromoanilino)morpholin-
4-yl-methylene]-2,2-dimethyl[1,3]dioxane-4,6-dione (103 mg,
0.25 mmol) in diphenyl ether (0.7 mL) was stirred and heated at
reflux for 3 h. After cooling, petrol was added and the precipitated
product was collected by suction. The crude product was purified
by medium pressure chromatography using DCM–methanol (95 :
5 v/v) as eluent. The title compound was obtained as a brown
solid (65 mg, 84%).


Method B. A solution of 5-[2-bromoanilino(methylthio)-
methylene]-2,2-dimethyl-4,6-dione (163 mg, 0.44 mmol) and mor-
pholine (40 lL, 0.44 mmol) in diphenyl ether (2.5 mL) was stirred
and heated at 90 ◦C for 18 h. The temperature was raised to
260 ◦C over 3 h. After cooling, petrol was added and the product
was collected by suction. The crude product was purified by
chromatography (see Method A) to give the title compound as
a brown solid (87 mg, 65%).


Method C. A solution of 3-(2-bromophenylimino)-1,3-di-
morpholin-4-yl-propan-1-one (200 mg, 0.50 mmol) in diphenyl
ether (1 mL) was stirred and heated to 250 ◦C for 1 h. After work-
up as described in Method A the title compound was obtained
as a brown solid (84 mg, 54%): Rf = 0.25 (MeOH–DCM 1 : 19);
mp: 96 ◦C; IR (cm−1) 3395, 2959, 2849, 1617, 1577, 1487, 1421,
1384, 1327, 1263, 1229, 1188, 1152, 1111, 1066, 999, 902, 785; 1H
NMR, (300 MHz, CDCl3) d 3.72 (4H, t, J = 5.0 Hz, 2 × CH2N-
morpholine), 3.75 (4H, t, J = 5.0 Hz, 2 × CH2O–morpholine),
5.95 (1H, s, H-3), 7.04 (1H, dd, J = 8.0 and 8.0 Hz, H-6), 7.69
(1H, dd, J = 1.3 and 8.0 Hz, H-7), 8.09 (1H, dd, J = 1.3 and
8.0 Hz, H-5); 13C NMR, (75 MHz, CDCl3) d 46.4, 66.6, 92.5,
114.5, 123.0, 123.5, 124.7, 134.5, 138.0, 156.1, 172.6; MS (ES+)
m/z 308.98, 310.98. HRMS calcd for C13H13


79BrN2O2 [M + H]+


309.0233, found 309.0233.


5-[2-Bromoanilino(methylthio)methylene]-2,2-dimethyl-4,6-dione
(8)


Method A. A solution of 5-(bis-methylsulfanylmethylene)-
2,2-dimethyl[1,3]dioxane-4,6-dione (900 mg, 3.6 mmol) and 2-
bromoaniline (624 mg, 3.6 mmol) in 2,2,2-trifluoroethanol
(3.6 mL) was stirred and heated at reflux for 18 h. After cooling,
the solvent was removed to afford crude product that was
recrystallised from methanol to yield the title compound (1.19 g,
88%) as white crystals.


Method B. A solution of 5-(bis-methylsulfanylmethylene)-2,2-
dimethyl[1,3]dioxane-4,6-dione (100 mg, 0.40 mmol) and mCPBA
(75% pure, 102 mg, 0.44 mmol) in DCM (2 mL) was stirred at
room temperature for 1 h. The solvent was removed and the
residual solid was taken up in TFE (2 mL). 2-Bromoaniline
(45 lL, 0.4 mmol) was added and the mixture was stirred at room
temperature for 1.5 h. The solvent was removed and the residue
was taken up in DCM. The resulting solution was washed with an
aqueous saturated sodium bicarbonate solution, dried (MgSO4),
and the DCM was removed. The crude product was purified by
medium pressure chromatography using DCM as eluent. The title
compound was obtained as a white solid (145 mg, 98%): Rf = 0.31
(DCM); mp: 159 ◦C; IR (cm−1) 2990, 1706, 1653, 1535, 1370, 1199;
1H NMR, (300 MHz, CDCl3) d 1.69 (6H, s, 2 × CH3), 2.15 (3H, s,
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CH3S), 7.18 (1H, ddd, J = 2.0, 8.0 and 8.0 Hz, H-4′), 7.35 (2H,
m, H-5′ and H-6′), 7.61 (1H, dd, J = 2.0 and 8.0 Hz, H-3′), 12.51
(1H, s, NH); 13C NMR, (75 MHz, CDCl3) d 18.8, 26.9, 87.5, 103.3,
120.5, 127.8, 128.5, 129.9, 133.6, 136.9, 163.9, 178.7; MS (ES−)
m/z 369.97, 371.98; HRMS calcd for C14H14


79BrNO4S [M + H]+


371.9900, found 371.9903.


5-[(2-Bromoanilino)morpholin-4-yl-methylene]-2,2-
dimethyl[1,3]dioxane-4,6-dione (9)


A solution of 5-[2-bromoanilino(methylthio)methylene]-2,2-
dimethyl-4,6-dione (234 mg, 0.6 mmol) and morpholine (110 lL,
1.3 mmol) in 2,2,2-trifluoroethanol (1 mL) was stirred and heated
at reflux for 18 h. After cooling, the solvent and excess of
morpholine were removed. The residual solid was recrystallised
from methanol to yield the title compound as white crystals
(158 mg, 64%): Rf = 0.05 (DCM); mp: 212–213 ◦C; IR (cm−1)
1627, 1342, 1305, 1100, 1022, 934; 1H NMR, (300 MHz, CDCl3)
d 1.77 (6H, s, 2 × CH3), 3.24 (4H, dd, J = 4.5 and 4.9 Hz, 2 ×
CH2N-morpholine), 3.66 (4H, dd, J = 4.5 and 4.9 Hz, 2 × CH2O-
morpholine), 7.18 (2H, m, H-4′ and H-6′), 7.40 (1H, dd, J = 8.0
and 8.0 Hz, H-5′), 7.69 (1H, dd, J = 1.4 and 8.0 Hz, H-3′), 9.62
(1H, s, NH); 13C NMR, (75 MHz, CDCl3) d 26.8, 51.1, 65.6, 87.5,
102.8, 120.5, 127.2, 128.9, 129.0, 134.9, 138.5, 164.9, 178.7; MS
(ES−) m/z 409.01, 411.01.


3-(2-Bromophenylimino)-1,3-dimorpholin-4-yl-propan-1-one (10a)


A solution of 5-[2-bromoanilino(methylthio)methylene]-2,2-
dimethyl-4,6-dione (8.86 g, 23.8 mmol) and morpholine (4.15 mL,
47.6 mmol) in diphenyl ether (40 mL) was stirred and heated at
90 ◦C for 18 h. The temperature was raised to 200 ◦C over 1 hour.
After cooling, petrol was added and the precipitated solid was
collected by suction. The crude product was purified by medium
pressure chromatography using DCM–methanol (95 : 5, v/v) as
eluent to give the title compound as white crystals (5.09 g, 54%):
Rf = 0.27 (MeOH–DCM 1 : 19); mp: 159–160 ◦C; IR (cm−1) 2950,
2901, 2854, 1631, 1600, 1448, 1413, 1358, 1298, 1253, 1222, 1166,
1105, 1064, 1024, 964, 950, 912; 1H NMR, (300 MHz, CDCl3) d
2.98 (2H, m, CH2-morpholine), 3.18 (2H, m, CH2-morpholine),
3.31 (2H, m, CH2-morpholine), 3.45 (2H, m, CH2-morpholine),
3.53 (6H, m, 2 × CH2-morpholine and CH2), 3.71 (4H, m, 2 ×
CH2 morpholine), 6.70 (1H, dd, J = 7.8 Hz and 1.5 Hz, H-6), 6.77
(1H, ddd, J = 7.5, 7.5 and 1.5 Hz, H-4), 7.11 (1H, ddd, J = 7.8, 7.5
and 1.4 Hz, H-5), 7.45 (1H, dd, J = 7.5 Hz and 1.4 Hz, H-3); 13C
NMR, (75 MHz, CDCl3) d 33.7, 42.7, 46.4, 46.4, 66.6, 67.0, 67.1,
117.5, 123.8, 123.9, 128.4, 133.1, 149.4, 154.9, 166.4; MS (ES+)
m/z 396.01, 398.01; HRMS calcd for C17H22


79BrN3O3 [M + H]+


396.0917, found 396.0914.


8-Bromo-2-methylsulfanyl-1H-quinolin-4-one (11)


To polyphosphoric acid (160 mg, 1.13 mmol) stirred at
130 ◦C was added 5-[2-bromoanilino(methylthio)methylene]-2,2-
dimethyl-4,6-dione (191 mg, 0.54 mmol). Work-up as in method B
for the preparation of 8-bromo-2-morpholin-4-yl-1H-quinolin-4-
one gave the title compound as a yellow solid (118 mg, 0.44 mmol,
82%): Rf = 0.34 (MeOH–DCM 1 : 19); mp: 108–110 ◦C; IR (cm−1)
3356, 2167, 2021, 1616, 1551, 1492, 1426, 1334, 1097, 933; 1H
NMR, (300 MHz, CDCl3) d 2.53 (3H, s, CH3), 6.21 (1H, s, H-3),


7.12 (1H, dd, J = 8.0 and 7.9 Hz, H-6), 7.73 (1H, d, J = 7.9 Hz,
H-7), 8.17 (1H, d, J = 8.0 Hz, H-5), 8.46 (1H, s, NH); 13C NMR,
(75 MHz, CDCl3) d 15.0, 106.7, 112.0, 124.7, 124.8, 125.9, 135.2,
138.0, 168.0, 173.0; MS (ES+) m/z 269.91, 271.91; HRMS calcd
for C10H8


79BrNOS [M + H]+ 269.9583, found 269.9582.


2,9-Dihydroxypyrido[1,2-a]pyrimidin-4-one (12)


Method A. A mixture of di-(2,4,6-trichlorophenyl) malonate21


(17.3 g, 37.5 mmol) and 3-hydroxy-2-aminopyridine (4.12 g,
37.5 mmol) in bromobenzene (37 mL) was heated at reflux for 3 h.
After cooling, the mixture was filtered and the resulting solid was
washed with ethanol. The solid was solubilised in a 1 M sodium
hydroxide solution and acetic acid was added to precipitate the
product (6.53 g, 98%) as a pale yellow solid.


Method B. To 3-hydroxy-2-aminopyridine (5.21 g, 47.3 mmol)
in o-xylene (16 mL) was added diethyl malonate (10.8 mL,
71 mmol) and the mixture was heated at 170 ◦C for 18 h. The
reaction was worked up as described in Method A to give the
product (6.0 g, 82%) as a pale yellow solid: Rf = 0.11 (MeOH–
DCM, 3 : 17); mp: 320 ◦C (dec.) (lit.9: 310 ◦C); kmax (EtOH)/nm
252; IR (cm−1) 2862, 1688, 1564, 1374, 1295, 1102, 783; 1H NMR,
(300 MHz, DMSO) d 5.22 (1H, s, H-3), 7.12 (1H, t, J = 7 Hz,
H-7), 7.27 (1H, d, J = 8 Hz, H-8), 8.43 (1H, d, J = 7 Hz, H-6);
13C NMR, (75 MHz, DMSO) d 103.3, 116.5, 117.1, 119.0, 144.0,
148.8, 157.3, 157.5; MS (ES+) m/z 179.02.


2-Chloro-9-hydroxypyrido[1,2-a]pyrimidin-4-one (14)


Method A. 2,9-Dihydroxypyrido[1,2-a]pyrimidin-4-one (1.071 g,
6.02 mmol) was cautiously dissolved in phosphorus(III) oxychlo-
ride (7.5 mL, 80.4 mmol) to give a solution that was heated at
reflux for 48 h. After cooling, the reaction mixture was poured
carefully into ice-cold water (100 mL) and the pH was adjusted
to 7 by addition of a saturated solution of sodium carbonate.
The aqueous layer was extracted with DCM. The combined
organic layers were dried (MgSO4) and the solvent was removed
to yield a brown solid. The crude product was purified by medium
pressure chromatography using DCM as eluent to furnish the title
compound as a white solid (712 mg, 60%).


Method B. 3-Hydroxy-2-aminopyridine (444 mg, 4.03 mmol)
and di-(2,4,6-trichlorophenyl) malonate (1.865 g, 4.03 mmol)
were cautiously dissolved in phosphorus(III) oxychloride (3.2 mL,
34.3 mmol). The reaction was continued as described in Method
A to give crude product that was purified by medium pressure
chromatography using DCM–methanol (98 : 2 v/v) as eluent. The
title compound was obtained as a white solid (251 mg, 32%): Rf =
0.34 (MeOH–DCM, 1 : 19); mp: 162 ◦C; IR (cm−1) 3103, 1684,
1630, 1511, 1458, 1297, 1105; 1H NMR, (300 MHz, CDCl3) d 6.4
(1H, s, H-3), 7.11 (1H, dd, J = 7.3 and 7.4 Hz, H-7), 7.25 (1H,
d, J = 7.4 Hz, H-8), 8.51 (1H, d, J = 7.3 Hz, H-6); 13C NMR,
(75 MHz, CDCl3) d 103.3, 116.5, 117.1, 119.0, 144.0, 148.8, 157.3,
157.5; MS (ES+) m/z 196.93 M+; HRMS calcd for C8H5ClN2O2


[M + H]+ 197.0112, found 197.0114.


9-Hydroxy-2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-one (15)


2-Chloro-9-hydroxypyrido[1,2-a]pyrimidin-4-one (142 mg,
0.72 mmol) and morpholine (315 lL, 3.6 mmol) were taken
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up in ethanol (5 mL) and the resulting solution was heated at
reflux for 18 h with vigorous stirring. The solvent was removed
to give a yellow solid that was recrystallised from ethanol to
afford the title compound as white crystals (174 mg, 97%): Rf =
0.27 (MeOH–DCM 1 : 19); mp: 245 ◦C; kmax (EtOH)/nm 267;
IR (cm−1) 3302, 1690, 1644, 1551, 1427, 1224, 1110; 1H NMR,
(500 MHz, CDCl3) d 3.56 (4H, m, 2 × NCH2-morpholine), 3.75
(4H, m, 2 × OCH2-morpholine), 5.55 (1H, s, H-3), 6.80 (1H, dd,
J = 7.0 and 7.0 Hz, H-7), 7.02 (1H, dd, J = 7.0 Hz and 1.3 Hz,
H-8), 7.33 (1H, s, OH), 8.37 (1H, dd, J = 7.0 Hz and 1.3 Hz,
H-6); 13C NMR, (125 MHz, CDCl3) d 45.3, 67.0, 82.2, 113.5,
114.2, 119.1, 143.0, 147.5, 159.0, 161.0; MS (ES+) m/z 248.08;
Anal. Calcd for 0.8 mol C12H12N3O3 + 0.2 mol H2O: C, 57.25, H,
5.40, N, 16.69. Found: C, 57.58, H, 5.12, N, 16.58.


9-Hydroxy-2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-one
9-O-triflate (16)


A 3-necked flask equipped with a thermometer, addition funnel
and magnetic stirrer, was charged with 9-hydroxy-2-morpholin-
4-yl-pyrido[1,2-a]pyrimidin-4-one (2.11 g, 8.5 mmol) in DCM
(70 mL). The mixture was cooled to −30 ◦C and triethylamine
(3.6 mL, 25.6 mmol) was added. After 5 min, trifluoromethanesul-
fonic anhydride (2.1 mL, 12.8 mmol) in DCM (10 mL) was added
dropwise to the reaction mixture, via the funnel. The addition took
place over 30 min, and the temperature of the reaction mixture
was kept below −20 ◦C during this time. After 3 h, the reaction
mixture was washed with a saturated solution of sodium carbonate
(50 mL) and extracted with DCM (3 × 30 mL). The combined
organic layers were dried (MgSO4) and the solvent was removed
to yield a brown solid. The crude product was purified by medium
pressure chromatography using DCM as eluent to furnish the title
compound as an orange solid (2.91 g, 90%): Rf = 0.42 (MeOH–
DCM, 1 : 19); mp: 146–147 ◦C; kmax (EtOH)/nm 271; IR (cm−1)
1705, 1644, 1551, 1189, 1112, 939, 769; 1H NMR, (300 MHz,
CDCl3) d 3.56 (4H, m, 2 × NCH2-morpholine), 3.71 (4H, m, 2 ×
OCH2-morpholine), 5.53 (1H, s, H-3), 6.80 (1H, dd, J = 8.0 and
7.0 Hz, H-7), 7.46 (1H, dd, J = 8.0 Hz and 1.3 Hz, H-8), 8.79 (1H,
dd, J = 7.0 Hz and 1.3 Hz, H-6); 13C NMR, (75 MHz, CDCl3)
d 45.2, 66.9, 81.8, 110.2, 112.6, 116.9, 121.1, 125.3, 127.9, 128.1,
141.5, 145.8, 158.1, 160.4; MS (ES+) m/z 380.16; Anal. Calcd for
C13H12F3N3O5S: C, 41.16, H, 3.19, N, 11.08. Found: C, 41.29, H,
2.88, N, 10.93%.


8-Substituted 2-morpholin-4-yl-quinolin-4-ones (2a–2g)


Typical procedure. The arylboronic acid (1 mol equiv.) and
potassium carbonate (1.9 mol equiv.) were dispersed in diox-
ane (4 mL per mmol boronic acid). Concurrently, 8-bromo-2-
morpholin-4-yl-1H-quinolin-4-one (0.67 mol equiv.) and tetrakis-
(triphenylphosphine)palladium (3 mol%) were taken up in dioxane
(6 mL per mmol bromo compound). Argon was bubbled into both
mixtures, which were sonicated for 15 min. The mixtures were
combined, stirred and heated at 95 ◦C for 48 h. After cooling,
DCM (10 mL per mmol boronic acid) was added. The resulting
solution was washed with water and brine (10 mL each per mmol
boronic acid), dried (MgSO4), and the solvent was removed. The
crude product was purified as described below for compound 2a
and in the Supplementary Information† for compounds 2b–2g.


2-Morpholin-4-yl-8-phenyl-4-yl-1H-quinolin-4-one (2a). Phe-
nylboronic acid (59 mg, 0.49 mmol) and 8-bromo-2-morpholin-
4-yl-1H-quinolin-4-one (100 mg; 0.32 mmol) gave crude product
that was purified by medium pressure chromatography using ethyl
acetate–methanol (98 : 2 v/v) as eluent. Further purification was
achieved by HPLC (aqueous methanol as eluent) to afford the title
compound as a cream solid (65 mg, 65%): Rf = 0.11 (EtOAc); mp:
109–110 ◦C (dec.); kmax (EtOH)/nm 251; IR (cm−1) 3410, 2954,
2846, 1613, 1576, 1488, 1422, 1364, 1227, 1111, 996, 903, 800,
700; 1H NMR, (300 MHz, CDCl3) d 3.05 (4H, m, 2 × NCH2-
morpholine), 3.68 (4H, m, 2 × OCH2-morpholine), 5.68 (1H, s,
H-3), 7.26 (1H, dd, J = 7.0 and 7.0 Hz, H-6), 7.40 (3H, m), 7.51
(2H, m), 7.82 (1H, m, H-7), 8.23 (1H, d, J = 7.0 Hz, H-5); 13C
NMR, (75 MHz, CDCl3) d 46.7, 66.4, 92.9, 123.4, 125.8, 129.6,
132.5, 135.6, 137.0, 154.3, 178.9; MS (ES+) m/z 307.13; Anal.
Calcd for 0.73 mol C19H18N2O2 + 0.27 mol DCM: C, 69.21, H,
5.73, N, 8.18. Found: C, 69.21, H, 5.60, N, 8.58%.


9-Substituted 2-morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-ones
(3a–3f)


Typical procedure. A similar procedure to that detailed above
for 8-substituted 2-morpholin-4-yl-quinolin-4-ones was also used
for reactions of arylboronic acids with 9-hydroxy-2-morpholin-4-
yl-pyrido[1,2-a]pyrimidin-4-one 9-O-triflate. The crude product
was purified as described below for compound 3a and in the
Supplementary Information† for compounds 3b–3f.


2-Morpholin-4-yl-9-phenyl-4-yl-pyrido[1,2-a]pyrimidin-4-one
(3a). Phenylboronic acid (36 mg, 0.26 mmol) and 9-hydroxy-2-
morpholin-4-yl-pyrido[1,2-a]pyrimidin-4-one 9-O-triflate (100 mg,
0.26 mmol) gave crude product that was recrystallised from ethyl
acetate. The title compound was obtained as a brown solid (71 mg,
88%): Rf = 0.22 (MeOH–DCM 1 : 19); mp: 187–188 ◦C; kmax


(EtOH)/nm 275; IR (cm−1) 2862, 1681, 1539, 1494, 1427, 1219,
1106, 756; 1H NMR, (300 MHz, CDCl3) d 3.47 (4H, m, 2 ×
NCH2-morpholine), 3.65 (4H, m, 2 × OCH2-morpholine), 5.57
(1H, s, H-3), 6.91 (1H, dd, J = 7.0 and 7.1 Hz, H-7), 7.33–
7.41 (3H, m), 7.55–7.59 (3H, m), 8.90 (1H, dd, J = 7.0 Hz and
1.6 Hz, H-6); 13C NMR, (75 MHz, CDCl3) d 44.9, 66.9, 81.3, 112.9,
127.5, 128.3, 128.6, 130.2, 136.0, 136.7, 137.2, 149.5, 159.5, 160.9;
MS (ES+) m/z 308.14; Anal. Calcd for 2.0 mol C19H18N2O2S +
0.1 mol H2O: C, 68.34, H, 5.73, N, 13.28. Found: C, 68.72, H, 5.17,
N, 13.08%.
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A series of 2,4-disubstituted pyridine derivatives has been designed, synthesised and evaluated as
thrombin inhibitors. A Grignard exchange reaction was used to introduce various benzoyl substituents
in position 4 of the pyridine ring, where they serve as P3 residues in binding to thrombin. In position 2
of the pyridine ring, a para-amidinobenzylamine moiety was incorporated as P1 residue by an SNAr
reaction using ammonia as nucleophile followed by a reductive amination. A crystal structure obtained
for one of the compounds in the active site of thrombin revealed that the basic amidine group of the
inhibitor was anchored to Asp 189 at the bottom of the S1 pocket. A comparison with melagatran,
bound in the active site of thrombin, revealed a good shape match but lack of hydrogen bonding
possibilities in the S2–S3 region for the thrombin inhibitors reported in this study.


Introduction


Blood coagulation is regulated through an intricate network of
biological factors where thrombin (factor IIa) acts as a key enzyme
by converting soluble fibrinogen into an insoluble matrix of fibrin.
Thrombin belongs to the serine protease family where a serine
residue in the active site catalyses the cleavage of amide bonds in
protein and peptide substrates. It was cocrystallised with the ir-
reversible inhibitor PPACK (D-Phe-Pro-Arg chloromethylketone)
and the 3-dimensional structure was determined in 1989.1,2 The
substrate binding pockets are usually designated S1, S2 and S3 and
bind to the corresponding P1, P2 and P3 amino acid residues in
the substrate. The enzyme is highly specific for cleaving after basic
P1 residues, especially arginine, the positively charged guanidine
group interacting with Asp 189 at the bottom of the S1 pocket.
The S2 pocket is lined by the side chains of Tyr 60A and Trp
60D, located in the insertion loop characteristic for thrombin, and
prefers hydrophobic amino acids e.g. proline in the P2 position of
the substrate. The S3 pocket, containing lipophilic and aromatic
moieties as the main interaction points, is known to interact
favourably with aromatic P3 groups.3–5


Today the major drugs used as anticoagulants are warfarin
(Waran) and heparin, which inhibit the blood coagulation cascade
by two different pathways. Since both therapies are associated with
drawbacks, development of new types of anticoagulants is highly
desirable.4 One very attractive opportunity is to develop oral direct
thrombin inhibitors (oral DTIs) using structure based design start-
ing from the crystal structure of the thrombin–PPACK complex.3


By combination of structure based design with co-crystallisation
of the inhibitors with thrombin, several compounds with potential
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as anticoagulants have been developed.5–8 However, until now
the most advanced oral DTI is melagatran, which reached the
market as its dual prodrug ximelagatran, but unfortunately was
later withdrawn.9


As part of our studies focused on developing new chemistry
around substituted pyridines,10,11 we recognised the possibility to
apply our methodology to the synthesis of potential thrombin
inhibitors. Applying the P1-P2-P3 nomenclature, it was envi-
sioned that the pyridine ring could serve as a P2 scaffold.
A p-amidinobenzylamine residue, known from many thrombin
inhibitors,12–17 was considered suitable as a P1 substituent also in
our case. Various benzoyl groups, with small substituents were
chosen to fill the S3 pocket. Benzoyl groups containing either a
m-methyl or an o-methoxy substituent provided a good fit in the
structure based design and were also predicted to be compatible
with the planned synthetic route. Glide docking of one of the
target inhibitors, compound 20a, displays the interactions between
the amidine and Asp 189 as well as a potential hydrogen bond
between the benzoyl carbonyl group and the phenolic hydroxyl
group in Tyr 60A (Fig. 1).18 Inhibitors 20a–c were prepared via
a 14 step synthetic sequence, and the three designed compounds
were evaluated as thrombin inhibitors in an enzymatic assay.


Fig. 1 Compound 20a flexibly docked into the active site of thrombin
(PDB code 1K22) using standard precision Glide with a rigid receptor.
The molecular surface is coloured by atom type, where red, blue, yellow
and white denote oxygen, nitrogen, sulfur and carbon, respectively.
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Results and discussion


Synthetic route to the thrombin inhibitors


The designed thrombin inhibitors I contain a central pyridine
scaffold appropriately substituted at positions 2 and 4 (Fig. 2). A
retrosynthetic analysis10,19 revealed 2-fluoro-4-iodopyridine20 (II)
as a suitable scaffold with the possibility to introduce substituents
both at positions 2 and 4. Introduction of a substituent at position
4 of the pyridine ring requires an iodo–magnesium Grignard
exchange reaction, followed by quenching with an appropriately
substituted benzaldehyde III as electrophile.21 Introduction of
a substituent at position 2 of the pyridine ring should be
accomplished via a nucleophilic aromatic substitution reaction
(SNAr) using benzylamine IV as nucleophile. The nucleophilic
aromatic substitution was planned as the second transformation
due to anticipated selectivity issues between fluorine and iodine,
if the SNAr reaction was performed as the first step. The desired
benzamidine moiety in thrombin inhibitors I was intended to be
obtained from the cyano group in IV.


Fig. 2 A retrosynthetic analysis suggesting that thrombin inhibitors I
could be generated from 2-fluoro-4-iodopyridine (II), substituted ben-
zaldehydes III and 4-cyanobenzylamine (IV).


As a first step in the synthetic route, 2-fluoro-4-iodopyridine was
dissolved in THF and treated with isopropyl magnesium chloride
to achieve an iodo–magnesium exchange, which was followed by
addition of a substituted benzaldehyde (3 examples) to react with
the formed Grignard reagent (Scheme 1). This gave secondary
alcohols 2a–c (86–87%), which were subsequently oxidised to
the corresponding ketones 3a–c (86–88%) using Dess–Martin


Scheme 1 (i) i-PrMgCl, substituted benzaldehyde, THF (86–87%); (ii)
Dess–Martin periodinane, CH2Cl2 (86–88%).


periodinane.22 The electron withdrawing effect of the carbonyl
group at position 4 of the pyridine ring in 3a–c was expected to
enhance the reactivity in the following SNAr reaction at position 2
using benzylamine IV as nucleophile.


In a first attempt to introduce the benzylamine moiety, an excess
of 4-cyanobenzylamine was reacted with ketone 3a in pyridine at
100 ◦C for 30 minutes using microwave irradiation (Scheme 2).
A colour change of the reaction mixture was observed but only
starting material 3a was detected by LCMS analysis. Increasing the
temperature to 130 ◦C did not alter the outcome of the reaction.
To investigate if the cyano functionality in 4-cyanobenzylamine
was the reason for the failure of this nucleophilic substitution, 4-
bromobenzylamine was instead used as nucleophile. The bromo
functionality was then intended to be transformed to the desired
cyano moiety at a later stage via a Rosemund von Braun reaction.23


Hence, excess 4-bromobenzylamine and ketone 3a were heated to
130 ◦C in pyridine using microwave irradiation for 30 minutes.
Now the desired substitution product 5 was formed, but only
in an unsatisfactory yield (<10%, LCMS analysis) accompanied
by nearly equal amounts of the undesired decomposition product
aminopyridine 6a. The LCMS analysis also revealed that the major
part of starting material 3a was left unchanged.


Scheme 2 (i) 4-Cyanobenzylamine, pyridine, 100–130 ◦C, microwave irra-
diation; (ii) 4-bromobenzylamine, pyridine, 130 ◦C, microwave irradiation.


Due to the unexpected problems with the nucleophilic substitu-
tion reactions using benzylamines outlined above, other synthetic
alternatives were investigated. Use of ammonia as nucleophile in
reactions with ketones 3a–c was expected to afford aminopyridines
6a–c (Scheme 3). The strategy was then to couple 6a–c reductively
with a benzaldehyde, preferably 4-cyanobenzaldehyde, as the next
step was planned to be the transformation of a cyano group to the
desired amidines. In order to evaluate this route, fluoropyridine 3a
was treated with 25% ammonia in water and heated in a sealed steel
cylinder to ∼150 ◦C for 10 h. This gave aminopyridine 6a together
with approximately equimolar amounts of the corresponding
imine. The ketone–imine mixture was dissolved in 10% citric
acid (aq.) to allow hydrolysis of the imine which afforded ketone
6a in excellent yield (94%). Several conditions24–26 for reductive
amination of 6a with 4-cyanobenzaldehyde were investigated
and use of sodium triacetoxyborohydride and triethylamine in
dichloromethane27 turned out to be the most promising. However,
after Boc-protection,25 aminopyridine 8a was only obtained in a
disappointingly low yield (12%). We reasoned that the low yield
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Scheme 3 (i) 25% NH3 in water ∼150 ◦C (94–99%); (ii) 4-cyanobenzalde-
hyde, triethylamine, Na(OAc)3BH, toluene, CH2Cl2; (iii) Boc2O, DMAP,
CH2Cl2 (64–78%, from 6a–c).


in the reductive amination was most likely due to difficulties in
formation of the imine, rather than problems in the reduction of
the imine to the amine. Therefore a strategy was attempted where
the imine was preformed and then reduced.28 Aminopyridine 6a,
4-cyanobenzaldehyde and triethylamine were refluxed for 10 h
in a Dean–Stark apparatus with toluene as solvent, followed by
reduction with sodium triacetoxyborohydride. The Dean–Stark
procedure and the reduction was repeated twice, then the generated
secondary amine 7a was protected with a Boc group which gave
8a in a good yield (77%, from 6a). Next, fluoropyridines 3b–
c were treated with aqueous ammonia as described for 3a to
generate aminopyridines 6b–c (96–99%) after acidic hydrolysis.
Ketones 6b–c were then subjected to reductive amination followed
by Boc-protection, as described above, to afford compounds 8b–
c (64–78%, from 6b–c). With the three structural components
corresponding to P1, P2 and P3 motifs of thrombin inhibitors
in place, only transformation of the cyano group to the desired
amidine remained to be accomplished.


Unfortunately, attempts to convert the cyano functionality
in 8a to the desired amidine with lithium hexamethyldisilazide
(LiHMDS) in THF failed. This was also the case for the Pinnerer
reaction using hydrochloric acid in ethanol followed by addition of
ammonia in methanol.29 However, reacting 8a with hydroxylamine
to afford the corresponding amidine oxime followed by O-
acylation using acetic anhydride in acetic acid afforded compound
9 (Scheme 4). By subjecting 9 to hydrogenation using a catalytic
amount of palladium on activated carbon in methanol the labile
nitrogen–oxygen bond was cleaved to generate the amidine, but
simultaneously the ketone was reduced to the corresponding
alcohol. The highly polar amidine was then protected with a
Boc-group using Boc2O to give amidine 18a in modest and
unpredictable yields (0–22%, from 8a).30 Two reasons were found
for the variable outcome in the formation of amidine 18a. The
oxime corresponding to 9 was formed when ketone 8a was treated
with hydroxylamine, which then resulted in the undesired amine
10 after hydrogenation and protection. In addition, reduction
of the keto functionality in 9, not only to the corresponding
alcohol, but also further to the deoxygenated compound 11 was
observed. The amount of deoxygenated product was strongly
dependent on the reaction time and choice of solvent. Reduction
in acetic acid gave methylene derivative 11 as the major product,
whereas use of methanol in combination with short reaction times
favoured formation of alcohol 18a.31 The lack of reliability in the
transformation of 9 into 18a required further investigations in


Scheme 4 (i) a: H2NOH·HCl, DIPEA, ethanol, reflux; b: acetic anhy-
dride, acetic acid; (ii) a: H2 (1 atm), Pd/C, methanol; b: Boc2O, CH2Cl2.


order to establish a robust synthetic route. As the encountered
problems, at least in part, seemed to originate from the keto
functionality present in compounds 8a–c, the ketones were first
reduced to the corresponding alcohols 12a–c using sodium boro-
hydride (Scheme 5). Subsequently, the alcohols were protected as
silylethers using tert-butyldimethylsilyl trifluoromethanesulfonate
and collidine in dichloromethane to afford 13a–c (82–84%, from
8a–c). The cyano groups of 13a–c were then converted to
hydroxy amidines 14a–c and acylated to afford 15a–c as described
above. Cleavage of the labile nitrogen–oxygen bond was achieved
by hydrogenation for 35 minutes at atmospheric pressure with
catalytic amounts of palladium on activated carbon in methanol
to afford amidines 16a–c. To our satisfaction the silyl ethers proved
considerably more stable during hydrogenation than ketone 9, and
the undesired deoxygenation side product was detected only in
trace amounts (LCMS). Protection of the amidines with a Boc
group afforded 17a–c (46–66%, from 13a–c) and the silyl ethers
were then cleaved using tetrabutylammonium fluoride (TBAF) to
afford alcohols 18a–c. Oxidation to ketones 19a–c was thereafter
achieved by treatment with Dess–Martin periodinane. Finally,
the Boc group was removed from the thrombin inhibitors in
a mixture of trifluoroacetic acid and dichloromethane followed
by purification with reversed phase HPLC to afford the target
compounds 20a–c (33–53%, from 17a–c). The synthetic route to
thrombin inhibitors 20a–c was thus accomplished over 14 steps
with an overall yield ranging from 10–14%.


Biological evaluation of the thrombin inhibitors


Compounds 20a–c were evaluated as thrombin inhibitors in an
enzymatic assay32 (Table 1). All three compounds showed only
modest inhibition. The results indicate that binding to thrombin
is influenced by the substitution pattern of the benzoyl group,
i. e. the P3 residue. The ortho-methoxy group in 20b decreases
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Scheme 5 (i) NaBH4, methanol; (ii) TBDMSOTf, collidine, CH2Cl2 (82–84%, from 8); (iii) H2NOH·HCl, DIPEA, ethanol; (iv) acetic anhydride, acetic
acid; (v) H2 (1 atm), Pd/C, methanol; (vi) Boc2O, CH2Cl2 (46–66%, from 13); (vii) TBAF, THF; (viii) Dess–Martin periodinane, CH2Cl2; (ix) TFA,
CH2Cl2 (33–53%, from 17).


Table 1 Evaluation of compounds 20a–c in an enzymatic assay


Compound IC50/lM


20a R = H 15
20b R = o-OMe >44.4a


20c R = m-Me 11


a The highest concentration applied in the assay was 44.4 lM.


binding affinity while the meta-methyl group in 20c results in an
equally active inhibitor as unsubstituted 20a. Inspection of the X-
ray structure (Fig. 3) suggests that an ortho-methoxy group should
be well accommodated but apparently it has a negative influence
on binding of the benzoyl group in the S3 pocket.


Crystal structure of 20c in the active site of thrombin


Even though the affinity was moderate, a crystal structure of 20c
in the active site of thrombin could be obtained (Fig. 3a). As
expected, the amidine group was found to anchor 20c in the S1
pocket of thrombin by binding to Asp 189. A comparison between
the crystal structures of 20c and the potent thrombin inhibitor
melagatran (PDB code 1k22) reveals quite a good shape match
between the two inhibitors (Fig. 3b). However, melagatran forms
three hydrogen bonds to the backbone of the enzyme in the S2–S3
region, in addition to its interaction with Asp189 in the S1 pocket
(Fig. 3c). Such hydrogen bonds are absent for 20c (Fig. 3a) and
this difference most likely explains the relatively low potency of
20c. In general it can be concluded that the hydrogen bonds in the
S2–S3 region of thrombin are of great importance for potency and
should be considered as a high priority in the design of thrombin
inhibitors.


A comparison of the crystal structure with results from Glide
dockings shows that docked 20a fill the S2 pocket in a better


way than was borne out in practice (cf. Fig. 1 and 3a). The
hydrogen bond between the benzoyl carbonyl group and the
phenolic hydroxyl group in Tyr 60A, also suggested from dockings,
was not formed in the cocrystal. It is possible that elongation of the
benzylamine moiety to a phenylethylamine could give a compound
with a better fit to the enzyme, e.g. filling out more of the S2 and
S3 pockets and also reaching some of the important hydrogen
bonds.


Experimental


(2-Fluoro-pyridin-4-yl)-phenyl-methanol (2a),
(2-fluoro-pyridin-4-yl)-(2-methoxy-phenyl)-methanol (2b) and
(2-fluoro-pyridin-4-yl)-m-tolyl-methanol (2c)


General procedure. 2-Fluoro-4-iodopyridine (1 equiv.,
2.9 mmol) was dissolved in THF (3 mL) and treated with
isopropyl magnesium chloride (1.3 equiv., 2 M in THF, 3.8 mmol)
and stirred for 1 h without cooling the exothermic reaction.
The benzaldehyde (if solid, dissolved in THF, 1 mL) (1.3 equiv.,
3.8 mmol) was added and the reaction was stirred at room
temperature for 12 h. The reaction was quenched with NH4Cl
(aq., sat.) and diluted with NaHCO3 (aq., sat.). The aqueous
phase was extracted with EtOAc and the combined organic layers
were dried and concentrated under reduced pressure. The residue
was purified by flash chromatography EtOAc–heptane 1 : 4 → 1 :
2 to give alcohol 2a (86%), 2b (converted to 3b as crude product),
or 2c (87%).


(2-Fluoro-pyridin-4-yl)-phenyl-methanone (3a),
(2-fluoro-pyridin-4-yl)-(2-methoxy-phenyl)-methanone (3b) and
(2-fluoro-pyridin-4-yl)-m-tolyl-methanone (3c)


General procedure. Alcohol 2a, 2b or 2c (1 equiv., 2.5 mmol)
was dissolved in CH2Cl2 (40 mL) and treated with Dess–Martin
periodinane (1.2 equiv., 15 wt% solution in CH2Cl2) at room
temperature. After 0.5 h, Na2S2O5 (21.7 mmol) dissolved in
NaHCO3 (aq., sat.) was added and the mixture was vigorously
stirred until two clear phases were obtained. The aqueous layer
was extracted with CH2Cl2 and the combined organic layers was
washed with NaHCO3 (aq., sat.), dried and concentrated under


2602 | Org. Biomol. Chem., 2007, 5, 2599–2605 This journal is © The Royal Society of Chemistry 2007







Fig. 3 (a) The crystal structure of thrombin inhibitor 20c in the active
site of thrombin. (b) An overlay of melagatran (green) and 20c (blue) when
bound by thrombin. (c) Melagatran bound in the active site of thrombin
with the hydrogen bonding network in the S2 and S3 pockets displayed (red
dashed lines). In the S2–S3 region hydrogen bonds are formed between two
of the nitrogen atoms and one of the carbonyl oxygen atoms in melagatran
and the backbone of the enzyme.


reduced pressure. The residue was purified by flash chromatogra-
phy EtOAc–heptane 1 : 5 to give ketone 3a (88%), 3b (80%, from
1) or 3c (86%).


(2-Amino-pyridin-4-yl)-phenyl-methanone (6a),
(2-amino-pyridin-4-yl)-(2-methoxy-phenyl)-methanone (6b) and
(2-amino-pyridin-4-yl)-m-tolyl-methanone (6c)


General procedure. Ketone 3a, 3b or 3c (2 mmol) was added
to a sealed teflon coated steel cylinder followed by addition of
25% ammonia solution in water (25 mL) and heated on a sand
bath (∼150 ◦C) for 15 h. After cooling to room temperature, the
aqueous phase was extracted with EtOAc. The combined organic
layers were concentrated under reduced pressure and the residue
was treated with citric acid (10%, 50 mL) for 3 h. The aqueous layer
was made basic (pH ∼ 8) with NaHCO3 (s) and extracted with
EtOAc. The combined organic layers were dried and concentrated
under reduced pressure to give amine 6a (94%), 6b (96%) or 6c
(99%).


(4-Benzoyl-pyridin-2-yl)-(4-cyano-benzyl)-carbamic acid tert-butyl
ester (8a), (4-cyano-benzyl)-[4-(2-methoxy-benzoyl)-pyridin-2-yl]-
carbamic acid tert-butyl ester (8b) and (4-cyano-benzyl)-[4-(3-
methyl-benzoyl)-pyridin-2-yl]-carbamic acid tert-butyl ester (8c)


General procedure. Amine 6a, 6b or 6c (1.0 equiv., 2 mmol) was
mixed with 4-cyano benzaldehyde (1.3 equiv.) and triethylamine
(1.5 equiv.) in toluene (120 mL). The mixture was heated to
reflux in Dean–Stark equipment for 10 h, followed by removal
of the remaining solvent under reduced pressure. The residue
was dissolved in CH2Cl2 (10 mL) and treated with sodium
triacetoxyborohydride (1.3 equiv.) and the reaction was stirred for
3 h at room temperature. The reaction was concentrated under
reduced pressure and the residue was subjected to the above
described procedure two additional times. Then the reaction was
quenched with NaHCO3 (aq., sat.) and extracted with CH2Cl2.
The combined organic phases were dried and concentrated under
reduced pressure. The residue was purified by flash chromatog-
raphy EtOAc–heptane 1 : 3 → 1 : 1 to give aminopyridine 7a,
7b or 7c. The aminopyridine was dissolved in CH2Cl2 (40 mL)
and treated with Boc2O (5 equiv.), DMAP (cat., 0.1 equiv.).
After 24 h, the reaction was washed with NaHCO3 (aq., sat.)
and extracted with CH2Cl2. The combined organic phases were
dried and concentrated under reduced pressure. The residue was
purified by flash chromatography EtOAc–heptane 1 : 3 to give
Boc-protected aminopyridine 8a (77% from 6a), 8b (64% from 6b)
or 8c (78% from 6c).


{4-[(tert-Butyl-dimethyl-silanyloxy)-phenyl-methyl]-pyridin-2-yl}-
(4-cyano-benzyl)-carbamic acid tert-butyl ester (13a),
{4-[(tert-butyl-dimethyl-silanyloxy)-(2-methoxy-phenyl)-methyl]-
pyridin-2-yl}-(4-cyano-benzyl)-carbamic acid tert-butyl ester (13b)
and {4-[(tert-butyl-dimethyl-silanyloxy)-m-tolyl-methyl]-pyridin-
2-yl}-(4-cyano-benzyl)-carbamic acid tert-butyl ester (13c)


General procedure. Ketone 8a, 8b or 8c (0.17 mmol, 1.0 equiv.)
was dissolved in MeOH (5 mL) and treated with NaBH4


(2.0 equiv.) at room temperature. The reaction was stirred for
10 minutes and then the solvent was removed under reduced
pressure. The residue was dissolved in CH2Cl2 and washed with
brine. The organic layer was dried and concentrated under reduced
pressure to afford alcohols 12a, 12b or 12c. The alcohol was dis-
solved in CH2Cl2 (5 mL) and treated with 2,4,6-trimethylpyridine
(1.3 equiv.) and tert-butyldimethylsilyl trifluoromethanesulfonate
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(1.3 equiv.) for 40 minutes at room temperature. The reaction was
quenched with NaHCO3 (aq., sat.) and the aqueous layer was
extracted with CH2Cl2. The combined organic layers were dried
and concentrated under reduced pressure. The residue was purified
by flash chromatography EtOAc–heptane 1 : 4 to give 13a (82%),
13b (84%), or 13c (82%).


[4-(tert-Butoxycarbonylamino-imino-methyl)-benzyl]-{4-[(tert-
butyl-dimethyl-silanyloxy)-phenyl-methyl]-pyridin-2-yl}-carbamic
acid tert-butyl ester (17a), [4-(tert-butoxycarbonylamino-imino-
methyl)-benzyl]-{4-[(tert-butyl-dimethyl-silanyloxy)-(2-methoxy-
phenyl)-methyl]-pyridin-2-yl}-carbamic acid tert-butyl ester (17b)
and [4-(tert-butoxycarbonylamino-imino-methyl)-benzyl]-{4-[(tert-
butyl-dimethyl-silanyloxy)-m-tolyl-methyl]-pyridin-2-yl}-carbamic
acid tert-butyl ester (17c)


General procedure. Cyano compound 13a, 13b or 13c
(0.47 mmol, 1.0 equiv.) was dissolved in EtOH (20 mL) and
treated with H2NOH·HCl (10 equiv.) and diisopropylethylamine
(20 equiv.) under reflux for 1.5 h. The solvent was removed under
reduced pressure and coevaporated with CHCl3 two times to
give hydroxy amidine 14a, 14b or 14c. The hydroxy amidine was
dissolved in acetic acid (20 mL) followed by addition of Ac2O
(30 equiv.) at room temperature. After 30 minutes, the solvent was
removed under reduced pressure with toluene as azeotrope and
the residue was taken up in EtOAc and washed with NaHCO3


(aq., sat.). The organic layer was dried and concentrated under
reduced pressure from toluene two times to afford 15a, 15b or 15c.
The acetylated hydroxy amidine was dissolved in MeOH (50 mL)
and Pd/C (100 wt%, compared to 13a, 13b or 13c) was added and
the reaction was put under H2 atmosphere at normal pressure.
The reduction was vigorously stirred for 30 minutes, followed by
removal of Pd/C by filtration through a pad of celite, which was
rinsed with MeOH–AcOH 10 : 1. The solvent was removed with
toluene as azeotrope and the residue was dissolved in EtOAc and
washed with Na2CO3 (aq., sat.). The combined organic layers
were dried and concentrated under reduced pressure to afford
16a, 16b or 16c. The amidine was dissolved in CH2Cl2 (10 mL)
and treated with Boc2O (1.1 equiv.) for 5 minutes followed by
addition of NaHCO3 (aq., sat.). The aqueous phase was extracted
with EtOAc and the combined organic layers were dried and
concentrated under reduced pressure. The residue was purified
by flash chromatography EtOAc–heptane 1 : 4 to give 17a (66%),
17b (46%) or 17c (57%).


4-[(4-Benzoyl-pyridin-2-ylamino)-methyl]-benzamidine acetate salt
(20a), 4-{[4-(2-methoxy-benzoyl)-pyridin-2-ylamino]-methyl}-
benzamidine acetate salt (20b) and 4-{[4-(3-methyl-benzoyl)-
pyridin-2-ylamino]-methyl}-benzamidine acetate salt (20c)


General procedure. Compound 17a, 17b, or 17c (0.2 mmol,
1.0 equiv.) was dissolved in THF (4 mL) at room temperature
and treated with tetrabutylammonium fluoride hydrate (2.0 equiv.)
for 1 h. The solvent was removed under reduced pressure and
the residue was filtered through a path of silica gel (EtOAc–
heptane, 2 : 1 as eluent) to afford alcohols 18a, 18b or 18c. The
afforded alcohol was dissolved in CH2Cl2 (4 mL) and treated with
Dess–Martin periodinane (1.3 equiv.) at room temperature for 5
minutes followed by addition of Na2S2O5 (4 equiv.) in NaHCO3


(aq., sat.). The aqueous layer was extracted with CH2Cl2 and
the combined organic layers were dried and concentrated under
reduced pressure. The residue was purified by flash chromatog-
raphy EtOAc–heptane 1 : 4 → 1 : 2 to afford ketone 19a, 19b
or 19c. The ketone was dissolved in CH2Cl2 (1 mL) and treated
with trifluoroacetic acid (3 mL) for 35 minutes. The solvent was
removed under reduced pressure and the residue was purified by
preparative reversed phase HPLC to give amidines 20a (33%), 20b
(53%) or 20c (52%).


Thrombin inhibitor measurements32. The thrombin inhibitor
potency of compounds 20a–c was measured with a chromogenic
substrate method in a robotic microplate processor, using 96-
well, half volume microtiter plates. The linear absorbance increase
values were determined by measurements at 405 nm (37 ◦C) during
40 minutes with melagatran as control substance. The IC50 values
were calculated by fitting the data to a three parameter equation
by Microsoft XLfit.


Crystallisation and X-ray structure determination. Crystalli-
sation and soaking of compound: human a-thrombin (factor
IIa) was purchased from “Enzyme Research Laboratories”. Pre-
formed thrombin–hirudin complex (stored at 4 degrees) was used
for crystallisation. Apo-crystals were grown using a hanging-
drop method with micro-seeding. The drop was made by mixing
1.5 lL of the thrombin–hirudin complex and 1.5 lL of reservoir
solution containing: 0.05 M sodium phosphate buffer (pH 7.3),
28% PEG8000. The soaking was carried out by adding powder
of the compound directly to the drop and leaving it at room
temperature for 7 weeks.


Data collection and structure determination: the diffraction
data were collected from a frozen crystal on a MarCCD detector
mounted on a microfocus rotating anode generator FR-E Super-
Bright from Rigaku. The crystal-to-detector distance was set to
be 140 mm and 104 images were collected with oscillation of 1
degree. The data were processed with MOSFLM33 and programs
in the CCP4 suite.34 Refinement and model re-building was carried
out using programs REFMAC535 and COOT.36 The structure has
been deposited with PDB code 2PKS.
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The understanding of mutual recognition of biologically interacting systems on an atomic scale is of
paramount importance in the life sciences. Electron density distributions that can be obtained from a
high resolution X-ray diffraction experiment can provide—in addition to steric information—electronic
properties of the species involved in these interactions. In recent years experimental ED methods have
seen several favourable developments towards successful application in the life sciences. Experimental
and methodological advances have made possible on the one hand high-speed X-ray diffraction
experiments, and have allowed on the other hand the quantitative derivation of bonding, non-bonding
and atomic electronic properties. This has made the investigation of a large number of molecules
possible, and moreover, molecules with 200 or more atoms can be subject of experimental ED studies,
as has been demonstrated by the example of vitamin B12. Supported by the experimentally verified
transferability concept of submolecular electronic properties, a key issue in Bader’s The Quantum
Theory of Atoms in Molecules, activities have emerged to establish databases for the additive generation
of electron densities of macromolecules from submolecular building blocks. It follows that the major
aims of any experimental electron density work in the life sciences, namely the generation of electronic
information for a series of molecules in a reasonable time and the study of biological macromolecules
(proteins, polynucleotides), are within reach in the near future.


Introduction


X-Rays interact with the electron distribution of a chemical
structure and give a discrete diffraction pattern in the case of a
periodic arrangement as present in crystals. It follows that the
results from an X-ray diffraction experiment contain information
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about the electron density distribution q(r) in a crystal,1 so that
this quantity is a physical observable in contrast, for example,
to the wave functions in the Schrödinger equation. It should,
however, be mentioned that conventional X-ray analysis, which is
nowadays carried out worldwide several tens of thousands of times
per year, only yields atomic positions and some information
about their vibrational behaviour, since the method is based on
the independent atom model (IAM) formalism, which considers
spherical electron densities (EDs) only, so that all aspherical ED
deformations caused by bonding and non-bonding interactions
are a priori neglected.


Aspherical EDs are commonly described by a more complicated
model introduced by Hansen and Coppens (1978),2 generally
referred to as the multipole model, where an aspherical ED of
an atom is given by


qa(r ) = qcore(r) + Pvj
3qval(jr) + qdef (r ) (1)


with


qdef (r ) =
lmax∑


l=0


j′3R1(j′r )
1∑


m=−1


PlmYlm(h, φ)


While the first two terms still describe spherical core and valence
densities, the third term is used to model aspherical density
contributions.


As an alternative procedure to model aspherical EDs, the
maximum entropy method (MEM) has been used in some cases.
MEM tries to maximize an entropy function of a grid-based ED,
starting from a given prior ED.3 It has recently been applied in
the bioorganic field, and the results were compared to multipole
modelling.4
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The substitution of the IAM by the aspherical model raises
strict requirements for the X-ray diffraction experiment, making
for decades the execution of experimental ED work possible only
in exceptional cases. Thanks to the technical advances of the last
few years, the situation has changed significantly, as will be detailed
below.


The importance of the electron density q(r) as a fundamental
property of an electronic system follows from the Hohenberg–
Kohn theorem5 (the Nobel prize was awarded to Walter Kohn in
1998, together with John Pople). It states that the ground state
energy of a non-degenerate quantum chemical system is function-
ally related to its distribution of charge. As a consequence, major
electronic properties of bonding and non-bonding interactions,
atomic properties, stability and reactivity can be deduced from the
ED.


In the life sciences it is a fundamental challenge to understand
the recognition and interaction of biologically active systems
on an atomic scale. It is generally accepted that not only steric
interactions but also complementary electronic properties of the
involved species play a dominant role in this recognition process.
Experimental electron density distributions contain, among other
things, information on weak intermolecular interactions in the
crystal. They can serve in a first approximation as a model
for the interactions under biological conditions, since the same
types of effects as the ligand–target interactions should exist in
the crystal (e.g. steric, electrostatic, hydrogen bonding, van der
Waals effects), and these are expected to be comparable in size. In
this respect, experimental ED properties are much better suited
to simulate physiological conditions than those from isolated
molecule calculations, as has been shown in a number of studies.6–8


For a broad application of experimental ED work in the life
sciences, (at least) two major problems have to be addressed:


(i) Screening: in medicinal chemistry (drug development) it is
indispensable to screen a large number of compounds to identify
their potential activity. This makes also the generation of electronic
information on series of molecules in short time periods
necessary.


(ii) Macromolecules: proteins and polynucleotides are impor-
tant biological macromolecules, but for several reasons (crystal
quality, disorder problems, limited diffraction properties) ED
studies on these types of molecules are known only in exceptional
cases. Pioneering work in this field has been carried out in the
group of Lecomte (Nancy, France).9–12


A reasonable application of experimental ED research in the
life sciences therefore makes an approach to the above-mentioned
problems necessary. It will be shown in this contribution that from
the present status and extrapolation to the near future, this method
has the power to become routinely used in this field.


The present state of electron density research


Experimental and methodological advances


The ED of a chemical structure consists of a large spherical
and a very small aspherical contribution located mainly in the
covalent bond and certain non-bonding (lone pair) regions.
To make these small aspherical effects visible, very precise X-
ray diffraction experiments have to be carried out requiring
single crystals of excellent quality. Since thermal movement of


atoms in the crystal lattice should be as small as possible,
X-ray data collection should be performed at the lowest attainable
temperature. Moreover, at low temperature, high-order data,
which are needed not only to improve accuracy and resolution, but
also to provide sufficient data for the refinement of the increased
number of parameters of the multipole model (see eqn (1)), are
more likely to have significant intensities above the background.


The above-mentioned experimental conditions were extremely
difficult to meet until various technical advances in the last decade
led to a major breakthrough in ED work:13


(i) The appearance of CCD area detectors in the mid-1990s
increased the amount of X-ray data able to be collected in a
given time by one or two orders of magnitude, compared to point
detectors, leading to a drastic reduction of exposure time.


(ii) Highly intense synchrotron beamlines provided a bright
source of X-ray radiation. The high primary intensity and the
tuneable wavelength, allowing a choice of k ≈ 0.5 Å or shorter,
enabled very high-resolution data sets to be collected.14


(iii) The introduction of open-flow or closed-cycle He cooling
devices allowed ED X-ray data collection at extremely low
temperatures (around 10–20 K).


Fig. 1 illustrates an example of a proper ED data set measured
for the tripeptide L-alanyl-L-tyrosyl-L-alanine15 under almost
optimum experimental conditions.


A data set of more than 200 000 reflections was collected at a
wavelength of 0.50 Å using open-flow He gas stream cooling,
allowing measurement at 9 K. Although a resolution of d =
0.40 Å (sinh/k = 1/2d = 1.24 Å−1) was reached, the number of
reflections significantly above the background was greater than
90%. The static deformation density map in the plane of one
peptide bond shows clearly the expected aspherical features in
the covalent bonding and the non-bonding (lone pair) regions.


While the static map shown in Fig. 1 yields more or less
qualitative (or at most semi quantitative) information, a variety of
quantitative results is provided by Bader’s The Quantum Theory
of Atoms in Molecules (QTAIM).16,17 Making use of the first and
second partial derivatives of the electron density function q(r), the
electron density gradient vector field ∇q(r) and the corresponding
Laplacian ∇2q(r) are generated. A proper definition of atoms and
bonds is then given and a topological analysis of q(r) can be carried
out, which allows a quantitative description of atoms, bonds, non-
bonding interactions, electronic structure and reactivity. In this
concept, a bond is defined by its bond path, a line of maximum
ED in the gradient vector field. The value of the electron density
q(rBCP) at a bond critical point rBCP on the bond path (defined by
the condition that ∇q(r) vanishes at rBCP) is then a quantitative
measure for the strength of a bond.


Making use of the zero-flux surfaces in the ED gradient vector
field ∇q(r), a well-defined procedure of partitioning a chemical
structure into atomic regions is provided. Once the shape and the
volume of an atom is known, a number of atomic or functional
group properties can be evaluated; for instance, atomic charges
can be obtained by integration over the charge density in the given
atomic volume.


The above-mentioned experimental and methodological ad-
vances have been completed by the development and distribu-
tion of specific computer program systems (e.g. XD,18 Valray,19


Mopro12,20) providing algorithms for the refinement, analysis and
visualization of experimental ED results.
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Fig. 1 a) Structure of the tripeptide L-alanyl-L-tyrosyl-L-alanine (water modification)15 from a data set of 203 534 reflections measured at 9 K using
open-flow He gas stream cooling (Helijet, Oxford Diffraction) at synchrotron beamline D3 (Hasylab/DESY, Hamburg, Germany), wavelength k =
0.50 Å, resolution d = 0.40 Å (sinh/k = 1.24 Å−1), MAR165-CCD area detector. b) Static deformation density in the peptide bond region given by the
plane through N2, C2, O1, positive/zero/negative contours as solid/dashed/dotted lines, contour intervals 0.1 e Å−3.


Intermolecular interactions, hydrogen bonds


One of the greatest discoveries in the life sciences of the last century
was the double helix structure of DNA introduced by Watson and
Crick,21 which could not have been developed unless the existence
of hydrogen bonds between the base pairs was assumed. In almost
all biological systems, hydrogen bonds and other weak interactions
play an important role. Various approaches exist to analyze these
interactions quantitatively and qualitatively in electron density
distributions.


Koch and Popelier22 have evaluated eight concerted effects
occurring in the ED that are indicative of hydrogen bonding, while
Espinosa et al.23–25 have derived exponential relations for hydrogen
bond energies from the analysis of experimental ED studies. These
quantitative topological criteria allow a better insight into the
strengths of these interactions than steric criteria being applied in
geometry analysis programs.


A more qualitative description, making the site and direction of
intermolecular interactions clearly visible, is illustrated in Fig. 2,
in which two types of iso-surface representations are shown
generated with the interactive graphics program Moliso,26 written
in our lab. Fig. 2a shows the molecular Hirshfeld surface27,28


of the Watson–Crick base pair complex 9-methyladenine–1-
methylthymine (A–T complex), in which the experimentally re-
fined ED is mapped on the A and T surfaces. The intermolec-
ular hydrogen bonds are shown by the strong-colored circular
regions.


Fig. 2b shows the electrostatic potential of the nucleoside
thymidine (derived from the experimental ED using the method
of Su and Coppens29) mapped on the ED iso-surface at 0.5 e Å−3.
A pronounced polarization is visible, in that negative regions
(in red) surround the electronegative oxygens, while a positive
potential (in blue) surrounds the H atoms. The hydrogens, which
are donor atoms in hydrogen bonds, exhibit the most strongly
positive regions, as can be seen for the OH hydrogens H13 and
H14 (in purple).


It follows that experimental ED distributions also provide qual-
itative and quantitative information on the weak intermolecular
interactions that play an important role in biological recognition
processes.


Recent applications—two examples


Protease inhibitor model compounds


In the course of the development of cysteine and aspartic
protease inhibitors consisting of electrophilic building blocks
that can covalently block the nucleophilic amino acids of the
enzymes’ active sites, the aziridine model compound 1 (Fig. 3) was
synthesized.30 This compound is known to undergo nucleophilic
ring opening by cleavage of the C–C bond of the aziridine three-
membered ring, and it was important to know at which of the two
ring carbons the nucleophilic attack would occur.


An experimental ED study provided information on this
question, as is illustrated in Fig. 4, which allows a close look at the
situation in the reactive region of the three-membered ring. The
electrostatic potential (Fig. 4a) obtained from the crystalline ED29


shows that carbon atom C1 is much more positively polarized than
C2, so that it will be the preferred site for a nucleophilic attack.
The zero Laplacian iso-surface, also called the “reactive surface”
after Bader,16 shows the exact location of the electrophilic centres,
represented by holes in this iso-surface, thus allowing additional
insight into the direction of nucleophilic attack (Fig. 4b).


A comparison with model reactions with oxygen and sulfur
nucleophiles revealed that the aziridine 1 reacts according to the
electronic properties derived from the ED study, i.e. nucleophilic
attack takes place exclusively at C1.


ED studies on vitamin B12


As already mentioned, experimental ED studies become increa-
singly difficult with increasing molecular size. In this respect,
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Fig. 2 (a) Hirshfeld surface of the Watson–Crick base pair com-
plex 9-methyladenine–1-methylthymine, colour-mapped with the electron
density. The three intermolecular hydrogen bonds are shown by the
strong-colored circular regions. The colour legend refers to units of e Å−3.
(b) Molecular electrostatic potential of thymidine mapped on the charge
density iso-surface at 0.5 e Å−3. The colour legend refers to units of e Å−1.
MolIso representations26 are used. Reproduced with permission from the
International Union of Crystallography (Copyright 2006).


Fig. 3 ORTEP63 representation with displacement ellipsoids at 9 K
(50% probability) of the aziridine protease inhibitor model compound
1 with atom numbering scheme. Hydrogen atoms are represented by
small spheres of arbitrary radius.30 Reproduced with permission from
Wiley-VCH (Copyright 2007).


vitamin B12 (cyanocobalamine, CN-Cbl), the corresponding coen-
zyme (5′-deoxy-5′-adenosylcobalamine, Ado-Cbl) and further


Fig. 4 (a) Experimental electrostatic potential mapped on an iso-surface
of the density at 0.5 e Å−3 for the aziridine ring of 1. Colour bar scale in
e Å−3. (b) Experimental zero Laplacian iso-surface of the three-membered
ring region of aziridine 1.30 MolIso representations26 are used. Reproduced
with permission from Wiley-VCH (Copyright 2007).


related alkylcobalamines (R-Cbl), consisting of 200 or more atoms
are borderline cases between small and macromolecular structures,
and thus present a challenge for ED determination.


Alkylcobalamines play an important role in human metabolism.
They are cofactors of mammalian enzymes that catalyze several
biological processes, methyl transfer, isomerization and redox
reactions. An important scientific aspect is the fact that the
alkylcobalamines belong to the few biologically relevant com-
pounds with metal–carbon bonds. Interestingly, this bond is stable
under physiological conditions and in the presence of oxygen.31


The participation of cobalt, which is the rarest of the first-row
transition metal elements in the earth’s crust and the oceans,
suggests that special functionality is involved.


From the various reasons given above, an experimental ED
study seemed of interest, especially with regard to the electronic
structure of the corrin system, the electronic configuration of the
Co centre and the nature of the Co–X bonds.


Although crystal structures of the alkylcobalamines have been
described as notoriously inaccurate due to the disorder of side
chains and solvent molecules,32 crystals of a new solvate of vitamin
B12 could be grown (with 12 water and 3 propanol molecules
per B12 molecule in the asymmetric unit, of which only one
propanol molecule was disordered) that were properly suited
for high-resolution data collection. Based on more than 660 000


2532 | Org. Biomol. Chem., 2007, 5, 2529–2540 This journal is © The Royal Society of Chemistry 2007







reflections collected at 100 K with conventional MoKa radiation
to a resolution of d = 0.41 Å (sinh/k = 1.22 Å−1), an experimental
ED could be derived.33 As an example, the experimental static
deformation electron density distribution in the corrin ring is
displayed in Fig. 5. As expected for an octahedral cobalt-ion
coordination, a lock-and-key arrangement is clearly seen; regions
of electron accumulation are concentrated on the lines bisecting
the N–Co–N angles, while electron deficiency is located along the
Co–N bonds. Topological analysis which gives ED values at the
bond critical points indicates Co–X bonds of decreasing strength
for the Co–CN, Co–Neq and Co–Nax bonds. For further details of
the results, see ref. 33.


Fig. 5 Experimental static deformation electron density in the corrin ring
of the vitamin B12 solvate. Positive, zero, and negative contour lines are in
blue, black, and red; the contour interval is 0.1 e Å−3.33 Reproduced with
permission from Wiley-VCH (Copyright 2007).


This study has shown that a conventional X-ray diffraction
experiment can provide data of sufficient quality even for the
ED determination of a large structure such as this vitamin
B12 derivative, which contains more than 250 atoms in the
asymmetric unit.


A similar investigation on the related coenzyme Ado-Cbl is
in progress so that a comparison of results with respect to their
different biological function will be possible.


Transferability of submolecular/atomic properties


As already mentioned, Bader’s The Quantum Theory of Atoms
in Molecules16,17 provides a procedure to partition a molecular
structure into submolecular regions, functional groups or single
atoms making use of the zero-flux surface in the electron density
gradient vector field ∇q(r). A key issue of Bader’s theory is the
transferability of submolecular properties. On the electronic level,
it is expected that density and derived properties of a functional
group composed of atomic fragments should possess a high degree
of transferability when compared for different but chemically
related molecules.


It follows that once the density properties of an atom or a
group of atoms in a given chemical neighbourhood are known,


the same properties should be assumed to exist if this atom
occurs in another molecule but in the same chemical environ-
ment. The transferability of submolecular or atomic electronic
properties provides a tool to use these fragments as building
blocks for the additive generation of the electronic densities of
macromolecules such as proteins or oligo/polynucleotides. Since
the transferability concept is essential for the application of
database approaches to the modelling of the EDs of larger systems,
something which has recently become of vital interest to various
groups,34–37 an experimental verification was of major importance.
The biologically important class of the twenty genetically encoded
amino acids was the first one where this transferability was
systematically examined from experimental and theoretical work.
While Bader and Matta38–40 have published complete topological
data on all twenty amino acids based on theoretical calculations,
experimental studies on sixteen of them were carried out by
different groups.41 This class of compounds is thus the first one
for which a complete set of theoretical ED data is available and
for which the corresponding experimental studies are approaching
completeness.


It was shown that the bond topological properties (q(rBCP) values
and corresponding Laplacians) of the five bonds common to all
amino acids (C=O, C–O(H), C–N, Ca–C′ and Ca–Cb) agree within
standard uncertainties of 0.07–0.11 e Å−3 and 2–5 e Å−5 for q(rBCP)
and ∇2q(rBCP). Since comparable discrepancies were reported in the
literature for averages from other experimental studies and also for
the results obtained from different data sets of one compound,42,43


the above-mentioned experimental results are very consistent in
their respective ranges despite the various experimental conditions,
different b-substituents and crystal environments.


An obvious step from single amino acids to polymeric structures
is the consideration of oligopeptides containing the building
blocks of proteins. Following this route, we have examined the
transferability of bond topological properties, atomic volumes and
charges in the peptide bond region of several oligopeptides.


Fig. 6 presents comparative considerations of bond topological
properties (q(rBCP) and ∇2q(rBCP) values) in the main chain of six
tripeptides of the type L-Ala-Xxx-L-Ala, with Xxx = L-alanine
(A),44 glycine (G),45 L-histidine (H), L-proline (P)46 and L-tyrosine
(Y, two modifications, AYA·EtOH and AYA·H2O15). Neglecting
the influence of different next-nearest neighbours, the peptide
groups next to the N-terminus and the C-terminus are considered
to consist of bonds of the same type. Standard deviations (after
averaging) of 0.06 e Å−3 and 2.9 e Å−5 are then obtained, confirming
the results from the experimental amino acid study.


For comparing the transferability of atomic volumes and
charges in the peptide bond region, we made use of experimental
data for five dipeptides, one hexapeptide and four tripeptides of
the above-mentioned L-Ala-Xxx-L-Ala type. The results obtained
so far are summarized in Fig. 7.47 The averages of comparable
quantities show that the internal consistency for volumes is <1 Å3.
However, if the provision of equal nearest neighbours is no longer
fulfilled, significant deviations from the overall averages can be
recognized. This holds for the Ca atom of the glycine and the
nitrogen atom of the proline residues. The average volumes of the
(non-Gly) Ca atoms are smaller by more than 1 Å3 than those of the
Gly Ca atoms, where the second hydrogen atom allows the carbon
to expand. A nearest neighbour influence is also seen for the N
atoms. In proline the nitrogen atom is part of the five-membered
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Fig. 6 Bond topological properties q(rBCP) (in e Å−3) and ∇2q(rBCP) (in e Å−5) in the main chain of six tripeptides.


Fig. 7 Average atomic charges (in units of e) and volumes (in Å3) of
the atoms in the peptide bond region. A refers to five dipeptides and
one hexapeptide; B refers to the four tripeptides AAA· 1


2
H2O, APA·H2O,


AYA·C2H5OH; av is the average over all entries. N is the number of
contributing entries.47 Reproduced with permission from Wiley-VCH
(Copyright 2007).


ring and bonded to a third carbon atom instead of hydrogen,
which reduces the volume by more than 1 Å3, analogous to the
above-quoted volume expansion for the glycine Ca.


The AIM charges (for averages see also Fig. 7) agree within
the given atom types by 0.07–0.16 e. The Ca atoms carry a
small positive charge, the hydrogens of the peptide NH group
are moderately positively charged, and the C′ atoms carry a high
positive charge, while strong negative charges close to 1 e are
seen on the N and O atoms. The sum of the positive charges is
approximately +1.7 e, while the negative charges amount to about
−2 e, so that for each peptide bond region the excess of −0.3 e has
to be compensated by the side chains.


A conclusion of these studies on amino acids and the peptide
bonds of oligopeptides is that very reproducible atomic and bond
topological properties for the contributing atoms can be derived
when the chemical environments are comparable. No significant
experimentally detectable influence of the next-nearest neighbours
on the electron density of a given type of atom or bond was found.
If there is any influence, it is beyond the accuracy of experimental
ED work at present. These findings confirm experimentally the
nearest/next-nearest neighbour approximation,48 and encourage
the use of the database approaches currently being developed
for ED determinations of polypeptides or other macromolecules
where the transferability principle is an essential prerequisite for
their validity.


Perspectives


Fast data collection


It was mentioned in the introduction that one prerequisite for the
successful application of experimental ED work in the life sciences
is the execution of fast X-ray diffraction experiments to make a
series of investigations possible. In other words, the use of high-
throughput techniques (already established in several fields of X-
ray diffraction based structure research, such as small-molecule
and protein crystallography), would be highly desirable.


About a decade ago we reported on a high-resolution data
collection experiment49 combining synchrotron primary radiation
and CCD area detection, carried out within one day, that could
have otherwise taken weeks or even months. Now the experimental
situation has further improved, in that a reduction of exposure time
to hours or minutes seems to be within reach. This was recently
demonstrated by a 12 hour sequence of diffraction experiments
having been conducted at the synchrotron beamline X10SA of the
Swiss Light Source (SLS) of the Paul Scherrer Institute (Villigen,
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Switzerland).50 In this time period a total of more than 400 000
reflections were collected for four data sets at a resolution of d =
0.5 Å (sinh/k = 1.0 Å−1). Thanks to the brilliant primary intensity
of this third generation synchrotron source, significant intensities
could be obtained even for otherwise extremely small and weakly
diffracting crystals in very high-order regions of reciprocal space.


In an additional very quick test experiment, a data set of 22 000
reflections for an adenosine crystal was collected in less than
one hour, which was entered into an aspherical atom refinement.
As a result, Fig. 8 shows the static deformation density map in the
purine plane of the adenosine molecule. All the expected features
in the bonding and non-bonding regions are resolved practically
noise-free, despite being based on a data set with the shortest
exposure time ever applied in experimental ED work.


Fig. 8 Relief plot of the experimental static deformation density of the
purine plane of adenosine based on a synchrotron data set collected at
beamline X10SA (SLS, PSI) in less than one hour.50 Reproduced with
permission from the American Chemical Society (Copyright 2005).


To examine the possible shortcomings of high-speed data
collections, we compared one of the four SLS data sets, taken
for a crystal of the tripeptide L-Ala-Gly-L-Ala (hereafter called
the SLS data set) with two further state-of-the-art data sets, one
collected under home laboratory conditions (the Home data set),
and the other using synchrotron radiation at the Hasylab/DESY
facility in Hamburg, Germany (the Hasylab data set).45


As summarized in Table 1, the three data sets were measured
under very different experimental conditions with respect to


diffractometer setup, radiation type and wavelength, detector type,
temperature and beam time period (which varied between 4 hours
and more than 5 days).


The multipole refinement according to eqn (1) was carried
out with exactly the same model in all three cases, so that the
quantitative results are directly comparable. For the SLS data,
collected in the shortest exposure time, the number of reflections
and the resolution were the lowest, which might have negatively
influenced the results, however, this could not be confirmed. Fig. 9
shows the values of the ED at the BCPs and the corresponding
Laplacians for the 14 non-H bonds. For each bond, averages
of the three experimental contributions and the corresponding
ESDs, rn, were calculated. Averaging over the 14 rn values gave
mean uncertainties of 0.07 e Å−3 and 3.4 e Å−5 for the densities
and Laplacians, respectively. For atomic volumes and charges,
average uncertainties were found to be 0.4 Å3 and 0.1 e. Since all
of these uncertainties are in the same range, as have been reported
in the literature for the accuracy of these topological descriptors,
it follows that in no case can an indication for a preference of any
of the three data sets be derived.


Fig. 9 Bond topological properties q(rBCP) (in e Å−3) and ∇2q(rBCP) (in
e Å−5) of the tripeptide L-alanyl-glycyl-L-alanine obtained from three data
sets. Representation in three columns for each bond. First column: home
data set; second column: SLS data set; third column: Hasylab data set.45


Considering also the result of the 1 hour experiment of adeno-
sine (Fig. 8), the expectation that high-speed ED experiments with
exposure times of hours or minutes should be routine in the near
future seems justified. This is further supported by recent reports


Table 1 Experimental conditions for three data collections of L-Ala-Gly-L-Ala


Home Hasylab SLS


Beamline Huber (home) F1 X10SA
Detector APEX MARCCD-165 MAR-CCD-225
Cooling system He-cryostat N2-flow N2-flow
Temperature/K 20 100 92
Radiation type MoKa Synchrotron Synchrotron
Wavelength/Å 0.7107 0.55 0.6214
Exposure time/h 130 28 4
Max. resolution in d/Å 0.42 0.40 0.51
Max. resolution in (sinh/k)/Å−1 1.18 1.25 0.98
Total no. of reflections 32 605 97 469 28 133
R/Rw (multipole) 0.036/0.023 0.026/0.022 0.027/0.039
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on extremely sensitive detectors that should allow the collection
of entire data sets in time periods of a few seconds.51,52


However, the present shortcomings of the experimental situa-
tion should not be overlooked. Most synchrotron beamlines are
dedicated to protein crystallography, where high-order regions of
reciprocal space do not need to be explored and where hard X-
rays (say k < 1 Å) cannot be used, because from the large unit cell
dimensions an overlap of neighbouring reflections would occur.
These problems are mainly of a geometric nature and could be
overcome with little effort, especially in the course of designing new
beamlines. The development of the small molecule beamline I19
at DIAMOND (Oxford, UK; to start operation in 2008) deserves
in this respect the attention of the ED experimenter community.


Database developments: invarioms


A further highly desirable application of ED in the life sciences
would be on macromolecules, e.g. proteins, but unfortunately this
is generally not practicable. One reason stems from the poor
diffraction properties of protein crystals, and another from a draw-
back of the multipole formalism, in that the number of parameters
becomes very large with increasing molecular size, causing (among
other things), correlation and convergence problems.


Bader’s concept of transferability of submolecular electronic
properties, which has been verified experimentally as outlined
above, opens the possibility of establishing databases of atomic
building blocks for the additive generation of the EDs of larger
molecules. This would help to limit the number of parameters, even
for macromolecules, and there is considerable current research
activity in this field. A database of experimentally determined mul-
tipole parameters from X-ray data of high quality was established
in the group of Lecomte (Nancy, France).35,36 Applications were
reported for a few protein data sets, for which, as rare exceptions,
high resolutions of d < 1.0 Å could be obtained. For example,
studies on crambin (resolution d = 0.54 Å)10 and the scorpion toxin
II (d = 0.96 Å)11 were published in 2000, and more recently the
same group reported on an ongoing study of aldose reductase (d =
0.66 Å),12,53 for which the starting values from their experimental
database were used for the protein ED refinement.


A theoretical data bank, in which parameters were averaged
over a selection of related organic compounds, was developed in
the group of Coppens (Buffalo, US).37


We have introduced recently a database of so-called invarioms,34


also based on theoretical calculations, in which each entry is
derived from a unique model compound. This concept and a few
applications will be described here briefly.


Invarioms (from invariant atoms) are intermolecular transfer-
invariant pseudoatoms within the Hansen–Coppens formalism
(eqn (1)). They allow the generation of individual aspherical scat-
tering factors that take into account the chemical neighbourhood
of a bonded atom. In this way the spherical independent-atom
model (IAM) can be replaced. The procedure to establish an invar-
iom database, which relies—like all other database approaches—
on the electron density transferability principle, works as follows:54


An invariom is assigned to a given bonded atom by a model com-
pound consisting of the same elements and the same local chemical
environment. This includes nearest neighbours for single-bonded
systems, and next-nearest neighbours for delocalized/mesomeric
systems, H atoms and hypervalent elements.


After geometry optimization of the model compound by a
quantum chemical calculation, theoretical structure factors are
generated in a simulated periodic environment (cubic cell, space
group P1̄), which are then used to obtain invariom scattering
factors from a multipole refinement of the simulated data with the
corresponding least-squares program XDLSM of the XD suite.18


After completion, for each atom in a given chemical environ-
ment, a set of aspherical multipole parameters is obtained, which
can be stored in an invariom library. The total density of a molecule
is obtained by superposition of its constituting invarioms. Fig. 10
shows as an example the molecular structure of serine, with an
atom numbering scheme, invariom names (which follow a simple
notation; see ref. 34 and 55 for details) and corresponding model
compounds.


Fig. 10 ORTEP plot63 of the molecular structure of DL-serine at 20 K with
atom numbering scheme, assigned invarioms and the model compounds
used to obtain the invariom electron density.47 Reproduced with permission
from Wiley-VCH (Copyright 2007).


The modelling procedure of an invariom refinement, where only
positional and displacement parameters are adjusted against the
experimental intensities, can be automated, helping to expedite
this otherwise time-consuming procedure significantly. For this
purpose, the program INVARIOMTOOL has been developed56


which automatically analyses molecular geometry, assigns invar-
iom names to each atom in a given structure, uses this invariom
name to find and transfer the corresponding density parameters of
the data bank, and writes input files for the respective aspherical-
atom refinement program part of XD.18 In addition, the local site
symmetry and coordinate system for each atom is selected and
included. Once high-resolution ED quality data for a ‘classical’
multipole refinement are available, INVARIOMTOOL can also be
applied to generate the starting model, which requires appreciable
effort, if made individually.


Until now, all of the 20 naturally occurring amino acids were
analyzed in terms of their invariom fragments, resulting in a
database with 73 entries generated from 37 model compounds,54


completely covering this class of compounds. Comparable work
is in progress to establish invarioms in the nucleoside/nucleotide
field, so that two important macromolecular classes, proteins and
oligo/polynucleotides, can be the subject of invariom applications.


Two examples should illustrate some qualitative and quantita-
tive results of invariom applications.


A couple of years ago, the ED of the pharmacologically
active compound terbogrel was investigated by Flaig et al.6 The
experimental ED for this molecule, consisting of more than
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Fig. 11 Large map: experimental static deformation electron density of terbogrel based on 220 000 high-resolution reflections, d = 0.4 Å (inset: molecular
structure). Small maps: corresponding static maps in the planes of the phenyl ring, pyridine ring and carboxyl group after invariom application on a data
set of 3300 reflections measured at room temperature (resolution d = 0.86 Å). Contour interval is 0.1 e Å−3.


50 atoms, was derived from a data set of about 220 000 reflections
measured at 100 K to a resolution of 0.4 Å (sinh/k = 1.25 Å−1).
These data were the subject of a ‘classical’ multipole refinement
to yield, among other results, the static deformation density map
shown in Fig. 11. Based on a second data set of 3300 reflections
measured at room temperature at a much lower resolution of
d = 0.86 Å (sinh/k = 0.58 Å−1), invariom application yielded
static maps of comparable quality (see Fig. 11). The electrostatic
potential obtained from invariom modelling of the low-resolution
data (Fig. 12) shows in detail the expected charge distribution on
the various functional side groups of this molecule.


Quantitative implications from applying invarioms can be
drawn from the example of the tripeptide L-Ala-L-Pro-L-Ala,46


for which three models were considered: a ‘classical’ multipole
model (‘ref’) based on a 0.37 Å resolution data set of more than
180 000 reflections measured at 100 K, an invariom model applied
to the same fully resolved data set (‘inv0.37’) and an application
of the invariom formalism where the data set was cut to the low
resolution limit of d = 0.83 Å (‘inv0.83’). As illustrated in Fig. 13,
there is practically no difference between the results from the
two invariom models despite the different resolutions, showing
clearly the ability to successfully apply the invariom formalism to
data sets that just satisfy the minimum resolution requirements of
commonly used data sets for spherical structure determination.
The average agreement with the results from a full multipole


Fig. 12 Electrostatic potential mapped on the ED iso-surface at 0.5 e Å−3


for terbogrel obtained from invariom application on the low-order data
set (MolIso representation).26


refinement was derived to be within 0.08 e Å3 and 1.0 e Å−5 for the
electron density values and corresponding Laplacians at the bond
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Fig. 13 Comparison of the classical multipole model (ref) with the two invariom models (inv0.37 and inv0.83) for L-alanyl-L-prolyl-L-alanine with
respect to the bond topological properties q(rBCP) (in e Å−3) and ∇2q(rBCP) (in e Å−5).46 Reproduced with permission from the International Union of
Crystallography (Copyright 2007).


critical points, and 0.63 Å3/0.09 e for Bader atoms/charges, in all
cases clearly within the uncertainty ranges repeatedly quoted in
the previous sections.


In a series of papers, Dittrich et al.34,54–58 have explored
various aspects of invariom applications, in which they addressed,
among other things, questions such as invariom nomenclature,34,55


invariom application on data sets at different temperature and
resolution,55 treatment of anomalous dispersion within the invar-
iom formalism and consequences for reliable absolute structure
assignment57 and the validation of the invariom library on an
extensive number of amino acids and peptide structures from the
crystallographic literature.54


Whether or not transferability might be affected by strong
intramolecular interactions due to protein secondary structures
(e.g. b-sheets, a-helices) is very open at the moment, but it is an
important issue to be examined further, something which should
be feasible if more database studies of larger molecules are carried
out.


From the present status of database developments and from our
experiences with the invariom formalism, it can be concluded that
for standard small-molecule structures, a rapid and easy-to-use
procedure now exists that improves the structure refinement even
for low-resolution data to yield ED distributions of an accuracy
not far from that derived from multipole refinement on high-
resolution data. Thanks to the strongly reduced experimental
effort and the highly automated invariom application procedure,
high-throughput techniques can be applied also in experimental
ED work.


In protein crystallography, it can be expected that the number
of available data sets measured at subatomic resolution will
increase, given current developments in high intensity beamlines
and detector technology. As invariom modelling should make use
of data at a resolution of d ≤ 0.9 Å (or sinh/k > 0.55 Å−1), broad
application is in sight.


Conclusions and outlook


It can be summarized that experimental ED methods have
experienced several favourable developments in recent years for
a successful application in the life sciences. Experimental and
methodological advances have made possible on the one hand
high-resolution X-ray diffraction experiments at an increased
pace, and allowed on the other hand the derivation of repro-
ducible and reliable results to describe bonding, non-bonding and
atomic electronic properties quantitatively. Newer developments
are devoted to the analysis of further local quantities such as the
source function,59,60 which analyses the contribution of various
sources to the ED at a given point (e.g. a critical point), or
the electron localization function (ELF), which identifies local
electron concentrations.61,62


The transferability of submolecular/atomic electronic proper-
ties, a key issue of Bader’s QTAIM, has been verified experimen-
tally and has initated various activities for the introduction of
databases aimed at replacing the independent atom model by a
library consisting of more complex aspherical scattering factors.
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It has been noted already that the aim of any experimental
electron density research work in the life sciences should be
directed to the investigation of series of molecules in a reasonable
time and to the study of macromolecules (e.g. proteins) as a routine
application. We believe that we have demonstrated that this aim
has, in certain parts, either been reached, or will be reached in the
near future.


Experimental ED work can be considered as a routine applica-
tion if the following three tasks can be carried out with reasonable
effort and in an acceptable time scale:


Task 1: High-order data collection, if required, for several
hundred thousand reflections, and ‘classical’ multipole refinement
to yield accurate quantitative ED properties. The provision is
high intense primary radiation (at a synchrotron source), fast
and sensitive area detection, and the help of INVARIOMTOOL
software for a convenient multipole model assignment.


Task 2: Derivation of ED-quality properties from low-
resolution X-ray data. The provision is the application of the
invariom formalism.


Tasks 1 and 2 will allow high-speed ED studies of a series of
molecules to meet the demand in medicinal chemistry to screen a
large number of compounds.


Task 3: ED-studies of biological macromolecules. The provision
is the collection of atomic-resolution X-ray data from 3rd-
generation synchrotron beamlines and invariom application.


Since all of the above-mentioned provisions can be anticipated
to be satisfied in the near future, experimental ED work will surely
be applied routinely in the life sciences, so that the answer to the
question raised in the title of this article will be “yes”.
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49 T. Koritsánszky, R. Flaig, D. Zobel, H.-G. Krane, W. Morgenroth and
P. Luger, Science, 1998, 279, 356–664.
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Five and six ring a-phosphono lactams 14–20 are available by reaction of 1,2- and 1,3-cyclic
sulfamidates respectively with enolates derived from ethyl dialkylphosphonoacetates 3 and 4.
Subsequent Wadsworth–Emmons olefination provides the enantiomerically pure exo-alkylidene
variants e.g. 25, which is efficiently converted to vinyl triflate 29 (>98% ee). Suzuki coupling of 29 to a
range of aryl and vinyl boronic acids leads to a structurally diverse range of pyrrolidinones exemplified
by 30 and 34. The degree of epimerisation at the base-sensitive C(5) stereocentre during the Suzuki
coupling of 29 is shown to be dependent on both the nature of the aryl boronic acid and the reaction
conditions used.


Introduction


The 1,2- and 1,3-cyclic sulfamidates 1 (n = 0,1 respectively)
comprise a grouping of synthetically versatile electrophiles that
are accessible via readily available (and enantiomerically pure) 1,2-
and 1,3-aminoalcohols. Importantly, the reactivity profile of 1,2-
and 1,3-cyclic sulfamidates corresponds to that associated with
aziridines and azetidines respectively but with several added ad-
vantages: (i) cyclic sulfamidates undergo regiospecific ring opening
(which reflects the higher reactivity of the C–O bond), (ii) there
is no significant reliance on ring strain since activation towards
nucleophilic attack is “in-built” and (iii) there is no requirement for
the presence (and subsequent removal) of an additional activating
substituent on the nitrogen.1 Cyclic sulfamidate reactivity is readily
harnessed and in a series of recent papers we have described
methodology directed towards the synthesis of a range of different
N-heterocycles, including pyrrolidines and piperidines.2


a-Functionalised enolates, e.g. malonates, provide a particularly
effective combination with cyclic sulfamidates, leading to efficient
and stereospecific C–C bond formation and the potential for
down-stream manipulation. The scope of this chemistry has been
exemplified by the synthesis of individual heterocyclic classes as
well as specific target molecules including (−)-aphanorphine,3a,3b


(−)-paroxetine3c and (+)-laccarin3c (Scheme 1).
We have also reported the utility of a-sulfenyl ester enolates,


which provide access to enantiomerically pure a-sulfinyl lactams
(2, FG = SPh) as well as the corresponding and synthetically
versatile a,b-unsaturated lactams via sulfoxide elimination from 2.4


In this paper we describe a comprehensive study‡ of the reactivity
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Scheme 1 Cyclic sulfamidates as piperidine and pyrrolidine precursors.


of 1,2- and 1,3-cyclic sulfamidates with a-phosphono enolates
based on ethyl dialkylphosphonoacetates 3 and 4. This chemistry
provides access to a-phosphono lactams 5 and subsequently exo-
alkylidene variants 6 (via Wadsworth–Emmons reaction) which, in
turn, offer an entry to vinyl triflates 7; the latter are well suited to
Suzuki coupling to ultimately provide the a-arylated unsaturated
lactams 8 (Scheme 2).


Scheme 2
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We have employed the same structurally representative selection
of 1,2- and 1,3-cyclic sulfamidates 9–13§ as used in our earlier
sulfenyl based work in order to define the scope and potential of
this chemistry. However, we identified particular issues within the
phosphonate series, and of particular interest to us were the Suzuki
coupling reactions of vinyl triflates 7. With “base vulnerable”
substrates, such as 7 or the coupled product 8, epimerisation at an
allylic stereocentre is possible. Consequently, an extensive study of
the Suzuki process in terms of the optimal reaction conditions to
maintain the level of enantiomeric purity of the products obtained
forms a key component of this paper.


Results and discussion


a-Phosphono ester enolates: the role of phosphonate alkyl units


We have previously reported2b the reaction of the (S)-phenyl-
alanine-derived 1,2-cyclic sulfamidate 9 with ethyl diethylphos-
phonoacetate 3 to give, after ring opening and thermal lactamisa-
tion, a-phosphono pyrrolidinone 14 in 96% yield (Scheme 3 and
entry 1, Table 1).


Scheme 3 Reagents and conditions: i. 3 (or 4, see Table 1), t-BuOK, either
THF, 40 ◦C or p-dioxane, 80 ◦C (see Table 1 and text); ii. 5 M HCl then
NaHCO3; iii. PhMe, reflux.


However with 3, the stereochemically more demanding
ephedrine derivative 10 gave low and irreproducible yields of
adduct 15 (entry 2, Table 1) despite extensive efforts. The problem
here appeared to involve competing nucleophilic attack at the
phosphorus promoted by the higher temperatures required to
achieve nucleophilic displacement. This prompted us to use the
more hindered diisopropyl variant 4¶ as the enolate component
which provided an effective solution. Using 4, we have successfully


§ Cyclic sulfamidates 9–13 provide a representative series of substrates
in terms of substitution pattern and ring size. Substrates 9–11 were
prepared starting from the corresponding and commercially available
enantiomerically pure 1,2-aminoalcohols. Cyclic sulfamidates 12 and 13
were racemic, but we have already demonstrated an ability to exploit
enantiomerically pure 3-substituted 1,3-cyclic sulfamidates in related
chemistry.3c


¶ Phosphonate 4 is generally employed to allow base-catalysed transes-
terification of the carboxylate moiety as the diisopropyl groups minimise
alkoxy exchange at the phosphorus.5


isolated a range of a-phosphono lactams 16–20 based on a series
of structurally representative cyclic sulfamidates (Table 1).


The reaction conditions in each case are similar to those shown
in Scheme 3 but with certain substrate-dependent modifications.
For example, whereas sulfamidate 9 reacted efficiently with the
potassium enolate of 4 at 40 ◦C in THF, more sterically de-
manding and/or less reactive substrates (10–13) required elevated
temperatures (reflux, p-dioxane). Once nucleophilic displacement
was judged to be complete (by TLC), acid was added (to cleave
the intermediate N-sulfate) and the target lactams 14–20 were
obtained in good to moderate yields after neutralisation and
cyclisation. The 3-benzyl variant 12 is a demanding substrate
and in our experience shows a propensity towards competing
elimination under nucleophilic conditions. Using the conditions
defined here, the desired lactam 19 was obtained in 58% isolated
yield and we only observed a small (7%) level of the elimination
product 21.


The lactamisation conditions required for the initial ring-
opened adducts depend on the substrate involved. For example,
monosubstituted derivatives (entries 1, 3 and 6) required ther-
molysis (PhMe, reflux), whereas disubstituted variants (based
on ephedrine and pseudoephedrine; entries 2, 4 and 5) cyclised
spontaneously upon neutralisation. 6-Ring lactamisation to form
20 was more challenging and was most efficiently achieved
by refluxing the crude material (following neutralisation) in p-
xylene. In products possessing a C(4) substituent, high levels of
stereochemical control were observed and lactams 15 and 17–19
were isolated as single diastereomers. In other cases the products
were obtained as mixtures of diastereomers at C(3).


Wadsworth–Emmons reactions: an entry to a-exo-alkylidene
lactams


Examples of Wadsworth–Emmons reactions of a-phosphono
lactams have been reported earlier.6 We have evaluated three
phosphonates (14, 16 and 17) derived from cyclic sulfamidates
9 and 10 as substrates towards a series of aldehyde and ketone
components (Scheme 4, Table 2).


Scheme 4 Reagents and conditions: i. NaH, cyclohexanone, THF, rt.


In our hands diethyl phosphonates (entries 1–4, Table 2) reacted
more efficiently but the corresponding diisopropyl variants did
give a somewhat higher level of E/Z selectivity (entries 5–7). For
example, the sodium enolate of lactam 14 reacted efficiently with
cyclohexanone to afford exo-alkene 22 in 73% yield whereas the
isopropyl variant 16 delivered the same product in only 52% yield.
Lactam 14 also underwent efficient reaction with acetaldehyde
to deliver trisubstituted alkene 23 in 75% yield but with no
stereochemical bias. Switching to the isopropyl variant resulted
in a slightly diminished yield (69%) of 23 but allowed greater
control over the newly installed double bond (4 : 1 E : Z). In
these cases the isomeric alkene products were readily separable by
chromatography and stereochemical assignments were made on
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Table 1 Synthesis of a-phosphono lactams 14–20


Entry Sulfamidate Enolate precursor Product Yield (%)a ,b


1 96 (2 : 1 dr at C(3))


2 10–31


3 77 (6 : 1 dr at C(3))


4 63


5 54


6 58 + 7% 21


7 50 (3 : 2 dr at C(3))


a Isolated yields. b Diastereomer ratios were determined from the 1H NMR of the crude product. c Cyclic sulfamidates 12 and 13 were racemic.


the basis of the diagnostic chemical shift of the alkene proton (E:
6.50–6.60 ppm; Z: 5.84–5.92 ppm). In the case of trisubstituted
lactam 17, the presence of a bulky C(4) substituent caused a
reversal in selectivity and lactam 26 was formed as 1 : 8 mixture
of E : Z isomers which were separable by chromatography. Again
stereochemical assignments were made on the basis of 1H-NMR
(alkenyl proton of E isomer: 6.70 ppm; alkenyl proton of Z isomer:
5.63 ppm) and were reinforced by diagnostic NOE correlations (see
Experimental).


One additional observation does merit comment. An attempt
to react 17 with cyclohexanone led to none of the expected alkene,


but 27 was isolated in 38% yield (entry 8); this adduct was also
formed to a lesser extent (4%) when 17 was treated with the
more reactive acetaldehyde (entry 7). When the enolate of 17 was
exposed to dry air (in the absence of cyclohexanone) a-ketolactam
27 was isolated in 73% yield. Reactions of phosphonate-stabilised
anions with oxygen that involve this type of fragmentation
have previously been reported7 although examples possessing an
adjacent stabilising group (in this case a lactam) are rare.7c


One of our longer term goals is to develop cyclic sulfamidates as
versatile heterocyclic building blocks for a range of applications.
While it is straightforward to incorporate useful functional
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Table 2 Wadsworth–Emmons reactions of a-phosphono lactams


Entry Phosphono lactam Aldehyde/ketone Product Isolated yield (%)


1 73


2 75 (1 : 1 E : Z)


3 85 (1 : 1 E : Z)


4 65


5 52


6 69 (4 : 1 E : Z)


7 60 (1 : 8 E : Z) + 4 % 27


8 38, 73a


a Yield of 27 obtained using 2 equivalents of NaH under dry air and in the absence of cyclohexanone.


handles within the enolate nucleophile component, it is also
important to explore the viability of any subsequent processes
available (i.e. diversity oriented transformations). Methods that
allow new C–C bond formation and concomitant introduction
of a new substituent on the heterocyclic core scaffold are of


particular value. The well recognised utility of vinyl triflates made
intermediates, such as 29, attractive targets and these should be
readily accessible from the Wadsworth–Emmons adducts shown
in Table 2. The simple but enantiomerically pure a-methylidene
lactam 25 provided the vehicle for this study (Scheme 5). Lactam


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2636–2644 | 2639







Scheme 5 Reagents and conditions: i. O3, MeOH, −78 ◦C then Me2S
(98 %); ii. PhNTf2, K2CO3, p-dioxane, H2O (63 %); iii. RB(OH)2,
5 mol% Pd(PPh3)4, Na2CO3 or K3PO4, p-dioxane, H2O, 90 ◦C, thermal
or microwave, see Table 3.


25, available in 65% yield by reaction of 14 with paraformaldehyde,
underwent efficient oxidative cleavage (O3) to give a-ketolactam
28. This compound was unstable to chromatography (on either
silica or alumina) but was formed cleanly under the conditions
described. This factor did, however, necessitate the use of 25 as
the precursor to 28 since other alkenes (e.g. 23) did not undergo
such clean oxidative cleavage which then affected the efficiency of
subsequent steps.


Treatment of 28 with Hendrickson’s triflimide8a‖ afforded vinyl
triflate 29 in 63% yield. Vinyl triflate 29 was chosen because
it represents a demanding substrate in the sense that the C(5)
stereocentre is potentially labile either during formation of either
28 or 29, or in any subsequent cross coupling reaction. Impor-
tantly, no racemisation was observed during the formation of
29, the enantiopurity of which was confirmed by chiral HPLC
as >98% ee (using the corresponding racemate as a standard).
Suzuki coupling of 29 did, however, present more of a challenge,
the results of which are shown in Table 3. Reaction of 29 with
phenyl boronic acid under standard thermal conditions gave the
Suzuki adduct 30 but in poor yield and with a significant level of
racemisation. Modification of the base (Na2CO3 to K3PO4) gave
a dramatic improvement in the enantiomeric purity of 30 but the
yield remained poor.


The latter problem was solved using microwave irradiation.
Under these conditions (e.g. entry 3, Table 3), Suzuki coupling
was rapid and efficient and no significant level of racemisation
was detected. Under the same conditions, coupling of 29 with
vinyl boronic acid gave diene 31 in 78% yield and >98% ee.
While 30 and 31 could be produced very efficiently, defining
the scope and limitations of this Suzuki coupling process was
important. With this in mind, we chose to evaluate two particularly
demanding substrates incorporating significantly more strongly
electron withdrawing aryl units. Under our optimised conditions
(K3PO4 + MW irradiation) 3-nitrophenyl boronic acid and 3-
pyridyl boronic acid underwent Suzuki coupling with 29 to give
adducts 32 and 33 in 73% and 38% yields respectively. The strongly
electron withdrawing effect of the aryl substituent did, as antic-
ipated, have an impact on the degree of epimerisation observed
and 32 and 33 were obtained in 86 and 47% ee respectively;
the effect of Na2CO3 vs. K3PO4 under the optimised microwave
conditions is aptly illustrated by comparing entries 6 and 7. These
observations illustrate current limitations but clearly, with strongly
electron withdrawing substrates, use of K3PO4 in combination


‖ Other triflating agents such as Tf2O and Comins’ reagent8b were
significantly less efficient for the formation of 29.


with microwave irradiation provides a validated starting point for
optimisation of reactions involving such demanding substrates.††


It is also pertinent to illustrate the capacity of a-arylated
a,b-unsaturated lactams to function as electrophiles. We have
exemplified this in one case, but as with the Suzuki coupling
process, we believe that this has broader applications. Exposure
of 30 to an organocuprate9 gave the 3,4,5-trisubstituted lactams
34 and 35 in 65% yield and as a 3 : 1 mixture of diastereomers
(Scheme 6). The stereochemical assignment of each isomer was
determined using NOE experiments (see Experimental) and we
also established that this 1,4-addition did not cause any erosion of
enantiomeric purity; both 34 and 35 were shown by chiral HPLC
to have >98% ee.


Scheme 6 Reagents and conditions: i. n-BuLi, CuI, Me3SiCl, HMPA,
THF, rt (65 %, 3 : 1 dr 34 : 35).


Conclusions


In summary, a-phosphono ester enolates are effective nucleophiles
towards a set of structurally representative 1,2- and 1,3-cyclic
sulfamidates. Choice of the phosphonate ester alkyl moiety is
important in this regard and the reactivity of cyclic sulfamidates
provides a new entry to a-phosphono lactams, which themselves
are good substrates for Wadsworth–Emmons reactions. The exo-
methylidene lactam 25 proves a convenient precursor to the
corresponding a-ketolactams and, in turn, to the configurationally
stable vinyl triflate 29. Suzuki cross coupling of 29 provides an
effective method to functionalise further the heterocyclic core
structure and the limitations of this process with respect to the
ease of epimerisation at C(5) have been probed.


The methodology described in this paper illustrates further
the synthetic potential of 1,2- and 1,3-cyclic sulfamidates.
These readily available building blocks provide functionalised
heterocycles with the capacity to incorporate additional sub-
stituents/functionality at a later stage. The full range of the
chemistry outlined is illustrated by the overall conversion of 9 to 34
which has been achieved with complete retention of enantiomeric
purity.


†† We have also briefly investigated the use of aryl trifluoroborates in this
process (e.g. PhBF3K) but these have failed to react with vinyl triflate 29
under our optimised conditions.
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Table 3 Optimisation of Suzuki coupling of vinyl triflate 29


Entry Conditionsa Base Boronic acid Product Yield (%) ee (%)b


1 90 ◦C, 14 h Na2CO3 29 50


2 90 ◦C, 14 h K3PO4 17 91


3 150 W, 5 min Na2CO3 92 >98


4 150 W, 5 min Na2CO3 78 >98


5 150 W, 5 min K3PO4 73 86


6 150 W, 5 min K3PO4 38 47


7 150 W, 5 min Na2CO3 50 2


a All reactions were performed using 5 mol% Pd(PPh3)4 (for full details see the Experimental). b Enantiomeric excesses were determined by chiral HPLC
using the corresponding racemate as standard.


Experimental


General


General experimental details have been reported recently,4 as
has the preparation of the cyclic sulfamidates utilised in this
paper.2 Pd(PPh3)4 was freshly prepared according to Coulson’s
procedure.10 Microwave assisted reactions were conducted in
sealed pressure tubes using a CEM Discover microwave; the term
“powermax” refers to conditions whereby the reaction medium
was irradiated at the specified temperature and power whilst being


simultaneously cooled with a stream of gaseous nitrogen. FCC
refers to flash column chromatography.


(5S)-Diethyl(1,5-dibenzylpyrrolidin-2-on-3-yl)phosphonate (14).
To a solution of ethyl diethylphosphonoacetate 3 (1.30 mL,
6.6 mmol) in anhydrous THF (30 mL) was added t-BuOK (739 mg,
6.6 mmol) and the resulting mixture was heated at 40 ◦C for
20 minutes to form a colourless solution. Cyclic sulfamidate 9
(1.00 g, 3.3 mmol) was added and the reaction mixture was heated
at 40 ◦C for 13 h. The mixture was cooled to rt, aq. 5 M HCl
(3.4 mL) was added and the mixture was stirred for 3 h. The
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reaction mixture was neutralised with saturated aq. NaHCO3,
diluted with brine (50 mL) and extracted with CH2Cl2 (3 ×
25 mL). The combined organic extracts were dried (Na2SO4)
and concentrated in vacuo. The residue was dissolved in PhMe
(40 mL) and heated at reflux for 16 h. The reaction mixture
was allowed to cool to rt, concentrated in vacuo and excess ethyl
diethylphosphonoacetate was removed by vacuum distillation (ca.
70 ◦C, 0.01 mm Hg). The residue was purified by FCC (EtOAc) to
afford phosphonate 14 (1.27 g, 96%, 2 : 1 dr A : B) as a colourless
oil; mmax/cm−1 (film) 2983 (m), 2930 (m), 1689 (s), 1454 (m), 1249
(s), 1024 (s); dH (400 MHz, CDCl3) 1.23–1.41 (12H, m, OCH2CH3


of A and B), 1.97–2.34 (4H, m, C4–H of A and B), 2.55 (1H, dd,
J = 13.0 and 8.5 Hz, C5–CH2Ph of A), 2.66 (1H, dd, J = 13.0 and
10.0 Hz, C5–CH2Ph of B), 2.85–3.14 (3H, m, C5–CH2Ph of A and
C3–H of A and B), 3.21 (1H, dd, J = 13.0 and 4.5 Hz, C5–CH2Ph
of B), 3.64 (1H, m, C5–H of B), 3.78 (1H, m, C5–H of A), 4.02
(1H, d, J = 15.0 Hz, NCH2Ph of A), 4.10–4.36 (9H, m, NCH2Ph
of B and OCH2CH3 of A and B), 5.03 (1H, d, J = 15.0, NCH2Ph
of B), 5.15 (1H, d, J = 15.0 Hz, NCH2Ph of A), 7.00–7.09 (4H,
m, ArCH), 7.19–7.38 (16H, m, ArCH); dC (75.5 MHz, CDCl3)
16.3–16.6 (4C, m, OCH2CH3 × 4), 25.5 (d, 2JPC = 4.0 Hz, C-4 of
B), 26.1 (d, 2JPC = 3.5 Hz, C-4 of A), 39.2 (C5–CH2Ph of A), 39.7
(C5–CH2Ph of B), 40.0 (d, 1JPC = 144.5 Hz, C-3 of A), 40.5 (d,
1JPC = 146.0 Hz, C-3 of B), 44.6 (NCH2Ph of A), 44.9 (NCH2Ph
of B), 56.3 (d, 3JPC = 5.0 Hz, C-5 of A), 57.3 (d, 3JPC = 6.0 Hz,
C-5 of B), 62.1–63.3 (4C, m, OCH2CH3 × 4), 126.7, 126.9, 127.6,
127.7, 127.9, 128.1, 128.6, 128.7 (3 signals) and 129.2 (ArCH ×
20), 135.9, 136.2, 136.3 and 137.0 (ArC × 4), 169.5 (d, 2JPC =
3.5 Hz, C-2 of A and B); dP (121 MHz, CDCl3) 24.9 (B) and 25.2
(A); m/z (CI+) 402 ([M + H]+, 100%); HRMS (CI+): found: [M +
H]+ 402.1830, C22H29NO4P requires 402.1834.


(5S)-Diisopropyl(1,5-dibenzylpyrrolidin-2-one-3-yl)phosphonate
(16). To a solution of ethyl diisopropylphosphonoacetate 4
(238 lL, 1.00 mmol) in anhydrous THF (5.0 mL) was added
t-BuOK (112 mg, 1.00 mmol) and the mixture was stirred at 40 ◦C
for 20 minutes to form a colourless solution. Cyclic sulfamidate
9 (150 mg, 0.50 mmol) was added and the mixture was heated at
40 ◦C for 15.5 h. After cooling to rt, aq. 5 M HCl (0.50 mL) was
added and the mixture was stirred at rt for 3 h. The mixture was
neutralised with saturated aq. NaHCO3 and then concentrated
in vacuo. The residue was dissolved in brine (20 mL) and CH2Cl2


(15 mL), the organic portion was isolated and the aqueous portion
was extracted with CH2Cl2 (2 × 15 mL). The combined organic
extracts were dried (Na2SO4) and concentrated in vacuo to afford
a pale yellow oil. This residue was dissolved in PhMe (8 mL) and
heated at 100 ◦C for 4 h. The mixture was cooled to rt, concentrated
in vacuo and purified by FCC (EtOAc) to afford phosphonate 16
(165 mg, 77%, 6 : 1 dr A : B) as a colourless oil; mmax/cm−1 (film) 2979
(m), 2932 (m), 1690 (s), 1454 (m), 1248 (s), 1106 (m); dH (400 MHz,
CDCl3) 1.24–1.44 (24H, m, OCH(CH3)2 of A and B), 1.94–2.33
(4H, m, C4–H of A and B), 2.53 (1H, dd, J = 13.5 and 8.5 Hz, C5–
CH2Ph of A), 2.68–2.83 (2H, m, C3–H of A and C5–CH2Ph of B),
2.87–3.05 (2H, C3–H of B and C5–CH2Ph of A), 3.19 (1H, dd, J =
13.0 and 4.0 Hz, C5–CH2Ph of B), 3.55–3.64 (1H, m, C5–H of B),
3.71–3.79 (1H, m, C5–H of A), 4.00 (1H, d, J = 15.0 Hz, NCH2Ph
of A), 4.14 (1H, d, J = 15.5 Hz, NCH2Ph of B), 4.65–4.84 (4H,
m, OCH(CH3)2 of A and B), 5.00 (1H, d, J = 15.5 Hz, NCH2Ph
of B), 5.15 (1H, d, J = 15.0 Hz, NCH2Ph of A), 6.97–7.38 (20H,


m, ArCH); dC (100 MHz, CDCl3) (data for major diastereomer A
only) 23.8–24.2 (m, OCH(CH3)2 × 4), 26.3 (d, 2JPC = 4.0 Hz, C-4),
39.2 (C5–CH2Ph), 40.5 (d, 1JPC = 145.5 Hz, C-3), 44.5 (NCH2Ph),
56.2 (d, 3JPC = 5.5 Hz, C-5), 70.9 (d, 2JPC = 5.0 Hz, OCH(CH3)2),
71.3 (d, 2JPC = 5.0 Hz, OCH(CH3)2), 126.8, 127.5, 127.9, 128.6 (2
signals) and 129.1 (ArCH × 10), 136.0 and 136.3 (ArC × 2), 169.6
(d, 2JPC = 4.0 Hz, C-2); dP (121 MHz, CDCl3) 22.9 (B) and 23.0
(A); m/z (CI+) 430 ([M + H]+, 80%), 346 (88), 91 (100); HRMS
(CI+): found: [M + H]+ 430.2152, C24H33NO4P requires 430.2147.


(5S)-1,5-Dibenzyl-3-cyclohexylidenepyrrolidin-2-one (22). Pro-
cedure A (from ethyl phosphonate 14): to a suspension of NaH
(60% dispersion in mineral oil, 32 mg, 0.80 mmol) in anhydrous
THF (5 mL) was added phosphonate 14 (301 mg, 0.75 mmol)
and the mixture was stirred for 30 minutes at rt. Cyclohexanone
(104 lL, 1.00 mmol) was then added dropwise, and the mixture
was stirred for 3 h. The solution was then diluted with Et2O
(25 mL) and water (25 mL) and the phases separated. The aqueous
portion was extracted with Et2O (2 × 25 mL), and the combined
organic extracts were dried (Na2SO4) and concentrated in vacuo.
Purification by FCC (petrol–Et2O 4 : 1) afforded the title alkene
22 (188 mg, 73%) as a colourless crystalline solid.


Procedure B (from isopropyl phosphonate 16): to a solution of
phosphonate 16 (229 mg, 0.53 mmol) in anhydrous THF (4.5 mL)
was added NaH (60% dispersion in mineral oil, 22 mg, 0.56 mmol)
and the mixture was stirred at rt for 15 minutes. The mixture was
then cooled to −78 ◦C and cyclohexanone (68 lL, 0.66 mmol) was
added. The mixture was warmed to rt and stirred for 6.5 h. The
mixture was then diluted with brine (25 mL) and extracted with
CH2Cl2 (3 × 20 mL). The combined organic extracts were dried
(Na2SO4) and concentrated in vacuo to afford a residue which was
purified by FCC (hexanes–Et2O 4 : 1) to yield alkene 22 (95 mg,
52%) as a colourless solid.


Data for 22: mp 94–97 ◦C (EtOAc–hexanes); [a]20
D −55.0 (c = 1.0,


CHCl3); mmax/cm−1 (solid) 2920 (m), 2850 (m), 1674 (s), 1655 (s),
1434 (m), 1420 (s), 1262 (s); dH (400 MHz, CDCl3) 1.45–1.75 (6H,
m), 1.97–2.11 (2H, m), 2.35 (1H, m), 2.43–2.55 (2H, m), 2.89–3.16
(3H, m), 3.60 (1H, m, C5–H), 4.08 (1H, d, J = 15.0 Hz, NCH2Ph),
5.14 (1H, d, J = 15.0 Hz, NCH2Ph), 7.00–7.06 (2H, m, ArCH),
7.18–7.35 (8H, m, ArCH); dC (100 MHz, CDCl3) 26.5, 27.9, 28.2
(2 signals), 30.0, 33.4, 40.0 and 44.6 (CH2 × 8), 54.5 (C-5), 120.2
(C-3), 126.6, 127.5, 128.3, 128.6, 128.7 and 129.3 (ArCH × 10),
137.3 (ArC × 2), 150.1 (cyclohexyl-C), 169.4 (C-2); m/z (EI+)
345 ([M]+, 20%), 254 ([M − Bn]+ 100); HRMS (EI+): found: [M]+


345.2094, C24H27NO requires 345.2093.


(S)-1,5-Dibenzyl-3-methylenepyrrolidin-2-one (25). To a solu-
tion of heterocyclic phosphonate 14 (1.210 g, 3.02 mmol) in
anhydrous THF (15 mL) was added, portionwise, at rt, NaH (60%
dispersion in mineral oil, 127 mg, 3.17 mmol) to form a light
brown suspension. Paraformaldehyde (191 mg, 6.04 mmol) was
added and the mixture was stirred at rt for 3.5 h. Aq. 2 M HCl
(8 mL) was added, the mixture was diluted with brine (40 mL) and
extracted with CH2Cl2 (2 × 50 mL). The combined organic extracts
were dried (Na2SO4) and concentrated in vacuo. The residue was
purified by FCC (Et2O–hexanes 2 : 1) to afford alkene 25 (544 mg,
65%) as a colourless oil which crystallised on standing; mp 90.5–
92 ◦C (Et2O–petrol); [a]20


D −71.0 (c = 1.6, CHCl3); found: C, 82.28;
H, 6.90; N, 5.05. Calc. for C19H19NO: C, 82.19; H, 7.12; N, 4.76%;
mmax/cm−1 (film) 3028 (w), 2924 (w), 1684 (s), 1659 (s), 1416 (s);
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dH (300 MHz, CDCl3) 2.41–2.70 (3H, m, C4–H and C5–CH2Ph),
3.08–3.19 (1H, dd, J = 13.5 and 4.0 Hz, C5–CH2Ph), 3.69 (1H,
dddd, J = 12.5, 8.0, 4.0 and 3.5 Hz, C5–H), 4.14 (1H, d, J =
15.0 Hz, NCH2Ph), 5.20 (1H, d, J = 15.0 Hz, NCH2Ph), 5.31
(1H, t, J = 2.0 Hz, C3–CH2), 6.04 (1H, t, J = 2.0 Hz, C3–CH2),
7.06 (2H, dd, J = 6.5 and 1.5 Hz, ArCH), 7.19–7.42 (8H, m,
ArCH); dC (100 MHz, CDCl3) 30.7 (C5–CH2Ph), 39.9 (C-4), 45.1
(NCH2Ph), 55.3 (C-5), 116 (C3–CH2), 126.7, 127.6, 128.2, 128.6,
128.7 and 129.1 (ArCH × 10), 136.4, 136.8 and 138.9 (ArC and
C-3), 168.1 (C-2); m/z (CI+) 278 ([M + H]+, 100%); HRMS (CI+):
found: [M + H]+ 278.1541, C19H20NO requires 278.1545.


(S)-3-Hydroxy-1,5-dimethyl-4-phenyl-1,5-dihydropyrrol-2-one
(27). A solution of phosphonate 17 (110 mg, 0.31 mmol) in
anhydrous THF (2.8 mL) was added, via syringe, to NaH (60%
dispersion in mineral oil, 29 mg, 0.72 mmol) in a flask fitted
with a drying tube (dry air atmosphere). The resulting cream
suspension was stirred at rt for 4 h and then quenched with aq.
1 M HCl (1 mL). The mixture was diluted with brine (10 mL)
and extracted with CH2Cl2 (3 × 15 mL). The combined organic
extracts were dried (Na2SO4) and concentrated in vacuo to afford
a colourless solid. This residue was purified by FCC (EtOAc–
hexanes 2 : 1) to afford oxidised adduct 27 (46 mg, 73%) as a
colourless crystalline solid; mp 182–185 ◦C (Et2O–hexanes); [a]20


D


−74.5 (c = 1.5, CHCl3); mmax/cm−1 (film) 3143 (br m), 1661 (s),
1439 (m), 1383 (m), 1132 (m); dH (400 MHz, CDCl3) 1.40 (3H,
d, J = 6.5 Hz, C5–CH3), 3.13 (3H, s, NCH3), 4.37 (1H, q, J =
6.5 Hz, C5–H), 7.26–7.32 (1H, m, ArCH), 7.43 (2H, dd, J = 7.5
and 7.5 Hz, ArCH), 7.66 (2H, d, J = 7.5 Hz, ArCH), 8.22 (1H,
br s, OH); dC (100 MHz, CDCl3) 17.9 (C5–CH3), 27.4 (NCH3),
55.6 (C-5), 123.1 (C-3), 127.3 (2 signals) and 128.5 (ArCH × 5),
131.6 (ArC), 142.1 (C-4), 166.7 (C-2); HRMS (ESI+): found: [M +
H]+ 204.1027, C12H14NO2 requires 204.1019.


(S)-1,5-Dibenzylpyrrolidine-2,3-dione (28). An O3/O2 mixture
was bubbled through a solution of 25 (232 mg, 0.84 mmol) in
MeOH (20 mL) at −78 ◦C for 30 minutes during which time
the solution became lilac. N2 was bubbled through the reaction
mixture for 30 minutes to remove excess O3 and then Me2S (0.3 mL)
was added. The mixture was stirred at −78 ◦C for 45 minutes and
then allowed to warm to rt over 2.5 h. Solvent was removed in vacuo
and the residue was dissolved in Et2O (15 mL), washed with water
(4 × 5 mL), dried (Na2SO4) and concentrated in vacuo to afford
dione 28 (230 mg, 98%) as a colourless semi-solid. This material
was used in the next stage without further purification; mmax/cm−1


(film) 3029 (w), 2927 (w), 1763 (s), 1718 (s), 1428 (m); dH (300 MHz,
CDCl3) 2.42 (2H, m, C4–H), 2.69 (1H, dd, J = 13.5 and 8.5 Hz,
C5–CH2Ph), 3.21 (1H, dd, J = 13.5 and 4.0 Hz, C5–CH2Ph), 3.96
(1H, m, C5–H), 4.32 (1H, d, J = 15.0 Hz, NCH2Ph), 5.34 (1H, d,
J = 15.0 Hz, NCH2Ph), 7.01 (2H, d, J = 6.5 Hz, ArCH), 7.15–
7.44 (8H, m, ArCH); dC (68 MHz, CDCl3) 37.1 (C5–CH2Ph), 39.6
(NCH2Ph), 46.2 (C-4), 52.0 (C-5), 127.5, 128.4, 128.6, 129.0, 129.2
and 129.4 (ArCH × 10), 134.9 and 135.0 (ArC), 160.0 (C-2), 197.8
(C-3); m/z (CI+) 280 ([M + H]+, 100%); HRMS (CI+): found: [M +
H]+ 280.1331, C18H18NO2 requires 280.1338.


(S)-Trifluoromethanesulfonic acid 1,5-dibenzyl-2-oxo-2,5-dihydro-
1H-pyrrol-3-yl ester (29). To a solution of 28 (40 mg, 0.14 mmol)
in p-dioxane (2.0 mL) at rt were added K2CO3 (22 mg, 0.16 mmol)
and water (0.5 mL) to form a yellow solution. After 10 minutes N-


phenyltriflimide (57 mg, 0.16 mmol) was added and the resulting
suspension was stirred at rt for 2 h during which time the mixture
became an orange solution. The mixture was diluted with brine
(10 mL) and extracted with CH2Cl2 (4 × 10 mL). The combined
organic extracts were dried (Na2SO4) and concentrated in vacuo.
The residue was purified by FCC (petrol–Et2O 3 : 1) to afford
triflate 29 (36 mg, 63%) as a yellow crystalline solid; mp 82–84 ◦C
(Et2O–petrol); [a]20


D +91.7 (c = 1.0, CHCl3); mmax/cm−1 (film) 3013
(w), 2929 (w), 1712 (s), 1644 (m), 1429 (s), 1217 (s), 1136 (s); dH


(400 MHz, CDCl3) 2.44 (1H, dd, J = 13.5 and 9.0 Hz, C5–CH2Ph),
3.26 (1H, dd, J = 13.5 and 5.0 Hz, C5–CH2Ph), 4.12 (1H, ddd, J =
9.0, 5.0, and 2.0 Hz, C5–H), 4.22 (1H, d, J = 16.0 Hz, NCH2Ph),
5.23 (1H, d, J = 16.0 Hz, NCH2Ph), 6.66 (1H, d, J = 2.0 Hz, C4–
H), 7.03 (2H, d, J = 6.5 Hz, ArCH), 7.20–7.39 (8H, m, ArCH); dC


(75 MHz, CDCl3) 37.6 (C5–CH2Ph), 44.9 (NCH2Ph), 58.2 (C-5),
118.6 (q, JFC = 320.0 Hz, C3–OSO2CF3), 127.6, 128.2 (2 signals),
129.0, 129.1 and 129.2 (ArCH × 10), 130.3 (C-4), 134.7, 136.2 and
141.7 (ArC and C-3), 162.3 (C-2); dF (70 MHz, CDCl3) −72.9 (s,
C3–OSO2CF 3); m/z (CI+) 412 ([M + H]+, 100%); HRMS (CI+):
found: [M + H]+ 412.0848, C19H17NO4SF3 requires 412.0825.
The enantiomeric purity of this compound was determined by
chiral HPLC (Chiralpak AD-H, isocratic hexanes–i-PrOH 98 : 2,
1.0 mL min−1, 20 ◦C); tR (major) = 47.1 min and tR (minor) =
37.4 min.


(S)-1,5-Dibenzyl-3-phenyl-1,5-dihydropyrrol-2-one (30). A so-
lution of vinyl triflate 29 (100 mg, 0.24 mmol), phenyl boronic
acid (34 mg, 0.28 mmol), Na2CO3 (39 mg, 0.37 mmol) and freshly
prepared Pd(PPh3)4 (13 mg, 5 mol%) in p-dioxane (3 mL) and
water (1 mL) was heated under microwave conditions for 5 minutes
(90 ◦C, 150 W, Powermax). The mixture was cooled to rt and
extracted with Et2O (4 × 2 mL). The combined organic extracts
were dried (Na2SO4) and concentrated in vacuo to afford a yellow
oil. This residue was purified by FCC (Et2O–hexanes 1 : 1) to yield
arylated lactam 30 (75 mg, 92%, >98% ee) as a yellow oil; [a]20


D


−59.7 (c = 0.7, CHCl3); mmax/cm−1 (film) 3307 (m), 2926 (m), 1679
(s), 1494 (m), 1410 (m), 1226 (m), 1080 (m); dH (400 MHz, CDCl3)
2.59 (1H, dd, J = 13.0 and 9.0 Hz, C5–CH2Ph), 3.27 (1H, dd,
J = 13.0 and 5.0 Hz, C5–CH2Ph), 4.12 (1H, ddd, J = 9.0, 5.0
and 1.5 Hz, C5–H), 4.25 (1H, d, J = 15.0 Hz, NCH2Ph), 5.30
(1H, d, J = 15.0 Hz, NCH2Ph), 7.02 (1H, d, J = 1.5 Hz, C4–
H), 7.10 (2H, d, J = 7.0 Hz, ArCH), 7.22–7.43 (11H, m, ArCH),
7.85 (2H, d, J = 7.0 Hz, ArCH); dC (100 MHz, CDCl3) 38.1 (C5–
CH2Ph), 44.4 (NCH2Ph), 60.3 (C-5), 127.1, 127.2, 127.6, 128.2,
128.5, 128.6, 128.8 (2 signals) and 129.2 (ArCH × 15), 131.7,
136.3, 136.4 and 137.6 (ArC × 3 and C-3), 140.2 (C-4), 170.0 (C-
2); m/z (CI+) 340 ([M + H]+, 100%); HRMS (CI+): found: [M + H]+


340.1703, C24H22NO requires 340.1701. The enantiomeric purity
of this compound was determined by chiral HPLC (Chiralcel OJ-
H, isocratic hexanes–i-PrOH 90 : 10, 1.0 mL min−1, 20 ◦C); tR


(major) = 74.3 min and tR (minor) = 65.5 min.


(S)-1,5-Dibenzyl-3-vinyl-1,5-dihydropyrrol-2-one (31). A solu-
tion of vinyl triflate 2911 (75 mg, 0.18 mmol), vinyl boroxane
(48 mg, 0.20 mmol), Na2CO3 (29 mg, 0.27 mmol) and freshly
prepared Pd(PPh3)4 (10 mg, 5 mol%) in p-dioxane (1.5 mL)
and water (0.5 mL) was heated under microwave conditions for
5 minutes (90 ◦C, 150 W, Powermax). The mixture was cooled to
rt and extracted with Et2O (4 × 2 mL). The combined organic
extracts were dried (Na2SO4) and concentrated in vacuo to afford
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a yellow oil. This residue was purified by FCC (petrol–Et2O 2 : 1)
to yield diene 31 (41 mg, 78%) as a yellow oil; [a]20


D −57.1 (c = 0.8,
CHCl3); mmax/cm −1 (film) 2922 (w), 1677 (s), 1603 (w), 1408 (m),
1028 (m); dH (270 MHz, CDCl3) 2.52 (1H, dd, J = 13.5 and 10.0 Hz,
C5–CH2Ph), 3.21 (1H, dd, J = 13.5 and 5.5 Hz, C5–CH2Ph), 4.01–
4.10 (1H, m, C5–H), 4.20 (1H, d, J = 15.0 Hz, NCH2Ph), 5.22
(1H, d, J = 15.0 Hz, NCH2Ph), 6.20 (1H, dd, J = 11.0 and 1.5 Hz,
CH=CH2), 6.30 (1H, dd, J = 17.5 and 1.5 Hz, CH=CH2), 6.44
(1H, dd, J = 17.5 and 11.0 Hz, CH=CH2), 6.68 (1H, s, C4–H),
7.05–7.15 (2H, m, ArCH), 7.20–7.43 (8H, m, ArCH); dc (100 MHz,
CDCl3) 38.0 (C5–CH2Ph), 44.1 (NCH2Ph), 60.5 (C-5), 119.8 (C-
8), 127.0, 127.3, 127.6, 128.1, 128.7, 128.8 and 129.2 (ArCH ×
10 and C-3), 134.5, 136.4 and 137.5 (ArC × 2 and C-4), 140.7
(C-7), 170.0 (C-2); HRMS (ESI+): found [M + Na]+ 312.1359,
C20H19NONa requires 312.1359. The enantiomeric purity of this
compound was determined by chiral HPLC (Chiralcel OJ-H,
isocratic hexanes–i-PrOH 95 : 5, 1.0 mL min−1, 20 ◦C); tR (major) =
41.3 min and tR (minor) = 25.1 min.


(3S,4R,5S)-1,5-Dibenzyl-4-butyl-3-phenylpyrrolidin-2-one (34)
and (3R,4R,5S)-1,5-dibenzyl-4-butyl-3-phenylpyrrolidin-2-one
(35). To a suspension of CuI (112 mg, 0.59 mmol) in anhydrous
THF (0.5 mL) at 0 ◦C was added, via syringe, n-BuLi in hexanes
(1.6 M, 1.12 mmol) to form a brown suspension. After 10 min the
mixture was cooled to −78 ◦C and TMSCl (35 lL, 0.282 mmol)
and hexamethylphosphoramide (HMPA, 65 lL, 0.37 mmol) were
sequentially added via syringe. After a further 5 minutes a solution
of arylated lactam 30 (53 mg, 0.16 mmol) in anhydrous THF
(0.75 mL) was added, via syringe, and the mixture was stirred at rt
for 5 h. Saturated aq. NH4Cl (10 mL) was added and the mixture
was diluted with Et2O (15 mL). The organic portion was isolated
and washed with saturated aq. NH4Cl (10 mL) and water (2 ×
10 mL), dried (Na2SO4) and concentrated in vacuo to afford a
yellow oil. This residue was purified by FCC (hexanes–Et2O 2 : 1)
to yield trans-lactam 34 (28 mg, 50%, >98% ee) and subsequently
cis-lactam 35 (9 mg, 15%, >98% ee) as colourless solids.


Data for trans product 34: mp 106–107 ◦C (CHCl3–hexanes);
[a]20


D +10.4 (c = 1.2, CHCl3); mmax/cm−1 (film) 2927 (m), 1686 (s),
1496 (m), 1453 (m); dH (400 MHz, CDCl3) 0.58 (3H, t, J = 7.0 Hz,
(CH2)3CH3), 0.73–1.23 (6H, m, (CH2)3CH3), 2.04 (1H, dddd, J =
6.0, 6.0, 6.0 and 6.0 Hz, C4–H), 2.60 (1H, dd, J = 13.5 and
8.0 Hz, C5–CH2Ph), 2.97 (1H, dd, J = 13.5 and 4.5 Hz, C5–
CH2Ph), 3.25 (1H, ddd, J = 8.0, 6.0 and 4.5 Hz, C5–H), 3.31 (1H,
d, J = 6.0 Hz, C3–H), 4.03 (1H, d, J = 15.0 Hz, NCH2Ph), 5.14
(1H, d, J = 15.0 Hz, NCH2Ph), 6.89–6.93 (2H, m, ArCH), 7.01–
7.05 (2H, d, J = 7.5 Hz, ArCH), 7.12–7.31 (11H, m, ArCH);
dC (100 MHz, CDCl3) 13.8 ((CH2)3CH3), 22.4, 28.7 and 34.6
((CH2)3CH3), 39.8 (C5–CH2Ph), 45.1 (NCH2Ph), 45.2 (C-4), 55.1
(C-3), 62.4 (C-5), 126.8, 126.9, 127.7, 128.1, 128.3, 128.7, 128.8 (2
signals) and 129.5 (ArCH × 15), 136.6, 137.1 and 140.7 (ArC × 3),
174.8 (C-2); HRMS (ESI+): found: [M + H]+ 398.2489, C28H32NO
requires 398.2478. The enantiomeric purity of this compound was
determined by chiral HPLC (Chiralpak AD-H, isocratic hexanes–
i-PrOH 95 : 5, 1.0 mL min−1, 20 ◦C); tR (major) = 49.1 min and
tR (minor) = 24.1 min. The relative stereochemical assignment
of this product was assigned on the basis of field gradient NOE


experiments. Observed NOE correlations: C3–H → C4–H, C4–
Bu; C4–H → C5–CH2Ph, C5–H, C3–H, C3–Ph, C4–Bu; C5–H →
C4–H, C4–Bu, C5–CH2Ph; C5–CH2Ph → C4–H, C5–H, C3–Ph.


Data for cis product 35: mp 96.5–98 ◦C (Et2O–hexanes); [a]20
D


+17.1 (c = 0.7, CHCl3); mmax/cm−1 (film) 2929 (m), 1686 (s), 1496
(m), 1455 (m), 1249 (m), 1079 (m); dH (400 MHz, CDCl3) 0.52
(3H, t, J = 7.0 Hz, (CH2)3CH3), 0.56–0.97 (6H, m, (CH2)3CH3),
2.17–2.26 (1H, m, C4–H), 2.82 (1H, dd, J = 13.5 and 8.0 Hz, C5–
CH2Ph), 3.06 (1H, dd, J = 13.5 and 4.5 Hz, C5–CH2Ph), 3.34–3.41
(1H, m, C5–H), 3.84 (1H, d, J = 8.5 Hz, C3–H), 4.56 (1H, d, J =
14.5 Hz, NCH2Ph), 5.30 (1H, d, J = 14.5 Hz, NCH2Ph), 7.08–
7.18 (4H, m, ArCH), 7.20–7.43 (11H, m, ArCH); dC (100 MHz,
CDCl3) 13.6 ((CH2)3CH3), 22.1, 28.6 and 29.0 ((CH2)3CH3), 38.4
(C5–CH2Ph), 42.0 (C-4), 44.8 (NCH2Ph), 50.8 (C-3), 61.1 (C-
5), 126.8, 126.9, 127.8, 128.3, 128.6, 128.7 (2 signals), 129.4 and
129.9 (ArCH × 15), 136.2, 136.7 and 137.5 (ArC × 3), 174.3
(C-2); HRMS (ESI+): found: [M + H]+ 398.2490, C28H32NO
requires 398.2478. The enantiomeric purity of this compound was
determined by chiral HPLC (Chiralpak AD-H, isocratic hexanes–
i-PrOH 96 : 4, 1.0 mL min−1, 20 ◦C); tR (major) = 43.8 min and
tR (minor) = 41.7 min. The relative stereochemical assignment
of this product was assigned on the basis of field gradient NOE
experiments. Observed NOE correlations: C3–H → C4–H, C5–
CH2Ph; C4–H → C5–CH2Ph, C5–H, C3–H, C3–Ph, C4–Bu; C5–
H → C4–H, C4–Bu, C3–Ph, C5–CH2Ph; C5–CH2Ph → C3–H,
C4–H, C5–H; C3–Ph → C4–Bu.
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The condensation of a 2-substituted-2-aminoethanol with methyl 2′-formylbiphenyl-2-carboxylate
produces only two of the four possible axially chiral 6,7-dihydrodibenz[c,e]oxazolo[3,2-a]azepin-
9(4bH)-ones (fused oxazolidine lactams), with kinetically controlled diastereoisomer ratios of up to 96 :
4. Within each lactam product the central chirality of the oxazolidine-fused benzylic position C(4b) is
relayed to the biaryl axis with unit efficiency, the mis-matching of these stereogenic elements being
prohibited due to strain, as predicted by molecular mechanics calculations. Diastereoisomeric lactam
pairs can be equilibrated by heating with acid, and under these thermodynamic conditions reversed
diastereoisomer ratios of up to 26 : 74 are observed.


Introduction


The control of axial chirality in biaryls has been a focus of much
attention in recent years as these materials became prominent in
synthetic, materials and supramolecular chemistry, and prompted
the development of new methods for their enantioselective (at-
roposelective) synthesis.1 The key component of chiral biaryls, a
stereogenic axis, is also biologically significant, there being a large
number of compounds whose physiological properties depend on
their axial configuration. These include not only fixed-axis biaryls
such as (aR)-gossypol, an oral anti-spermatogenic agent,2 but also
many flexible systems exemplified by N-acetylcolchinol methyl
ether (NCME) 1, an antimitotic agent whose (aR)-form binds
strongly to tubulin3 and whose (aR)- and (aS)-forms equilibrate
in solution (ratio 3 : 1 in chloroform-d).4 These properties of
1 serve to illustrate the phenomenon of dynamic axial chirality
which, in appropriate circumstances, can be manipulated (e.g.
inverted) to useful effect without breaking bonds.5 The sense of
the axial chirality in NCME 1 depends on the configuration
of the benzylic stereocentre, where the acetamido substituent
prefers a pseudo-equatorial orientation, and the three-atom bridge
effectively operates as a mechanical centre-axis chirality relay.
The degree of axial chirality in biaryls, i.e. the aryl–aryl dihedral
angle, can also be controlled using suitable designs of multi-atom
bridge.6,7


The interplay between benzylic central chirality and axis
configuration, as illustrated above, is a recurrent theme in atro-
poselective biaryl synthesis,1 and our interest in this area led us
to investigate the potential of [7,5]-fused lactams based on 6,7-
dihydrodibenz[c,e]oxazolo[3,2-a]azepin-9-one 2 as conformation-
ally restrained biaryls. Although the ring system in 2 is analogous
to the [5,5]- and [6,5]-fused lactams introduced and exploited
so productively by Meyers and co-workers,8 the biaryl lactams
described in our preliminary publication9 were the first of their
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nels Wood Road, Stevenage, SG1 2NY, UK


type. However, the heterocyclic nucleus was already known in
the form of 310 and 4,11 and another series of lactams based on
2 was subsequently described by Levacher and co-workers.12,13


We report herein the details of our initial study, in which we
identify complementary kinetic and thermodynamic routes to
biaryl lactams of the form 2, and from which we conclude that
a chirality relay of unit efficiency links the biaryl axis and C(4b)
in such systems.


Results and discussion


The starting materials for our study were prepared from com-
mercial diphenic anhydride 5 using the two sequences shown in
Scheme 1. Heating the anhydride 5 with hydrazine hydrate gave
the hydrazide 6,14 which could be cleaved to the acid-aldehyde 7
using periodic acid;15 the ozonolysis of phenanthrene offers an
alternative route to 7.16 The corresponding ester 9 was prepared
by opening the anhydride 5 with methanol, followed by reduction
to the known ester-alcohol 8 using borane-methyl sulfide.17 The
oxidation of 8 to 9 with manganese(IV) oxide has been described,18


but in our hands this reaction sometimes gave significant amounts
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Scheme 1 Preparation of biaryl starting materials 7 and 9.


of the lactone 10, a result which we ascribe to the variable activity
of the manganese reagent. Fortunately the oxidation of 8 under
Swern conditions19 afforded the ester-aldehyde 9 cleanly and in
good yield.


The polycyclic nucleus of 2 was first assembled by heating the
acid-aldehyde 7 with (S)-valinol 11a under dehydrating conditions,
which gave a mixture of two products as indicated by 1H NMR
spectroscopy and TLC (Scheme 2 and Table 1). The characterising
features of the NMR spectrum of the mixture were two singlets
at d 5.91 and 5.73 ppm, which were assigned to the respective
H(4b) signals of the major and minor products (ratio >5 : 1).
Chromatography afforded the crystalline lactams 12a (84%) and


Scheme 2 Condensation of the biaryls 7 and 9 with aminoalcohols 11.


13a (12%), which were identified as the respective (aS,4bR,7S) and
(aR,4bS,7S) diastereoisomers by X-ray crystallography.9 These
lactams have highly twisted frameworks, with the aromatic rings
of each biaryl unit 40–45◦ from coplanarity and the respective
carbonyls 36◦ and 33◦ out of the plane of the adjacent aromatic
ring. The reactions of 7 with other commercial amino alcohols
11b–f also gave two lactams 12 and 13, each pair distinguishable
through the characteristic H(4b) signals in their 1H NMR spectra
(Table 2 and Table 3), but the yields and diastereoselectivity of the
process were at best moderate, leading to some isolation problems.
The situation was improved using the ester-aldehyde 9, whose
condensation with valinol 11a in toluene gave the lactam 12a
with a d.e. of 92% (entry 7). To shorten reaction times, other
condensations of 9 were carried out under more forcing conditions
(155 ◦C, 3 d) which provided convenient access to the lactams 12
except in the case of tert-leucinol 11f (entry 12). An alternative
route to the phenylglycinol-derived lactam 12b which proceeds at
lower temperature, based on the activation of 7 with Mukaiyama’s
salt, was developed by the Levacher group.13


In principle, the condensation of 7 or 9 with an amino alcohol 11
could provide up to four diastereoisomeric lactams, and in order to
rationalise the results in Table 1, in particular the absence of 14 and
15 from the product mixtures, the core structures 16 and 17 and the
related systems 18–21 were analysed using molecular mechanics


Table 1 Condensation of the biaryls 7 and 9 with aminoalcohols 11


Entry Biaryl Series R Methoda Products (yield (%))b Ratioc


1 7 a Pri A 12a (84), 13a (12) 84 : 16
2 7 b Ph A 12b + 13b (75) 70 : 30
3 7 c Bn A 12c + 13c (54) 62 : 38
4 7 d Me A 12d + 13d (59) 56 : 44
5 7 e CH2OBn A 12e + 13e (61) 50 : 50
6 7 f But A 12f + 13f (55) 64 : 36
7 9 a Pri Ad 12a + 13a (71) 96 : 4
8 9 b Ph B 12b (88) 91 : 9
9 9 c Bn B 12c (83), 13c (6) 92 : 8


10 9 d Me B 12d (72), 13d (10e) 85 : 15
11 9 e CH2OBn B 12e (74), 13e (23e) 87 : 13
12 9 f But B –f —


a Method A: toluene, Dean–Stark, reflux, 36 h. Method B: xylene, bath temp. 155 ◦C, 72 h. b Isolated yields after chromatography. c Estimated from the
1H NMR spectrum of the product mixture. d Reflux maintained for 7 d. e Not obtained pure. f No products observed.
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techniques (Fig. 1). Minimum energy conformations were located
for both 16 and 17 (Fig. 2), and the steric energy of 17 was
calculated to exceed that of 16 by more than 100 kJ mol−1. This is a
compelling difference, especially when considered in conjunction
with the estimated 80 kJ mol−1 by which the axial torsion barrier
in a simple three-atom bridged biaryl can be raised by o,o′-
dimethylation.20 It can be concluded that the diastereoisomers
14 and 15 based on the mis-matched system 17 are effectively
disallowed by strain, with major contributions from excessive
bending and torsion (eclipsing). The structure 17 is also subject
to a loss of amide resonance due to the pyramidalisation of the
nitrogen,21 which is manifested inter alia by the O(9)–C(9)–N(8)–
C(7) dihedral angle (39.6◦) and the reduced sum of the bond angles
at the nitrogen atom (352.6◦). Some insight into the uniqueness
of the relationship between 16 and 17, which feature a three-
atom bridge containing two trigonal atoms, is provided by the
analyses of 18–21. In 18 and 19 the carbon atoms of the bridge are
tetrahedral while the nitrogen is pyramidal, and the two structures
would not appear to be differentiated on the basis of strain.
However, in 20 and 21 the presence of one trigonal atom in the
bridge is sufficient to bring about a matched/mis-matched centre-
axis relationship in favour of 20, based on steric strain. Examples
of this relay are discussed later.


A proposed mechanism for the formation of the lactams 12
and 13 is shown in Scheme 3. The initial step is the formation
of an imine species 22 which can equilibrate with the respective
trans- and cis-oxazolidines 23 and 24. In analogous systems such
equilibria are dominated by the ring-opened forms (cf. 22),22 but
intermolecular N-acylation is kinetically selective for the cis-2,4-
disubstituted oxazolidine form (cf. 24) in which one face of the
heterocyclic ring is unhindered.23 In contrast, the intramolecular
N-acylation which gives lactam 12 can proceed most favourably
through the arrangement depicted in (aS)-23, in which the groups
R and X are apart, whereas in the alternative (aR)-24 leading to
13 these groups are close. The higher selectivity observed using the
ester-aldehyde 9 and its failure to react with the bulky tert-leucinol
11f (Table 1, entry 12) are consistent with this mechanistic picture.


A second series of molecular mechanics calculations was carried
out on the lactams 12 and 13, and the results (Table 4) indicate that
the minor product 13 is the thermodynamically more stable isomer
of each pair. On the basis of precedents24 it was anticipated that
the interconversion of 12 and 13 might be induced by treatment
with acid, and the results of a study of this equilibration process
are shown in Table 5.


Table 4 Minimised steric energiesa and equilibrium compositions for
lactams 12 and 13


Minimised steric
energies/kJ mol−1


Series 12 13 DG/kJ mol−1
Predicted ratio
12:13 at 25 ◦C


a 127.624 124.729 2.894 23.7 : 76.3
b 129.012 127.606 1.406 36.2 : 63.8
c 136.075 132.697 3.378 20.4 : 79.6
d 108.918 107.626 1.292 37.3 : 62.7
e 183.423 176.621 6.802 6.0 : 94.0
f 146.698 142.445 4.253 15.2 : 84.8


a Calculated using MacroModel 8.0 (MM3 force field).
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Fig. 1 Energy-minimised conformations of the fused dibenzazepines 16–21 and their steric energies, calculated using MacroModel 8.0 (MM3 force
field).


Fig. 2 Potential energy plots of the C(1)–C(13b)–C(13a)–C(13) biaryl
dihedral angle (modulus) in lactams 16 and 17 in the region of their steric
energy minima, calculated using MacroModel 8.0 (MM3 force field).


In an initial experiment (entry 1), the valinol-derived lactam 12a
in acetonitrile-d3 was heated to 55 ◦C in the presence of a catalytic
amount of p-toluenesulfonic acid, and the solution was monitored
by 1H NMR spectroscopy. The equilibration process was slow
under these conditions, but the equilibration proceeded with the


expected first-order kinetics (Fig. 3). The reaction was stopped
after 33 d, after which time the ratio 12a:13a was converging on a
value of 1 : 2, thus confirming the greater thermodynamic stability
of the diastereoisomer 13a and that the overall lactam-forming
sequence (Scheme 3) was kinetically controlled.


For convenience, many of the equilibrations shown in Table 5
were carried out at higher temperatures using an excess of trifluo-
roacetic acid (TFA), and two blanks (entries 3 and 6) confirmed the
requirement for acid. It is noteworthy that in all cases the isomer
distribution favoured the lactam 13, as predicted by calculation.
In some cases the calculated and observed isomer ratios were quite
close, but the largest discrepancy (entry 10) serves as a reminder of
the approximations made in assembling the results in Table 4: the
steric energy-minimised structure of 13e incorporated p-stacking
between the benzyl and biaryl components that would be negated
by aromatic solvents.


The mechanism for acid-induced equilibration is presumed to
involve the protonation of the lactam 12 followed by ring-opening
to the acyliminium species 26, which can isomerise to 27 and
recyclise to 28, providing access to 13 (Scheme 4). The rate-
determining step is likely to be the ring-opening of 25, in which
the C(4b)–O(5) bond is fixed with poor alignment for elimination.


Table 5 Acid-induced equilibration of the biaryl lactams 12 and 13


Entry Starting lactam R Solvent Added acid Temperature T/◦Ca Time/d Products Observed ratiob Calculated ratioc


1 12a Pri MeCN-d3 p-TsOH 55 33d 12a + 13a 36 : 64 26 : 74
2 12a Pri Toluene-d8 p-TsOH 140 3 12a + 13a 27 : 73 30 : 70
3 12a Pri Toluene-d8 None 140 7 12a — 30 : 70
4 12a Pri Toluene-d8 CF3CO2H 100 7 12a + 13a 29 : 71 28 : 72
5 12b Ph Toluene-d8 CF3CO2H 100 7 12b + 13b 45 : 55 39 : 61
6 12b Ph Xylene None 150 2 12b — 40 : 60
7 12c Bn Toluene-d8 CF3CO2H 100 7 12c + 13c 36 : 64 27 : 73
8 12c Bn HCO2H None 100 3d 12c + 13c 43 : 57 27 : 73
9 12d/13de Me Toluene-d8 CF3CO2H 100 7 12d + 13d 34 : 66 40 : 60


10 12e/13ef CH2OBn Xylene CF3CO2H 150 3 12e + 13e 30 : 70 13 : 87
11 12f/13fg But Toluene CF3CO2H 100 7 12f + 13f 26 : 74 21 : 79


a Bath temperature. b Estimated from the 1H NMR spectrum of the product mixture. c Predicted equilibrium composition at T ◦C based on calculated
steric energies (Table 4). d Stopped before completion. e Starting ratio 56 : 44. f Starting ratio 50 : 50. g Starting ratio 64 : 36.
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Scheme 3 Proposed mechanism for the formation of 12 and 13.


Fig. 3 The progress of the equilibration of lactams 12a and 13a in CD3CN
at 55 ◦C. The fitted curve for [12a] corresponds to an observed rate constant
(k1 + k−1) of 1.1 × 10−6 s−1 and an equilibrium ratio of 1 : 2.


This can be seen in the crystal structure of 12a, in which the
dihedral angles C(4)–C(4a)–C(4b)–O(5) and C(9)–N(8)–C(4b)–
O(5) are 3.7◦ and 177.2◦ respectively, i.e. the oxazolidine C–O
bond is essentially orthogonal to both the aromatic and amide
p-systems (Fig. 4). The protonated oxygen therefore receives little
assistance from either when operating as a leaving group. The
isomer 13a is similarly situated, the corresponding dihedral angles
being 2.0◦ and 165.4◦.


Fig. 4 Dihedral angles affecting O(5) from the X-ray crystal structure
of 12a.9


Scheme 4 Proposed mechanism for the acid-catalysed equilibration of 12
and 13.


The results of this study confirm that a mobile biaryl axis
can be restrained in a predictable and fixed configuration by
incorporation within a fused oxazolidine lactam of the type
developed and used extensively in synthesis by Meyers et al.8


The most prominent feature of such lactams, illustrated by
the properties of 12a–f and 13a–f, is the effectiveness of the
mechanical link between the benzylic position C(4b) and the
biaryl axis, through which stereochemical information is relayed
with complete fidelity. Related chirality relays are present in the
chemical literature, one such example being the cyclisation of the
iminium species 29 which, on the basis of analogy with 20/21,
presumably gave (±)-30, although this was not specified.25 Other
reactions of this type were reported by Hilt et al.,26 who confirmed
the cyclisation of (±)-31 to (±)-32 using X-ray crystallography.
Only one other, non-crystalline, diastereoisomer was isolated from
this reaction (d.r. 8 : 1) but its configuration remained unspecified.
Again, by analogy with 20/21 the minor diastereoisomer was
probably (±)-33, as the alternative axis-centre permutation would
be disfavoured due to strain.
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The most intriguing illustration of benzylic centre-axis comple-
mentarity is the observation by Zavada and co-workers that the
zinc bromide-induced elimination of cyanide ion from the fixed-
axis biaryl 34 produces only 35, indicating that only the axial cyano
group is expelled.27 Moreover, the reverse reaction, in which 35
undergoes the addition of cyanide ion, is also completely selective,
regenerating 34 in the absence of stereoisomers. The centre-axis
stereochemical relay thus operates in both directions, with the
configuration of the axis dictating the orbital alignment of the
imine moiety in 35.


Conclusions


The formation of biaryl-fused lactams 12 via the mechanism
shown in Scheme 3 amounts to the dynamic kinetic resolution
of 7 or 9, whose flexible biaryl axis is converged to a single
configuration in the form of the derived lactam 12. The overall
sequence involves the relay of chirality from the auxiliary amino
alcohol 11 to the benzylic fusion position, C(4b), which proceeds
with kinetic selectivity (up to 92% d.e.) originating in the faster
cyclisation of (aS)-23 as compared to (aR)-24. The alternative
cyclisations of 23 through an (R)-configured axis to give 14, and
of 24 through an (S)-configured axis to give 15, are prohibited by
strain, which is manifested in the lactams 12 and 13 as a chirality
relay of unit efficiency between C(4b) and the biaryl axis. The
diastereoisomeric pairs in each lactam series can be interconverted
by heating with acid, leading to equilibrium mixtures in which 13
generally predominates by ca. 3 : 1.


Given the established advantages of amino alcohols as chiral
auxiliaries, based on their ready availability in enantiopure form
and the methods by which they can be installed, exploited and
disconnected,8 biaryl-fused oxazolidine lactams of the forms 12


and 13 could be useful in a variety roles that require robust, con-
formationally defined chiral frameworks. Experiments designed to
explore the chemistry of these lactams, with particular emphasis
on processes that allow the retention of the induced axial chirality
after disconnection of the oxazolidine ring, are in progress and
will be reported in due course.


Experimental


Melting points were determined using a Kofler hot-stage or an
Electrothermal apparatus and are uncorrected. IR spectra were
recorded for neat thin films on NaCl plates, using Perkin-Elmer
1710FT or Nicolet Nexus 670/870 spectrometers. NMR spectra
were measured on Bruker DPX200, AC300 and Advance 400
instruments for solutions in deuteriochloroform, unless otherwise
indicated; resonances were assigned with the aid of COSY, HMBC,
HMQC and DEPT spectra where appropriate. Low-resolution
mass spectra were measured on a Micromass LCT instrument
using a Waters 2790 separations module with electrospray (ES+)
ionisation and TOF fragment detection. High-resolution mass
spectra were recorded on ThermoFinnigan MAT95XP or Kratos
Concept S1 instruments. Data for most of the peaks of intensity
<20% of that of the base peak are omitted. Elemental analyses
were carried out by the UMIST and University of Manchester
microanalytical services. Optical rotations were measured at
589 nm using an AA-100 polarimeter (Optical Activity Ltd). The
sealed tubes used in equilibration experiments were screw-capped
and made from thick-walled glass (Aldrich Z18106-4).


Starting materials and solvents were routinely purified by
conventional techniques28 and most reactions were carried out
under nitrogen or argon. Organic solutions were dried using anhy-
drous magnesium sulfate and concentrated by rotary evaporation.
Analytical thin layer chromatography (TLC) was carried out on
Merck silica gel 60 on aluminium plates containing a 254 nm
fluorescent indicator. The chromatograms were visualised by the
use of UV light or the following developing agents: ethanolic
vanillin or potassium permanganate. Unless otherwise indicated,
preparative (column) chromatography was carried out using the
flash technique29 on 60H silica gel (Merck 9385). Compositions
of solvent mixtures are quoted as ratios of volume. ‘Petroleum’
refers to a light petroleum fraction, b.p. 40–60 ◦C, unless otherwise
stated. ‘Ether’ refers to diethyl ether. ‘Xylene’ refers to anhydrous
o-xylene (Aldrich 294780).


2′-(Hydrazinocarbonyl)biphenyl-2-carboxylic acid 614


To a solution of hydrazine monohydrate (4.0 mL, 82.5 mmol) in
water (4 mL) at 0 ◦C was added diphenic anhydride 5 (8.00 g,
35.7 mmol) over a period of 5 min with vigorous stirring and
then the mixture was heated to 90 ◦C for 1 h. The reaction was
cooled and poured into water (50 mL). The solution was acidified
with conc. HCl to pH 2 with vigorous stirring until a gummy
brown solid began to form. Chilling and scratching gave a fine
white precipitate. Filtration and crystallisation (EtOH) gave the
monohydrazide 6 (8.70 g, 95%) as a colourless solid, m.p. 182.5–
183 ◦C (Found: C, 65.4; H, 5.0; N, 10.6. C14H12N2O3 requires C,
65.62; H, 4.72; N, 10.93%); mmax/cm−1 3269, 3165; dH (300 MHz,
CDCl3) 7.76 (1 H, dd, J 1.5, 7.5 Hz, ArH), 7.52–7.38 (5 H, m,
ArH), 7.14–7.09 (3 H, m, ArH); dC (100 MHz, CDCl3) 127.4,
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127.6, 129.3, 129.6, 130.3, 130.6, 130.9, 132.3, 134.3, 140.4, 140.9,
168.2, 169.1; m/z 279 ([M + Na]+ , 25%), 257 ([M + H]+, 18), 239
(100); Rf 0.20 (EtOAc–EtOH, 3 : 2).


2′-Formylbiphenyl-2-carboxylic acid 715


To a cooled solution (0 ◦C) of periodic acid (as H5IO6, 1.54 g,
6.8 mmol) in water (36 mL) and aq. ammonium hydroxide (8%
w/w, 14 mL) was added the hydrazide 6 (1.0 g, 3.9 mmol) dissolved
in aq. ammonium hydroxide (8% w/w, 7 mL) with vigorous
stirring, keeping the temperature below 5 ◦C. The mixture was
stirred at 5 ◦C for 5 min and then at room temperature for 15 min.
Conc. sulfuric acid (ca. 6 mL) was added, producing a gummy
brown solid, which was dissolved in dichloromethane (30 mL).
The layers were separated, the aqueous layer was extracted with
dichloromethane (3 × 30 mL), and the combined organic phase
was dried over MgSO4 and evaporated. Chromatography of the
residual brown oil (80 g SiO2, EtOAc–dichloromethane 1 : 4) and
crystallisation from EtOAc gave the title compound 7 (440 mg,
50%) as a white solid, m.p. 134–136 ◦C [lit.16 134–135 ◦C (MeOH–
water)] (Found: C, 74.1; H, 4.6. C14H10O3 requires C, 74.33; H,
4.46%); mmax/cm−1 3064, 2843, 1728, 1689, 1596, 1402, 1274, 1200,
757; dH (300 MHz, CDCl3) 10.30 (1 H, s, OH), 9.78 (1 H, s, CHO),
8.11 (1 H, dd, J 1.4, 7.9 Hz, ArH), 7.99 (1 H, dd, J 1.5, 7.5 Hz,
ArH), 7.62–7.48 (4 H, m, ArH), 7.30 (1 H, dd, J 1.2, 7.5 Hz, ArH),
7.23 (1 H, dd, J 1.1, 7.5 Hz, ArH); dC (75 MHz, CDCl3) 128.0,
128.3, 128.6, 129.6, 130.4, 131.5, 132.3, 132.7, 133.6, 134.1, 140.6,
145.2, 172.2, 192.1; m/z 290 ([M + 2Na + H2O]+, 100%), 249 ([M +
Na]+, 30), 209 (6), 181 (50); Rf 0.20 (EtOAc–dichloromethane,
1 : 4).


Methyl 2′-hydroxymethylbiphenyl-2-carboxylate 8


A stirred suspension of diphenic anhydride 5 (3.52 g, 15.7 mmol)
in MeOH (50 mL) was heated to reflux for 3.3 h. The resulting
solution was concentrated in vacuo to yield a dark oil. To a stirred
solution of this oil in THF (100 mL) at 0 ◦C was added dropwise
a solution of borane–dimethylsulfide in THF (2 M, 14.1 mL,
28.2 mmol) and the resulting solution was allowed to warm
to room temperature over 23.5 h. The mixture was cautiously
quenched with MeOH (10 mL) and the volatiles removed in
vacuo. The residue was diluted with EtOAc (100 mL) and washed
with saturated aqueous NaHCO3 (2 × 50 mL). The organic
phase was dried, filtered, concentrated in vacuo and purified
by chromatography (EtOAc–hexane, 1 : 3), which gave the title
compound 8 (2.56 g, 67% over two steps) as a colourless oil; dH


(300 MHz, CDCl3) 7.94 (1 H, dd, J 0.8, 7.5 Hz, 6-H), 7.58–7.22
(6 H, m, ArH), 7.06 (1 H, d, J 6.8 Hz, 3′-H), 4.44 (1 H, d, J
12.1 Hz, CHH′OH), 4.38 (1 H, d, J 12.1 Hz, CHH ′OH), 3.67 (3 H,
s, OCH3), 1.94 (1 H, s, OH) (in accord with published data17); Rf


0.23 (EtOAc–hexane, 3 : 7).


Methyl 2′-formylbiphenyl-2-carboxylate 9


Method A (ref. 18). To a stirred solution of the ester-alcohol
8 (2.56 g, 10.6 mmol) in dichloromethane (200 mL) was added
MnO2 (80% pure; 10.82 g, 0.10 mol) and the resulting suspension
was heated under reflux for 3 h. The reaction mixture was cooled
to room temperature, filtered through Celite and concentrated in
vacuo to yield a mixture (ca. 1 : 1) of 9 and 10 (2.36 g) as a colourless


oil. Chromatography (EtOAc–hexane, 15 : 85) gave a sample of the
ester-aldehyde 9 (484 mg, 19%) as a colourless oil; dH (300 MHz,
CDCl3) 9.81 (1 H, s, CHO), 8.06 (1 H, d, J 7.0 Hz, ArH), 8.02 (1 H,
d, J 7.9 Hz, ArH), 7.64–7.50 (4 H, m, ArH), 7.30 (1 H, d, J 7.5 Hz,
ArH), 7.26 (1 H, d, J 8.7 Hz, ArH), 3.63 (3 H, s, OMe); mmax/cm−1


3062, 2951, 2842, 2751, 1728, 1696, 1596, 1435, 1258, 1196, 1129,
1086, 761, 668; Rf 0.52 (EtOAc–hexane, 3 : 7). Further elution of
the column yielded a mixed fraction (1.45 g, 61%) followed by 7H-
dibenzo[c,e]oxepin-5-one 10 (425 mg, 19%) as white crystals, m.p.
132–135 ◦C [lit.30 132–134 ◦C (sublimed)]; dH (300 MHz, CDCl3)
7.98 (1 H, d, J 7.9 Hz, ArH), 7.70–7.40 (7 H, m, ArH), 5.03 (2 H,
br d, J 15.5 Hz, 7-H2) (in accord with published data31); mmax/cm−1


3069, 1716 (C=O), 1600, 1449, 1379, 1277, 1226, 1111, 1091, 1048,
1011, 765, 740; Rf 0.42 (EtOAc–hexane, 3 : 7).


Method B. A solution of DMSO (0.51 mL, 561 mg, 7.2 mmol,
1.3 eq.) in dichloromethane (3 mL) was added to a 2 M solution of
oxalyl dichloride (3 mL, 6.0 mmol) in dichloromethane (20 mL)
at −78 ◦C and stirred for 30 min. The ester-alcohol 8 (1.33 g,
5.5 mmol) in dichloromethane (5 mL) was added and the reaction
mixture stirred for a further 30 min at −78 ◦C. Triethylamine
(2 mL, 1.45 g, 14.3 mmol) was added and the reaction mixture
was allowed to warm to room temperature while stirring for
3 h. The mixture was quenched with aq. ammonium chloride
(2 M, 20 mL), extracted with dichloromethane (3 × 30 ml), dried
(Na2SO4) and concentrated, giving the ester-aldehyde 9 as a pale
yellow oil (1.20 g, 91%), identical (TLC, 1H NMR) to material
obtained using Method A above.


Formation of biaryl lactams (Table 1)


Method A. From the acid-aldehyde 7 in toluene: A solution
of 2′-formylbiphenyl-2-carboxylic acid 7 and the appropriate
aminoalcohol 11 (1.4–1.5 mol. equiv.) in toluene was heated under
reflux in a Dean–Stark apparatus for 36 h. The solution was
cooled, evaporated in vacuo and the residue was analysed by 1H
NMR spectroscopy to determine the diastereoisomer ratio (see
Table 2 and Table 3 for 1H NMR data). The products were isolated
by chromatography over silica gel.


Method B. From the ester-aldehyde 9 in xylene: A solution
of methyl 2′-formylbiphenyl-2-carboxylate 9 and the appropriate
aminoalcohol 11 (1.4–1.5 mol. equiv.) in xylene was heated at
155 ◦C (bath temp.) for 3 d. The solution was cooled, evaporated
in vacuo and the residue was analysed by 1H NMR spectroscopy
to determine the diastereoisomer ratio. The products were isolated
by chromatography over silica gel.


(aS,4bR,7S)-6,7-Dihydro-7-isopropyldibenz[c,e]oxazolo[3,2-
a]azepin-9(4bH)-one 12a and (aR,4bS,7S)-6,7-dihydro-7-
isopropyldibenz[c,e]oxazolo[3,2-a]azepin-9(4bH)-one 13a


Method A. The acid-aldehyde 7 (280 mg, 1.24 mmol) and (S)-
valinol 11a (180 mg, 1.74 mmol) in toluene (16 mL) was heated
under reflux in a Dean–Stark apparatus under Ar for 36 h. TLC
indicated complete conversion, the reaction was cooled and the
solvent removed in vacuo. The residue was partially purified by
chromatography over silica gel (80 g SiO2, EtOAc–hexane 1 : 5
as eluant), which gave the title compound 12a (210 mg, 58%) as
colourless crystals, m.p. 121–123 ◦C (EtOAc) (Found: C, 77.7; H,
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6.8; N, 5.0. C19H19NO2 requires C, 77.79; H, 6.53; N, 4.77%); [a]23
D


−183 ± 7 (c 1.9, CHCl3); mmax/cm−1 3068, 2959, 2885, 1639, 1600,
1449, 1406, 1289, 1216, 1173, 1080, 854; dC (75 MHz, CDCl3) 16.5
(MeA), 19.8 (MeB), 28.0 (CHMe2), 61.9 (7-C), 67.2 (6-C), 86.6
(4b-C), 122.3, 128.4 (two), 129.2, 129.4, 130.0, 130.2 and 131.4
(ArCH), 135.7, 136.2, 136.6 and 139.0 (quaternary ArC), 164.5
(8-C); m/z 609 ([2M + Na]+, 100%), 357 (79), 294 ([M + H]+, 82);
Rf 0.30 (EtOAc–hexane, 1 : 4). Mixed fractions were condensed to
give an oil (139 mg, 38%) which was purified by preparative TLC
[20 × 20 × 0.02 cm (Merck 1.05583); multiple elution with EtOAc–
hexane 1 : 6], giving 12a (95 mg, 26%) and the title compound
13a (42 mg, 11.5%), m.p. 114–115 ◦C (petroleum, b.p. 60–80 ◦C)
(Found: C, 78.0; H, 6.8; N, 5.0. C19H19NO2 requires C, 77.79; H,
6.53; N, 4.77%); [a]27


D +148 ± 5 (c 2.25, CHCl3); mmax/cm−1 3064,
2959, 2874, 1639, 1596, 1445, 1402, 1344, 1169, 1080, 994, 963,
858, 742, 703; dC (75 MHz, CDCl3) 18.7 (Me), 19.7 (Me), 30.7
(CHMe2), 63.0 (7-C), 69.5 (6-C), 86.1 (4b-C), 122.5, 128.3, 128.4,
129.1, 129.7, 130.3, 130.7 and 131.8 (ArCH), 134.1, 136.2, 137.6
and 139.3 (quaternary ArC), 165.4 (8-C); m/z 609 ([2M + Na]+,
100%), 357 (88), 294 ([M + H]+, 81); Rf 0.28 (EtOAc–hexane,
1 : 4).


From ester 9. Heating the ester-aldehyde 9 (230 mg,
0.96 mmol) and (S)-valinol 11a (148 mg, 1.43 mmol) in toluene
(15 mL) under reflux (bath temp. 120 ◦C) for 7 d gave the mixed
lactams 12a and 13a (total 200 mg, 71%, ratio 96 : 4).


(aS,4bR,7S)-6,7-Dihydro-7-phenyldibenz[c,e]oxazolo[3,2-
a]azepin-9(4bH)-one 12b and (aR,4bS,7S)-6,7-dihydro-7-
phenyldibenz[c,e]oxazolo[3,2-a]azepin-9(4bH)-one 13b


Method A. Heating the acid-aldehyde 7 (296 mg, 1.31 mmol)
and the amino alcohol 11b (270 mg, 1.97 mmol) in toluene (15 mL)
under reflux (bath temp. 120 ◦C) for 36 h gave the mixed lactams
12b and 13b (total 320 mg, 75%, ratio 70 : 30).


Method B. Heating the ester-aldehyde 9 (100 mg, 0.42 mmol)
and (S)-phenylglycinol 11b (86 mg, 0.63 mmol) in xylene (5 mL)
at 155 ◦C (bath temp.) for 3 d followed by removal of the
solvent in vacuo gave a mixture of isomeric lactams (ratio 91 : 9).
Chromatography (EtOAc–hexane, 1 : 4) gave the title compound
12b (120 mg, 88%) as colourless needles, m.p. 143–145 ◦C (MeOH)
(lit.13 138–140 ◦C); [a]28


D −86 ± 8 (c 0.26, CHCl3); mmax/cm−1 3662,
3471, 3269, 3067, 3021, 2948, 2889, 1638, 1452, 1398, 1339, 1277,
1211, 1157, 904, 737; dC (100 MHz, CDCl3) 60.2 (6-C), 74.0 (7-C),
86.6 (4b-C), 121.8, 126.3 (two), 127.8, 128.2 (two), 128.8 (two),
129.1, 129.4, 130.0, 130.2 and 131.4 (ArCH), 134.8, 136.2, 136.4,
138.3 and 140.8 (quaternary ArC), 163.7 (8-C); m/z 677 ([2M +
Na]+, 49), 510 (53), 391 ([M + 2Na + H2O]+, 58), 355 (100),
350 ([M + Na]+, 82), 329 (76), 235 (73), 207 (38) (Found: M +
Na, 350.1145; C22H17O2NNa requires 350.1152); Rf 0.25 (EtOAc–
hexane, 3 : 7).


(aS,4bR,7S)-6,7-Dihydro-7-(phenylmethyl)dibenz[c,e]oxazolo[3,2-
a]azepin-9(4bH)-one 12c and (aR,4bS,7S)-6,7-dihydro-7-
(phenylmethyl)dibenz[c,e]oxazolo[3,2-a]azepin-9(4bH)-one 13c


Method A. Heating the acid-aldehyde 7 (260 mg, 1.15 mmol)
and (S)-phenylalaninol 11c (260 mg, 1.72 mmol) in toluene
(15 mL) under reflux (bath temp. 120 ◦C) for 36 h gave the mixed


lactams 12c and 13c (total 210 mg, 54%), ratio 62 : 38 by 1H NMR
spectroscopy.


Method B. Heating the ester-aldehyde 9 (110 mg, 0.46 mmol)
and (S)-phenylalaninol 11c (104 mg, 0.69 mmol) in xylene (5 mL)
at 155 ◦C (bath temp.) for 3 d followed by removal of the
solvent in vacuo gave a mixture of isomeric lactams (ratio 92 :
8). Chromatography (EtOAc–hexane, 15 : 85) gave the title
compound 12c (129 mg, 83%) as a colourless solid, m.p. 84–
84.5 ◦C (dichloromethane) (Found: C, 80.75; H, 5.67; N, 4.03.
C23H19NO2 requires C, 80.92; H, 5.61; N, 4.10%); [a]26


D −226 ± 9
(c 1.0, CHCl3); mmax/cm−1 3069, 2927, 1638, 1447, 1406, 750; dC


(100 MHz, CDCl3) 37.0 (PhCH2), 58.2 (7-C), 69.4 (6-C), 86.0 (4b-
C), 121.7, 126.7, 128.13, 128.15, 128.7 (two), 128.9, 129.4, 129.6
(two), 129.9, 130.0 and 131.3 (ArCH), 134.8, 136.1, 136.2, 137.9
and 138.4 (quaternary ArC), 163.9 (8-C); m/z 705 ([2M + Na]+,
46%), 405 ([M + 2Na + H2O]+, 69), 364 ([M + Na]+, 100), 342 ([M +
H]+, 82) (Found: M, 341.1416; C23H19O2N requires 341.1410); Rf


0.38 (EtOAc–hexane, 3 : 7). Further elution of the column yielded
a mixed fraction (11 mg, 7%) and the title compound 13c (9 mg,
6%) as a colourless oil; mmax/cm−1 2913, 2844, 1642, 1448, 1081;
dC (100 MHz, CDCl3) 38.5 (CH2Ph), 58.5 (7-C), 70.5 (6-C), 85.8
(4b-C), 121.9, 126.7, 128.2, 128.4, 128.7 (two), 128.9, 129.5 (two),
129.6, 129.8, 130.2 and 131.5 (ArCH), 133.9, 135.9, 137.2, 137.8
and 139.4 (quaternary ArC), 164.2 (8-C); m/z 705 ([2M + Na]+,
11%), 405 ([M + 2Na + H2O]+, 47), 364 ([M + Na]+, 96), 342 ([M +
H]+, 100) (Found: M, 341.1412; C23H19O2N requires 341.1410); Rf


0.31 (EtOAc–hexane, 3 : 7).


(aS,4bR,7S)-6,7-Dihydro-7-methyldibenz[c,e]oxazolo[3,2-
a]azepin-9(4bH)-one 12d and (aR,4bS,7S)-6,7-dihydro-7-
methyldibenz[c,e]oxazolo[3,2-a]azepin-9(4bH)-one 13d


Method A. Heating the acid-aldehyde 7 (290 mg, 1.28 mmol)
and (S)-2-amino-1-propanol 11d (144 mg, 1.92 mmol) in toluene
(15 mL) under reflux (bath temp. 120 ◦C) for 36 h gave the mixed
lactams 12d and 13d (total 200 mg, 59%), ratio 56 : 44 by 1H NMR
spectroscopy.


Method B. Heating the ester-aldehyde 9 (95 mg, 0.40 mmol)
and (S)-2-amino-1-propanol 11d (45 mg, 0.60 mmol) in xylene
(5 mL) at 155 ◦C (bath temp.) for 3 d followed by removal of the
solvent in vacuo gave a mixture of isomeric lactams (ratio 85 : 15).
Chromatography (EtOAc–hexane, 15 : 85) gave the title compound
12d (76 mg, 72%) as a colourless oil; [a]29


D −143 ± 7 (c 3.6, CHCl3);
mmax/cm−1 3065, 2975, 2887, 1638, 1451, 1410, 1217, 940, 912, 748,
730; dC (100 MHz, CDCl3) 18.3 (Me), 52.7 (7-C), 72.8 (6-C), 85.7
(4b-C), 121.7, 128.1 (two), 128.9, 129.4, 129.9, 130.0 and 131.1
(ArCH), 134.9, 136.17, 136.20 and 138.5 (quaternary ArC), 163.7
(8-C); m/z 266 ([M + H]+, 100%) (Found: M + H, 266.1165;
C17H16O2N requires 266.1176); Rf 0.20 (EtOAc–hexane, 3 : 7).
Further elution of the column yielded a mixed fraction (17 mg,
16%) and a fraction enriched in the minor isomer 13d (10 mg,
10%, ca. 80% d.e. by 1H NMR spectroscopy) as a colourless oil;
mmax/cm−1 2964, 2923, 2912, 2841, 1632, 1463, 1407, 1094, 741; dC


(75 MHz, CDCl3) 19.1 (Me), 52.9 (7-C), 73.7 (6-C), 85.7 (4b-C),
121.7, 128.2, 128.3, 128.9, 129.7, 129.8, 130.2 and 131.5 (ArCH),
134.1, 135.9, 137.1 and 139.8 (quaternary ArC), 163.6 (8-C); m/z
266 ([M + H]+, 100%) (Found: M + H, 266.1181; C17H16O2N
requires 266.1176); Rf 0.14 (EtOAc–hexane, 3 : 7).
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(aS,4bR,7S)-7-Phenylmethoxymethyl-6,7-dihydrodibenz-
[c,e]oxazolo[3,2-a]azepin-9(4bH)-one 12e and (aR,4bS,7S)-7-
phenylmethoxymethyl-6,7-dihydrodibenz[c,e]oxazolo-
[3,2-a]azepin-9(4bH)-one 13e


Method A. Heating the acid-aldehyde 7 (100 mg, 0.44 mmol)
and (R)-2-amino-3-benzyloxy-1-propanol 11e (120 mg,
0.66 mmol) in toluene (15 mL) under reflux (bath temp.
120 ◦C) for 36 h gave the mixed lactams 12e and 13e (total 100 mg,
61%), ratio 1 : 1 by 1H NMR spectroscopy.


Method B. Heating the ester-aldehyde 9 (79 mg, 0.33 mmol)
and (R)-2-amino-3-benzyloxy-1-propanol 11e (89 mg, 0.49 mmol)
in xylene (5 mL) at 155 ◦C (bath temp.) for 3 d followed by removal
of the solvent in vacuo gave a mixture of isomeric lactams (ratio
87 : 13). Chromatography (EtOAc–hexane, 15 : 85) gave the title
compound 12e (90 mg, 74%) as a colourless gum; [a]29


D −96 ±
7 (c 4.1, CHCl3); mmax/cm−1 3063, 2950, 2885, 1640, 1451, 1409,
1214, 1097, 920, 748, 737; dC (100 MHz, CDCl3) 56.0 (7-C), 67.7
(CH2), 69.2 (CH2), 73.5 (CH2), 86.0 (4b-C), 121.9, 127.8 (three),
128.1, 128.2, 128.5 (two), 129.0, 129.4, 130.0 and 130.1 (ArCH),
134.5, 136.2 (two), 138.1 and 138.4 (quaternary ArC), 164.2 (8-
C); m/z 394 ([M + Na]+, 100%), 372 ([M + H]+, 47) (Found: M +
Na, 394.1421; C24H21O3NNa requires 394.1414); Rf 0.29 (EtOAc–
hexane, 3 : 7). Further elution of the column yielded a mixed
fraction (28 mg, 23%, ratio 12e : 13e 1 : 1.6) Rf 0.29 + 0.21 (EtOAc–
hexane, 3 : 7).


(aS,4bR,7S)-7-tert-Butyl-6,7-dihydrodibenz[c,e]oxazolo[3,2-
a]azepin-9(4bH)-one 12f and (aR,4bS,7S)-7-tert-Butyl-6,7-
dihydrodibenz[c,e]oxazolo[3,2-a]azepin-9(4bH)-one 13f


Method A. Heating the acid-aldehyde 7 (280 mg, 1.24 mmol)
and (S)-tert-leucinol 11f (216 mg, 1.84 mmol) in toluene (15 mL)
under reflux (bath temp. 120 ◦C) for 36 h gave the mixed lactams
12f and 13f (total 210 mg, 55%), ratio 64 : 36 by 1H NMR
spectroscopy, as a colourless gum; mmax/cm−1 3067, 2966, 2873,
2244, 1650, 1452, 1394, 1219, 1153, 1083, 912, 741; m/z 308 ([M +
H]+, 100%).


Method B. Heating the ester-aldehyde 9 (230 mg, 0.96 mmol)
and the amino alcohol 11f (168 mg, 1.43 mmol) in xylene (15 mL)
at 155 ◦C (bath temp.) for 3 d gave no lactams by 1H NMR
spectroscopy.


Molecular mechanics calculations (Table 4, Fig. 1 and Fig. 2)


Minimised steric energy (MSE) values for the lactams 12, 13
(Table 4), and 16–21 (Fig. 1) were calculated on a PC running
Linux (Fedora Core 3) with MacroModel v. 8.0 (Maestro v.
5.0 interface) using the MM3 force field and Monte Carlo
conformational search (csearch) method (1000 iterations). The
standard minimisation parameters were: no solvent; PRCG
method; convergence on gradient; max. number of iterations 3000;
convergence threshold 0.0200. The procedure returned multiple
repeats of the same global MSE in each case. The difference,
DG, for each pair of structures 12 and 13 was converted into the
equilibrium populations indicated in Table 4 using the equation
DG = −RT lnK (where R = 8.31451 J K−1 mol−1). The dihedral
driving (drive) plots shown in Fig. 2 were acquired by locating
the energy-minimised structure for 16 using csearch as described


above, and then disconnecting the oxazolidine ring at C(4b). The
identities of H(4b) and O(5) were exchanged and the oxazolidine
ring was then reconnected. A constraint (force constant 100, range
±10◦) was imposed on the (S)-configured biaryl torsion angle
(42.5◦) and the structure was subjected to a new csearch operation.
The torsional constraint was removed from the resulting structure,
ent-17, whose steric energy was then minimised (mini) once more.
MSE values for 18–21 were calculated similarly. The structures 16
and ent-17 were each subjected to a drive analysis of the dihedral
angle C(1)–C(13b)–C(13a)–C(13) in the region of the respective
minima (interval 0.1◦), which provided the data for the plots in
Fig. 2. The calculated MSE values (kJ mol−1) were: 16, 103.95; 17,
214.47; 18, 118.87; 19, 118.28; 20, 27.67; 21, 55.44.


Acid-induced equilibration of lactams (Table 5)


Except for entry 1, all temperatures are those of oil baths and are
approximate (±5 ◦C).


Entry 1. A solution of the lactam 12a (11.2 mg, 0.038 mmol)
and p-toluenesulfonic acid hydrate (2.6 mg, 0.014 mmol) in
CD3CN (6 mL) was heated at 55 ± 2 ◦C (bath) for a total of 33 d,
during which time samples were periodically removed for analysis
by 1H NMR spectroscopy. The integrals for the respective H(4b)
signals were used to monitor the change in the diastereoisomer
ratio [13a]/[12a]. The data used to plot Fig. 3 are listed in Table 6.


Table 6 Data used to plot Fig. 3


12a (%) Time/h


100.0 0.0
98.1 9.0
96.8 15.0
77.6 107.0
65.2 184.5
58.6 250.5
46.4 419.5
43.8 493.0
40.2 611.0
38.2 688.0
36.7 758.5
36.0 805.5


For the equilibration of A and B via first-order processes, the
change in concentration of A is related to the respective forward
and reverse rate constants k1 and k−1 using the expression


d[A]
dt


= −k1[A] + k−1[B] (1)


and the equilibration process is represented by the integrated rate
equation, eqn (2).


[A]t = [A]∞ + ([A]0 − [A]∞) e−(k1+k−1)t (2)


The value of k−1 corresponds to k1/K, where K is the value of
[B]/[A] at equilibrium.


Fig. 3 was plotted using the observed isomer ratios listed in
Table 6. The calculated exponential decay curve for [12a] was
generated using eqn (2) with the variables [12a]∞, {[12a]0 − [12a]∞}
and (k1 + k−1) optimised by minimising the sum of the R2 values
for each data point. The data yielded the following parameters
(errors approximate, based on ±2% accuracy in NMR integrals):


k1 = 7.3 × 10−7 s−1 (± 0.3 × 10−7)


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2658–2669 | 2667







k–1 = 3.7 × 10−7 s−1 (± 0.3 × 10−7)
[A]∞ = 34% (± 2%)
[A]0–[A]∞ = 67% (± 2%)


Entry 2. A solution of the lactam 12a (8.2 mg, 0.028 mmol) and
p-toluenesulfonic acid hydrate (2.0 mg, 0.011 mmol) in toluene-d8


(0.6 mL) was heated in a sealed tube at 140 ◦C for 3 d, during
which time the mixture was periodically analysed by 1H NMR
spectroscopy. The estimated equilibrium ratio 12a : 13a was 27 :
73.


Entry 3. A solution of the lactam 12a (11.2 mg, 0.038 mmol)
in toluene-d8 (0.6 mL) was heated in a sealed tube at 140 ◦C for
7 d, after which time the 1H NMR spectrum indicated that 12a
remained intact. No other products were evident.


Entry 4. A sample of the lactam 12a (20 mg, 0.07 mmol) in
toluene-d8 (0.5 mL) in an NMR tube was treated with a solution
of TFA in toluene-d8 (6.7 M, 0.1 mL, 0.67 mmol). The stoppered
tube was sealed in a screw-capped thick-walled glass tube and
heated at 100 ◦C for 7 d. The equilibration, monitored by 1H
NMR spectroscopy, stabilised with an estimated 12a:13a ratio of
29 : 71.


Entry 5. A sample of the lactam 12b (20 mg, 0.06 mmol) in
toluene-d8 (0.5 mL) in an NMR tube was treated with a solution
of TFA in toluene-d8 (6.7 M, 0.1 mL, 0.67 mmol). The stoppered
tube was sealed in a screw-capped thick-walled glass tube and
heated at 100 ◦C for 7 d. The equilibration, monitored by 1H
NMR spectroscopy, stabilised with an estimated 12b:13b ratio of
45 : 55.


Entry 6. A sample of the lactam 12b (50 mg) in xylene (10 mL)
was sealed in a screw-capped thick-walled glass tube and heated
at 150 ◦C for 2 d. Evaporation of the solvent and analysis of the
residue by 1H NMR spectroscopy indicated that no equilibration
had occurred.


Entry 7. A sample of the lactam 12c (20 mg, 0.06 mmol) in
toluene-d8 (0.5 mL) in an NMR tube was treated with a solution
of TFA in toluene-d8 (6.7 M, 0.1 mL, 0.67 mmol). The stoppered
tube was sealed in a screw-capped thick-walled glass tube and
heated at 100 ◦C for 7 d. The equilibration, monitored by 1H
NMR spectroscopy, stabilised with an estimated 12c:13c ratio of
36 : 64.


Entry 8. A sample of the lactam 12c (20 mg, 0.06 mmol) in
formic acid (4 mL) was sealed in a screw-capped thick-walled glass
tube and heated at 100 ◦C for 3 d. Evaporation of the solvent and
analysis of the residue by 1H NMR spectroscopy gave an estimated
12c:13c ratio of 43 : 57.


Entry 9. A mixture of the lactams 12d and 13d (ratio ca.
56 : 44; 20 mg, 0.075 mmol) in toluene-d8 (0.5 mL) in an NMR
tube was treated with a solution of TFA in toluene-d8 (6.7 M,
0.1 mL, 0.67 mmol). The stoppered tube was sealed in a screw-
capped thick-walled glass tube and heated at 100 ◦C for 7 d. The
equilibration, monitored by 1H NMR spectroscopy, stabilised with
an estimated 12d:13d ratio of 34 : 66.


Entry 10. A mixture of the lactams 12e and 13e (ratio ca. 50 :
50; 50 mg, 0.16 mmol) and TFA (0.2 mL, 2.7 mmol) in xylene
(10 mL) was sealed in a screw-capped thick-walled glass tube and


heated at 150 ◦C for 3 d. The equilibration, monitored by 1H NMR
spectroscopy, stabilised with an estimated 12e:13e ratio of 30 : 70.


Entry 11. A mixture of the lactams 12f and 13f (ratio ca.
64 : 36; 20 mg, 0.065 mmol) in toluene-d8 (0.5 mL) in an NMR
tube was treated with a solution of TFA in toluene-d8 (6.7 M,
0.1 mL, 0.67 mmol). The stoppered tube was sealed in a screw-
capped thick-walled glass tube and heated at 100 ◦C for 7 d. The
equilibration, monitored by 1H NMR spectroscopy, stabilised with
an estimated 12f:13f ratio of 26 : 74.
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11 L. Giraud, E. Lacôte and P. Renaud, Helv. Chim. Acta, 1997, 80, 2148–
2156.


12 M. Penhoat, V. Levacher and G. Dupas, J. Org. Chem., 2003, 68, 9517–
9520.


13 M. Penhoat, S. Leleu, G. Dupas, C. Papamicaël, F. Marsais and V.
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Fluorinated anti-fluorenacenedione 6 was newly synthesized by oxidation of a dehydro[12]annulene
fused with tetrafluorobenzene 4. X-Ray crystallography of 6 demonstrated a totally planar structure
and shorter intramolecular distances for F · · · I, F · · · O, and I · · · O than the corresponding sums of van
der Waals (vdW) radii. In the packing structure, molecules are arranged in a p-stacked motif, and the
intermolecular distances between heavy atoms (C · · · I, C · · · F, C · · · O, F · · · I, and F · · · O) of the
adjacent columns are also shorter than the corresponding sums of vdW radii, indicating highly dense
packing for the crystal structure of 6. In the 19F NMR spectrum of 6, a signal for the fluorine atom
adjacent to iodine exhibited downfield shift by 29–40 ppm as compared with the other three signals.
This is attributed to the intramolecular short contact between F and I atoms, which is supposed to
cause a donor–acceptor interaction. Cyclic voltammetry of 6 exhibited two reversible reduction waves
at E1/2 = −0.91 and −1.45 V vs. Fc/Fc+. A thin film of 6 was prepared by vacuum deposition and was
applied to a field-effect transistor (FET) device, which exhibited n-type transistor responses although
the mobility was not very high.


Introduction


Organic field-effect transistors (OFETs) have received consider-
able attention during the last decade. OFETs have features of
flexibility as a material and low-cost in processing as compared
with amorphous silicon transistors. Making the best use of these
features specific to organic materials, OFETs have potential for
use in applications such as backplane electronics for large-area
flat panel displays, electronic papers, and so forth. For use in
these applications, the development of both p- and n-type FETs
is essential for the logical circuit of “inverters”. So far, high
mobility and on–off ratio have been attained in p-type FETs, but
the development of n-type FETs has been left behind.1 This is
attributed to the instability of n-type FETs in air.1,2 Radical anions
as electron-transfer carriers are readily quenched by moisture
and oxygen. One way to solve this problem would be dense
packing in a thin film, which would prevent water and oxygen
from penetrating the film. For examples, some air-stable n-type
FETs have been prepared by the use of perfluorophthalocyanine
1,3 naphthalenetetracarboxylic diimide 2,4 and dicyanoperylenete-
tracarboxylic diimide 3.5 In the thin film of 1, the molecules are
arranged in a p-stacking motif and in a perpendicular arrangement
to the substrate. The p-conjugated core of 1 is surrounded by water-
repelling fluorine substituents. These factors are considered as
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good reasons for the film of 1 to exhibit high FET mobility in air.3


In addition, theoretical studies6 and experimental observations7


have demonstrated that maximizing the overlap of p orbitals in
thin films makes the carrier transfer most effective. It is obvious
that a p-stacking arrangement in a thin film is a quite important
structural factor for an active layer of n-type OFET.


Previously, we synthesized and investigated the electronic prop-
erties and crystal structures of dehydro[12]annulene fused with
tetrafluorobenzene 4.8 Annulene 4 was shown to have its LUMO at
a considerably low energy level. In the crystal packing structure for
a mixture with a nonfluorinated counterpart, an efficient p-stacked
arrangement caused by a phenyl–perfluorophenyl interaction9


was demonstrated. On the other hand, Swager and co-workers
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reported that dehydro[12]annulene 5 can be oxidized with I2


to afford anti-fluorenacenedione 7.10j The chemistry of anti-
fluorenacenedione derivatives, which are fully planar p-conjugated
molecules having two carbonyl groups, has been studied since the
1950’s.10 Cyclic voltammetry on 8 was reported to exhibit reversible
four-step four-electron reduction waves,10g and the radical anion
and dianion of 8 were also generated by chemical reduction.10k


However, with the exception of these reports and UV–vis absorp-
tions of 7,10j detailed properties of fluorenacenediones have not
been fully examined yet.


In this paper, fluorinated anti-fluorenacenedione 6 was newly
prepared by oxidation of 4 with I2, and the structural and electronic
properties of 6 were investigated by X-ray crystallography, UV–
vis spectroscopy, electrochemistry, and theoretical calculations.
The packing structure in the crystal is of particular interest since
substitution by halogen atoms is expected to promote efficient
p-stacking.7b,11 In addition, since compounds having electron-
withdrawing groups at both ends were reported to show n-
type FET properties3,12 and the p-system of 6 should be planar
like pentacene, which is known to exhibit high mobility,13 FET
measurements using the vacuum-deposited thin film of 6 were
carried out to elucidate its possibility for application to OFET.


Results and discussion


Synthesis of fluorinated anti-fluorenacenedione


The anti-fluorenacenedione with long alkyl chains (7) was pre-
viously synthesized in 61% yield by Swager and co-workers by
oxidation of dehydro[12]annulene 5 with iodine and air for 1 h
(Scheme 1).10j This reaction is considered to proceed through the
formation of intermediate 10, which is air-oxidized to give product
7.10j Similarly, when a mixture of fluorinated dehydroannulene 4
and I2 was stirred in benzene in air, fluorinated fluorenacenedione
6 was obtained as an orange solid in 33% yield out of a complex
mixture of unknown compounds with consumption of all the
starting material. The reaction was slow and took 5 days to
complete. When oxygen was bubbled into the reaction mixture,
the consumption of 4 was complete after 3 days, but the product
yield was not improved. The lower reactivity of 4 is attributed


Scheme 1 Reaction conditions: (i) I2, benzene, under air, 61%.


to the lower oxidizability of 4 having electron-withdrawing flu-
orine substituents. All attempts to remove or convert the iodo
substituents to other substituents or to protect carbonyl groups
were unsuccessful.


In addition to the electronic properties of p-conjugated organic
compounds, their solubility, stability, and processability are also
important factors for fabrication of a low-cost FET device using
the solution process. Fluorenacenedione 6 is stable to light, heat,
and air, although pentacene, which is known to exhibit high FET
performance,13 more readily degrades under light and air.14 In
contrast to the intractably low solubility of pentacene (<0.05 mg
mL−1, CH2Cl2), fluorenacenedione 6 is soluble in CH2Cl2 with a
maximum concentration of 6 mg mL−1.


Crystal structure of fluorinated anti-fluorenacenedione 6


X-Ray crystallography was conducted on a single crystal of 6
obtained by slow diffusion of hexane into a solution of 6 in CH2Cl2.
The ORTEP drawing of the molecule exhibited a nearly planar
structure as shown in Fig. 1A. The closest intramolecular distances
between F and O (2.87 Å, A of Fig. 1A), I and O (3.08 Å, B of
Fig. 1A), and F and I (2.97 Å, C of Fig. 1A) are shorter than
each sum of van der Waals (vdW) radii (Table 1). Particularly, the
distances between I and O and between F and I are 0.42 Å and
0.48 Å shorter than each sum of vdW radii, respectively, suggesting
the presence of some electronic interaction between these atoms.15


For example, in the HOMO-8 orbital, which was obtained by DFT
calculations using the X-ray structure geometry, there appears an
interaction between iodine and oxygen orbitals (Fig. 2).


Fig. 1 (A) ORTEP drawings of the top view and side view of 6. Thermal
ellipsoids are drawn at 50% probability level. Selected distances (Å) of
dotted lines A: F · · · O, 2.87; B: I · · · O, 3.08; C: F · · · I, 2.97. (B) Packing
structure within the bc plane of 6. Fluorine, oxygen, and iodine atoms are
shown in green, blue, and red, respectively.


The packing structure of fluorenacenedione 6 is shown in
Fig. 1B. The compound has p-stacked packing rather than a
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Table 1 Distances (D) of intra- and intermolecular short contacts
between heavy atoms of 6, the sums of vdW radii (VDW ),a and (D)–
(VDW )


Distance (D) Sum of vdW (D)–(VDW )


Radii (VDW )


Entry (Å) (Å) (Å)


Intramolecular distance (Fig. 1A)
A (F · · · O) 2.87 2.99 −0.12
B (I · · · O) 3.08 3.50 −0.42
C (F · · · I) 2.97 3.45 −0.48
Intermolecular distance (Fig. 3)
A (C · · · C) 3.31 3.40 −0.09
(Fig. 4)
A (F · · · I) 3.37 3.45 −0.08
B (F · · · I) 3.25 3.45 −0.20
C (C · · · I) 3.67 3.68 −0.01
D (C · · · O) 3.04 3.22 −0.18
E (F · · · O) 2.98 2.99 −0.01
F (C · · · F) 2.98 3.17 −0.19


a Standard vdW radii are taken from ref. 16.


Fig. 2 The HOMO-8 orbital of 6 at a single point calculation by
B3LYP/6-311+G(2d) (3-21G* for iodine atom) using the X-ray structure
geometry.


herringbone arrangement. The distance between carbon atoms
of facing benzene rings (C · · · C) along the p-stacked column axis
is shown to be 3.31 Å, which is shorter than the sum of vdW
radii (Fig. 3 and Table 1). The crystal structures of most of the
molecules used as active layers of OFET are reported to have the
herringbone arrangement as in the cases of oligothiophenes6a,17


and pentacene,6a but it is also known that p-stacked packing is ad-
vantageous for more effective carrier transfer than the herringbone
packing.6,7 Besides, the intermolecular distances between heavy
atoms (F · · · I, C · · · I, C · · · O, C · · · F, and F · · · O) of adjacent
columns are shorter than the sums of vdW radii (Fig. 4 and
Table 1). In particular, intermolecular distances between C and F
and between C and O are remarkably short ((D)–(VDW ) = −0.19


Fig. 3 Packing structure of 6 along the p-stacked column axis. Orange
lines exhibit the short distances (A) between facing C atoms, with a distance
of 3.31 Å.


Fig. 4 Packing structure of 6 with the adjacent molecules. Orange lines
exhibit the distances (Å) between heavy atoms shorter than the sums of
vdW radii. A: F · · · I, 3.37; B: F · · · I, 3.25; C: C · · · I, 3.67; D: C · · · O, 3.04;
E: F · · · O, 2.98; F: C · · · F, 2.98.


and −0.18 Å, respectively, Table 1). Therefore, the fluorinated
fluorenacenedione could be applied as an active layer of FET
since such short contacts between heavy atoms should promote
highly ordered and dense packing.


19F NMR of fluorenacenedione 6


The observed short intramolecular distance between F and I
should be reflected in the 19F NMR chemical shift. As shown
in Fig. 5A, one of the four 19F signals was found to be downfield
shifted from the rest of the signals by 29–40 ppm. The signal
assignment was made by comparison of the experimental 19F
NMR spectrum with that obtained by GIAO calculation. The
most downfield-shifted signal was assigned to the fluorine atom
that is close to the iodine atom (Fig. 5B). This signal was shown
to be downfield shifted by 31–47 ppm as compared with the
signals for the rest of fluorine atoms. No such downfield shift
was predicted for the spectrum for 9 with iodine atoms removed
(Fig. 5C), indicating that this downfield shift is attributed to an
electronic interaction between F and I. Since the downfield shift
is related to the decrease in electron density, this interaction is
considered as the one with a donor (fluorine)–acceptor (iodine)
type. It is suggested that the short contact between F and I is due
to this donor–acceptor type interaction.


Electronic properties


The UV–vis spectrum of fluorinated fluorenacenedione 6 mea-
sured in CH2Cl2 showed the longest wavelength absorption at
479 nm with a shoulder at 505 nm (Fig. 6), while non-fluorinated
fluorenacenedione 7 was reported to exhibit the longest wavelength
absorption only at 316 nm.10j The absorption in the visible
wavelength-region should be common to these two compounds
since both have an orange color10j as solids.


In order to examine the redox behavior of 6, cyclic voltammetry
(CV) was carried out in CH2Cl2. As shown in Fig. 7, two reversible
reduction waves were clearly observed at the potentials of E1/2


−0.91 and −1.45 V vs. Fc/Fc+. In the case of fluorenacenedione 8
having no halogen substituents, the CV in DMF has been reported
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Fig. 5 (A) The experimental 19F NMR spectrum of 6 with the fluorine
chemical shift with reference to CFCl3. 19F NMR spectra (B) of 6 and
(C) of 9, calculated at GIAO-B3LYP/6-311+G(2d)//B3LYP/6-311G(d)
(3-21G* for iodine atom).


Fig. 6 UV–vis absorption spectra of 6 in CH2Cl2.


to exhibit four-step reversible reduction waves at E1/2 −1.14,
−1.49, −1.71, and −2.39 V vs. Fc/Fc+.10g,18 Compound 8 has
been also shown to be chemically reduced to the radical anion and
dianion by naphthalene radical anion.10k Apparently, the lower
reduction potential in 6 (−0.91 V) is ascribed to the perfluoro
substituents. This first reduction potential of 6 is even lower than
that of perfluoropentacene (−1.13 V in 1,2-dichlorobenzene vs.
Fc/Fc+)19 and C60 (−1.14 V in 1,2-dichlorobenzene vs. Fc/Fc+),19


which have been reported to show satisfactory performance in
n-type FETs.19,20 This relatively low LUMO level of fluorinated
fluorenacenedione 6 would be advantageous for effective electron
transfer in an active layer of n-type FET.


Fig. 7 Cyclic voltammogram of 6 (1.0 mM) in CH2Cl2 containing
Bu4N+ClO4


− (0.1 M) with a scan rate of 100 mVs−1.


OFET characteristics


Motivated by the above-mentioned properties of fluorinated
fluorenacenedione 6, we fabricated an OFET using 6 on a Si–SiO2


substrate with a top-contact structure. The FET measurements of
the device using a film prepared by vacuum deposition were carried
out under vacuum (10−3 Pa) and also under air. For details of the
device, see the Experimental section. Fig. 8 illustrates the drain
current (ID) vs. drain voltage (V D) curves observed for 6 on the
substrate at various gate voltages (V G). The field-effect mobility
(l) was determined from the saturation region, and an on–off ratio
was calculated from the ID between V G = 0 and 100 V. The FET
performances of 6 under vacuum and under air are summarized
in Table 2.


Fig. 8 Plots of drain-source current (ID) vs. drain-source voltage (V D) for
an FET device fabricated with fluorenacenedione 6, measured (A) under
vacuum (10−3 Pa) and (B) under air.


Thus, the present OFET device using the vacuum-deposited thin
film of 6 shows n-type transistor responses, although the observed
mobilities are low both under vacuum and under air. The lower


Table 2 Field-effect mobility (l), on–off ratio, and threshold voltage (V T)
for transistors of 6


l On–off V T


Condition (cm2 V−1 s−1) (type) Ratio (V)


Vacuuma 2.93 × 10−5 (n) 105 48
Air 6.08 × 10−6 (n) 103 35


a 10−3 Pa.
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mobility and on–off ratio measured under air are probably due
to the influence of oxygen and moisture, as is also indicated in
the current–voltage curves shown in Fig. 8B. The observed low
mobilities of the device can be explained as a result of poor film
morphology of the thin film. In fact, AFM images exhibited that
not grains but microcrystals were grown on an amorphous layer
and the thin film deposited on the substrate was not uniform
(Fig. 9). Although an appropriate reason for the observed poor
morphology cannot be found at present, it is noted that Bao
and co-workers also reported that vacuum-deposited films of
chlorinated tetracenes exhibited a similarly poor morphology7b


in contrast to a thin film of parent tetracene, which shows highly
ordered arrangements and high FET performance.21 It can be
assumed that the film morphology and FET performance may
be improved if an FET device was constructed using fluorinated
fluorenacenedione, which does not carry iodine substituents.
Unfortunately, however, all our attempts to remove iodine from 6
have not been successful so far.


Fig. 9 (A) AFM image, (B) differential image, and (C) height profile (3 ×
3 lm) of the vacuum-deposited film of 6 on a Si–SiO2 substrate.


Conclusions


The physical, electronic, and structural properties of newly
synthesized fluorinated fluorenacenedione 6 were fully elucidated.
Compound 6 has an advantage of much higher solubility in
common organic solvents than pentacene, which is known to
exhibit high OFET performances. The crystal structure of 6
has a highly ordered arrangement, which is characterized by
dense p-stacked packing. The results of X-ray crystallography
and 19F NMR measurements, combined with GIAO calculations,
suggested the intramolecular short contact between F and I,
which is ascribed to a donor–accepter interaction. The cyclic
voltammogram of 6 with two stepwise reversible reductions at
relatively low reduction potentials (E1/2 = −0.91 and −1.45 V
vs. Fc/Fc+) exhibited that 6 has a low LUMO level. A thin film
of fluorinated fluorenacenedione 6 was readily prepared for use
in an organic FET device. This film was found to exhibit n-type
FET characteristics although the efficiency was low presumably
due to the poor morphology. This might be improved by removal
of bulky iodine atoms from 6, and studies along this line, as well
as an investigation into single-crystal FET using 6, are now in
progress.


Experimental


Measurements and materials


The melting point was determined on a Yanaco MP-500D
apparatus and is uncorrected. Elemental analyses were performed
at the Microanalysis Division of Institute for Chemical Research,
Kyoto University. 19F (372.35 MHz) and 13C (99.45 MHz) NMR
spectra were recorded on a JEOL JNM-AL400 spectrometer.
The 19F NMR chemical shifts are expressed in ppm from CFCl3


as determined with reference to the external fluorobenzene (d
−113.0). The 13C NMR chemical shifts are expressed in ppm
from tetramethylsilane as determined with reference to CD2Cl2


(d 53.8) solvent used as an internal standard. Preparative gel-
permeation chromatography (GPC) was performed with a JAI
LC-918 chromatograph equipped with JAIGEL 1H and 2H
columns. The UV–vis spectrum was recorded on a Shimadzu UV-
3150 spectrometer. The mass spectrum was obtained on a JEOL
JMS700 spectrometer. AFM images of the evaporated thin film
on Si–SiO2 substrate were obtained by using a Digital Instruments
Nanoscope IIIa microscope in air. Ultraviolet-ozone cleaner is a
commercial product of the Nippon Laser & Electronics Lab (NL-
UV253S).


All commercially available materials were of reagent grade
unless otherwise noted. Dehydro[12]annulene fused with tetrafluo-
robenzene 4 was synthesized according to a literature procedure.8


SiO2 substrate was thermally grown by Miyazaki Oki Electric
Co., Ltd., using a highly doped n+-Si wafer purchased from
International Test & Engineering Services Co. Ltd.


Computational method


All calculations were conducted using the Gaussian 98 program.22


The geometry optimizations were performed with the restricted
Becke hybrid (B3LYP) at 6-311G(d) (3-21G* for iodine atom)
levels of theory. The GIAO calculations and the single-point
calculation to estimate the Kohn–Sham LUMO level were cal-
culated at B3LYP/6-311+G(2d) (3-21G* for iodine atom) using
the geometries optimized at the B3LYP/6-311G(d) (3-21G* for
iodine atom) levels.


Fluorinated anti-fluorenacenedione 6


Dehydro[12]annulene fused with tetrafluorobenzene 4 (486 mg,
1.24 mmol) and I2 (189 mg, 1.49 mmol) were dissolved in benzene
(350 mL) under air, and the mixture was stirred at rt for 5 days.
After removal of the solvent under reduced pressure, a 10%
aqueous solution of Na2S2O3 and CH2Cl2 were added to the
residue. Two layers were separated, and the aqueous layer was
extracted with CH2Cl2. The combined organic solution was dried
over MgSO4. The solvent was removed under reduced pressure,
and the crude product was purified by preparative GPC eluted
with toluene to afford fluorenacenedione 6 (280 mg, 33.3%) as
an orange solid. An analytically pure sample was obtained by
reprecipitation from CH2Cl2 and hexane: mp 293.9–294.9 ◦C;
UV–vis (CH2Cl2) kmax 301 nm (log e 4.64), 406 (2.88), 479 (3.33),
505 sh (3.20); 19F NMR (CD2Cl2) d −109.2 (ddd, J = 7.3, 14.6,
22.9 Hz), −137.9 (ddd, J = 9.6, 14.6, 20.2 Hz), −141.3 (ddd, J =
9.6, 17.4, 22.9 Hz), −149.2 (ddd, J = 7.3, 17.4, 20.2 Hz); 13C NMR
(CD2Cl2) d 184.0, 152.9, 147.2, 145.8, 142.4, 142.0, 141.1, 122.5,
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116.9, 86.1; HRMS (FAB) calcd for C20F8I2O2 677.7850, found
677.7839. Anal. Calcd for C20F8I2O2: C, 35.43; F, 22.42; I, 37.43.
Found: C, 35.34; F, 22.34; I, 37.01%.


X-Ray structural analysis of 6


Intensity data were collected at 100 K on a Bruker SMART
APEX diffractometer with Mo Ka radiation (k = 0.71073 Å)
and graphite monochrometer. The structure was solved by direct
methods (SHELXTL) and refined by the full-matrix least-squares
on F 2 (SHELXL-97). All non-hydrogen atoms were refined
anisotropically. The molecule lies about an inversion centre.
C20F8I2O2; FW = 678.00, crystal size 0.20 × 0.05 × 0.05 mm3,
monoclinic, P21/n, a = 10.9780(15) Å, b = 4.7347(6) Å, c =
16.960(2) Å, b = 108.412(2)◦, V = 836.43(19) Å3, Z = 2, Dc =
2.692 g cm−3. The refinement converged to R1 = 0.0244, wR2 =
0.0600 (I > 2r(I)), GOF = 1.002.‡


Cyclic voltammetry


Cyclic voltammetry was performed using a standard three-
electrode cell consisting of a glassy-carbon working electrode, a
Pt-wire counter electrode, and a Ag/AgNO3 (CH3CN) reference
electrode, under an argon atmosphere. The measurements were
conducted using 1.0 mM solutions of 6 in CH2Cl2 with tetrabuty-
lammonium perchlorate as a supporting electrolyte (0.1 M). The
observed redox potentials were calibrated with ferrocene, as an
internal standard, added after the measurement.


FET device preparation


OFETs were fabricated in a top-contact manner as follows. For
devices fabricated by vacuum deposition, the gate was a highly
doped n+-Si wafer, and the gate insulator was a 600 nm thick layer
of thermally grown SiO2. After ultrasonication in acetone and
then in isopropanol for 10 min each and ultraviolet-ozone-cleaner
treatment for 15 min to remove organic surface contaminants,
thin films of 6 (35 nm) were formed on the SiO2 substrate held
at rt by high-vacuum deposition (10−5 Pa). Gold source and
drain electrodes (40 nm), which were thermally evaporated on the
organic layer through a comb-type shadow mask, were composed
of 49 pairs of comb-type electrodes with a channel length of 25 lm
and a channel width of 4 × 49 mm. Characteristics of drain current
(ID) vs. drain voltage (V D) of the OFET devices were measured
under vacuum (10−3 Pa) and under air. The field-effect mobilities
(l) were calculated in the saturation region of the ID using the
equation ID = (WC i/2L) l (V G–V T),2 where C i is the capacitance
of the SiO2 insulator (C i = 5.8 × 10−8 F cm−2 (600 nm)) and V G


and V T are the gate and threshold voltages, respectively.


Acknowledgements


We thank Dr Daisuke Yamazaki, Institute for Chemical Research,
Kyoto University, for his help in X-ray structural analysis. Y. M.
thanks JSPS for a Research Fellowship for Young Scientists.


‡ CCDC reference number 645703. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b706621j


Notes and references


1 C. D. Dimitrakopoulos and P. R. L. Malenfant, Adv. Mater., 2002, 14,
99.


2 (a) D. M. de Leeuw, M. M. J. Simenon, A. R. Brown and R. E. F.
Einerhand, Synth. Met., 1997, 87, 53; (b) F. Würthner, Angew. Chem.,
Int. Ed., 2001, 40, 1037; (c) C. R. Newman, C. D. Frisbie, D. A. da Silva
Filho, J.-L. Brédas, P. C. Ewbank and K. R. Mann, Chem. Mater., 2004,
16, 4436.


3 Z. Bao, A. Lovinger and J. Brown, J. Am. Chem. Soc., 1998, 120, 207.
4 H. E. Katz, A. J. Lovinger, J. Johnson, C. Klok, T. Siegrist, W. Li, Y.-Y.


Lin and A. Dodabalapur, Nature, 2000, 404, 478.
5 B. A. Jones, M. J. Ahrens, M.-H. Yoon, A. Facchetti, T. J. Marks and


M. R. Wasielewski, Angew. Chem., Int. Ed., 2004, 43, 6363.
6 (a) J. Cornil, D. Beljonne, J.-P. Calbert and J.-L. Brédas, Adv. Mater.,


2001, 13, 1053; (b) J.-L. Brédas, J.-P. Calbert, D. A. da Silva Filho and J.
Cornil, Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 5804; (c) M. D. Curtis,
J. Cao and J. W. Kampf, J. Am. Chem. Soc., 2004, 126, 4318.


7 (a) V. C. Sunder, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett,
T. Someya, M. E. Gershenson and J. A. Rogers, Science, 2004, 303,
1644; (b) H. Moon, R. Zeis, E.-J. Borkent, C. Besnard, A. J. Lovinger,
T. Siegrist, C. Kloc and Z. Bao, J. Am. Chem. Soc., 2004, 126, 15322.


8 T. Nishinaga, N. Nodera, Y. Miyata and K. Komatsu, J. Org. Chem.,
2002, 67, 6091.


9 For recent reviews, see: (a) J. H. Williams, Acc. Chem. Res., 1993, 26,
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The presence of a leaving group at C-4 of monobactams is usually considered to be a requirement for
mechanism-based inhibition of human leukocyte elastase by these acylating agents. We report that
second-order rate constants for the alkaline hydrolysis and elastase inactivation by N-carbamoyl
monobactams are independent of the pKa of the leaving group at C-4. Indeed, the effect exerted by
these substituents is purely inductive: electron-withdrawing substituents at C-4 of
N-carbamoyl-3,3-diethylmonobactams increase the rate of alkaline hydrolysis and elastase inactivation,
with Hammett qI values of 3.4 and 2.5, respectively, which indicate the development of a negative
charge in the transition-states. The difference in magnitude between these qI values is consistent with an
earlier transition-state for the enzymatic reaction when compared with that for the chemical process.
These results suggest that the rate-limiting step in elastase inactivation is the formation of the
tetrahedral intermediate, and that b-lactam ring-opening is not concerted with the departure of a
leaving group from C-4. Monobactam sulfones emerged as potent elastase inhibitors even when the
ethyl groups at C-3, required for interaction with the primary recognition site, are absent. For one such
compound, a 1 : 1 enzyme–inhibitor complex involving porcine pancreatic elastase has been examined
by X-ray crystallography and shown to result from serine acylation and sulfinate departure from the
b-lactam C-4.


Introduction


b-Lactams are potent inhibitors of a wide range of enzymes
that contain a catalytic serine residue, including the hepatitis
C virus serine protease, penicillin-binding proteins (PBPs), b-
lactamases and human leukocyte elastase (HLE).1–7 The efficiency
of b-lactams as enzyme inhibitors depends on the molecular
recognition by the protein as well as on the intrinsic chemical
reactivity of the b-lactam, both of which affect the rate at which
these inhibitors acylate the serine residue.8


Among the most extensively studied enzymatic reactions of b-
lactams is the inhibition of class A b-lactamases by penam sulfone
inhibitors such as sulbactam, 1 (Scheme 1), tazobactam and their
analogues.9–15 Reaction of penam sulfones with the catalytic Ser70
involves b-lactam ring-opening and leads to the departure of
a sulfinate leaving group from C-5 and formation of an imine
(Scheme 1).1,14 The imine then undergoes a cascade of reactions
including nucleophilic attack by the Ser130 hydroxyl group to
form a stable acrylate ester capable of preventing hydrolysis of
the acyl-enzyme, and thus leading to irreversible inhibition.11 The
oxidation state of the sulfur atom in the penam plays a role
in potency: while sulbactam is a potent b-lactamase inhibitor,
its penicillanate counterpart is only a substrate of b-lactamase,
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Scheme 1


while the corresponding sulfoxides are both substrate and weak
inactivators.10 It is worth noting that b-lactamase inhibition by
clavulanic acid, 2, requires intramolecular hydrogen bonding from
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the C-9 hydroxyl group to assist the departure of an oxonium
oxygen from C-5, i.e. 3 (species 3 results from proton transfer from
a water molecule, Wat673, to the carbon–carbon double bond of
the acyl-enzyme).16 These results suggest that departure of a good
leaving group from the C-5 carbon atom of penams and clavams is
required to achieve irreversible inhibition of enzymes containing
a catalytic serine residue.10,17


Cephalosporins are time-dependent inhibitors of HLE in-
hibitors, and, similarly to penams, the oxidation state of the
sulfur atom also plays a role in potency, with sulfones (4, n =
2) showing considerably greater activity than the corresponding
sulfides (4, n = 0) or b-sulfoxides (4, n = 1), while a-sulfoxides
are inactive.18–21 However, the identity of the species giving rise to
inhibition remains to be defined. X-Ray crystallography indicates
that inactivation of HLE by cephalosporin sulfones containing a
good leaving group at C-3′ (e.g. 4, X = AcO) preferably involves
reaction with His57 at this position rather than sulfinic acid
departure from C-6 and thiazine ring-opening.22


Monobactams containing potential leaving groups at C-4 have
also been developed as mechanism-based inhibitors of HLE,23–25


although the requirement of leaving-group departure to achieve
irreversible inactivation is still controversial. Crystallography26


and mass spectrometry27 studies indicate that the reaction of
monobactams containing a C-4 aryloxy substituent with HLE
involves the departure of a phenol, possibly concerted with C–N
bond fission and b-lactam ring-opening.28 However, the observa-
tion that the second-order rate-constants for HLE inactivation
by monobactams with no leaving group at C-4 do not differ
significantly from those of monobactams containing a phenol28


suggests that leaving group ability is not essential to inactivate
the enzyme. Understanding how b-lactam substituents affect
molecular recognition by the enzyme and “chemical reactivity”
is most useful in designing more potent enzyme inhibitors. We
report here a study on the chemistry of elastase inactivation by
model monobactams, 5 (Scheme 2, Table 1) with the objective
of elucidating how C-4 substituents contribute to the chemical
reactivity towards the catalytic serine. The results herein presented
show that the effect exerted by these substituents is largely
inductive and that sulfones at C-4 are particularly efficient in
activating the b-lactam scaffold towards elastase.


Results and discussion


1. Chemistry


The synthesis of compounds 5 used the appropriate 4-
acetoxyazetidin-2-one 624 as the starting material to give direct
access to the differently C-4-substituted azetidin-2-one key inter-
mediates 7–10 (Scheme 2). Reaction of 4-acetoxyazetidin-2-ones
6 with phenol24 (or thiols29) and sodium hydroxide in acetone
at room temperature gave the corresponding C-4-substituted b-
lactams 7 and 8, respectively. Alternatively, 8a was synthesised
by refluxing 6a with thiophenol in benzene.30 Treatment of
thioethers 8 with 3-chloroperbenzoic acid (MCPBA) yielded the


Table 1 Second-order rate constants, kOH− , for the hydroxide-catalyzed hydrolysis of 4-substituted azetidin-2-ones, 5, at 25 ◦C and the kinetic parameters
for the time-dependent inactivation of porcine pancreatic elastase (5a–d) and human leukocyte elastase (5e–k) in pH 7.2 buffer at 25 ◦C


Compound R X pKa (XH) (kinact/K i)/M−1 s−1 102 kOH− /M−1 s−1 EREFf


5a H H 3553 NIf 13.0 —
5b H OPh 9.9254 11.5a 99.0 11.6
5c H SPh 6.5254 22.0a 44.1 50.0
5d H SO2Ph 1.2955 290a 416 70.0
5e Et H 3553 310b 0.164 1.89 × 105


5f Et OPh 9.9254 2280b 0.722 3.15 × 105


5g Et SPh 6.5254 5760b ,c 0.713 8.08 × 105


5h Et SO2Ph 1.2955 15 200b ,d 14.2 1.07 × 105


5i Et SCH2Ph 9.2754 4464b 0.362 1.23 × 106


5j Et SO2CH2Ph 1.4555 11 741b 12.7 9.24 × 104


5k Et OC6H4–4-CO2H 8.9054 8320b ,e NDf NDf


a Against PPE. b Against HLE. c 5g: K i = 0.633 lM, kinact = 3.64 × 10−3 s−1. d 5h: K i = 0.267 lM, kinact = 4.06 × 10−3 s−1. e 5k: K i = 0.454 lM, kinact =
3.78 × 10−3 s−1. f NI: no inhibition, ND: not determined, EREF: enzyme rate enhancement factor.
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Scheme 2 Reagents and conditions: (i) PhOH, NaOH, acetone; (ii) R2SH,
NaOH, acetone; (iii) PhSH (2 mol equiv.), C6H6, reflux; (iv) MCPBA,
DCM; (v) NaBH4, EtOH; (vi) PhCH2NCO, TEA, DCM.


corresponding sulfones 9 (Scheme 2). The C-4 unsubstituted
intermediate 10 was synthesised by reduction of 6b with NaBH4


in ethanol at 0 ◦C.31 Finally, reaction of intermediates 7–10 with
benzyl isocyanate gave the desired compounds 5 in good yield.


2. Enzyme inhibition studies


The series of b-lactams, 5a–d, lacking substituents at the C-3
position was prepared to assess the impact of a leaving group at C-
4 on porcine pancreatic elastase (PPE) inhibition when interaction
with the S1 primary recognition site32 of elastase is reduced. PPE is
a readily available elastase that shares a conserved catalytic triad
consisting of Ser195, His57 and Asp102 with HLE.33 The primary
specificity pocket of PPE is slightly less hydrophobic and smaller
than that of HLE, showing preference for small aliphatic side
chains such as alanine.33 The kinetic studies carried out at pH 7.2
and 25 ◦C, using the incubation method,34 showed that b-lactams
5b–d containing leaving groups are time-dependent inhibitors of
PPE, while the C-4-unsubstituted counterpart 5a is inactive up
to a concentration of 1 mM. The second-order rate constants for
PPE inactivation, kinact/K i (Table 1) were determined from the
plots of pseudo-first-order inhibition rate constant, kobs, versus [I]
(Fig. 1). The sulfone derivative 5d proved to be a potent inhibitor
of PPE, with a kinact/K i, value of 290 M−1 s−1, thus suggesting
that the sulfone group is a very powerful activator of the b-lactam
carbonyl carbon atom towards the Ser195 hydroxyl group, even in


Fig. 1 Dependence of kobs for enzyme inhibition on inhibitor concentra-
tion: (A), 5d, porcine pancreatic elastase; (B), 5f, human leucocyte elastase.


the absence of an adequate molecular recognition moiety at C-3
in the b-lactam scaffold.


Further evidence of the efficiency of 5d as an irreversible
inhibitor of PPE comes from the titration of enzyme activity. The
number of equivalents required to inactivate PPE was calculated
by plotting the fraction of remaining enzyme activity, v/v0, after
a 30 min incubation period versus the initial ratio of inhibitor
to enzyme, i.e. [I]/[E]0. For levels of inhibition of up to 90%
of the original enzyme activity, the extent of inactivation was
found to depend linearly on the inhibitor-to-enzyme molar ratio
(Fig. 2), and extrapolation of the line to v/v0 = 0 shows that it
required approximately 1.2 equiv. of 5d to completely inactivate
PPE. Interestingly, such high inhibitory efficiency is similar to
that reported for HLE inactivation by 3,3-diethylmonobactams
and cephalosporins.33,35


In contrast to the C-3-unsubstituted series, their 3,3-diethyl
counterparts 5e–j were completely inactive against PPE in concen-
trations up to 0.5 mM. However, b-lactams 5e–j inhibited HLE
very efficiently in a time-dependent fashion. The pseudo-first-
order rate-constants, kobs, for HLE inactivation were determined
using the progress-curve method.36 For compound 5f, a linear
dependence of kobs on inhibitor concentration was observed
(Fig. 1B); and correction for the concentration and Michaelis
constant of the substrate yielded the second-order rate constant for
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Fig. 2 Inactivation of porcine pancreatic elastase as a function of the
molar ratio of inhibitor 5d to enzyme. PPE (10 lM) and various amounts of
inhibitor 5d (20–0.4 lM) in 0.1 M HEPES buffer, pH 7.25, were incubated
at 25 ◦C for 30 min, and aliquots were withdrawn for assay.


inhibition, kinact/K i, as the slope (Table 1). For compounds 5g and
5h, the individual kinetic parameters K i and kinact were obtained
by determining kobs as a function of the inhibitor concentration,28


while for the remaining b-lactams (5e, 5i and 5j) the kinact/K i values


were determined by calculating kobs/[I] (Table 1). The second-
order rate-constants for HLE inactivation, kinact/K i, are within the
range of 103 to 104 M−1 s−1, which reflects the stringent S1 subsite
specificity of this enzyme toward hydrophobic substituents with
three or four carbon atoms.25,31,33,37


3. X-Ray crystallography studies


PPE was incubated with 5d for 30 min. Good quality crystals
were grown and subjected to X-ray analysis.38 The electron density
maps at the catalytic site indicate that PPE inactivation by 5d
involves b-lactam ring-opening, as revealed by the ester formed
with Ser195 Oc (Fig. 3). Moreover, inspection of the maps
calculated at 1.66 Å resolution shows that acylation of PPE by
5d also involves the departure of sulfinate from C-4. Interestingly,
the crystal structure reveals the presence of a hydroxyl group
at C-3 (b-lactam numbering) (Scheme 3). This hydroxyl group
establishes H-bonds to water molecules while the ester carbonyl
group is H-bonded to the NH backbone of Gln192. Furthermore,
the adjacent urea NH groups are within H-bonding distance
to water molecules, as shown in Fig. 3. This was a somewhat
unexpected result when compared with those from previous X-ray
crystallographic studies with other b-lactams containing leaving
groups at C-4. For example, inactivation of PPE by 4-aryloxy-3,3-
diethyl-b-lactams leads to a carbinolamine acyl-enzyme, resulting


Scheme 3 Covalent enzyme–inhibitor complex (see Fig. 3).


Fig. 3 A stereoview of the |F 0| − |F c| electron density map calculated, with Ser195 and inhibitor 5d (code JM54) omitted from the model. The omit
map is contoured at 3r and shows the acyl-enzyme covalently linked to Ser195 with the corresponding interactions with PPE active site.


2620 | Org. Biomol. Chem., 2007, 5, 2617–2626 This journal is © The Royal Society of Chemistry 2007







from reaction of water at C-4 of the imine intermediate.26 When
a single 1-hydroxyethyl substituent is present at C-3, an enamine
acyl-enzyme is formed, presumably from a retro-aldol reaction on
the imine precursor.26


We wondered if this pattern of reactivity was inherent to 5d or a
function of the enzyme active site. Therefore we undertook reac-
tion of inhibitor 5d with sodium methoxide in methanol, which has
been reported as a good model reaction for the acylation of serine
enzymes.39,40 The product of this reaction was 3-benzylpyrimidine-
2,4(1H,3H)-dione, 11, in 80% yield (Scheme 4). This result is
consistent with MeO−-catalyzed b-lactam ring opening followed
by pyrimidine ring formation and phenylsulfinate elimination (or
first the elimination then the ring closure). Clearly, the enzyme
active site must preclude the ring closure process; moreover,
the imine resulting from Ser195 acylation and phenylsulfinate
elimination would be expected to add water to C-4 (b-lactam
numbering) rather than to the C-3 atom that is evident in Fig. 3,
thus suggesting that a different pathway may be available in the
active site of PPE subsequent to b-lactam ring-opening. Although
the nature of such a pathway is currently unclear, it is unlikely to
be the rate-limiting step in the enzyme inactivation process (see
below). In this regard, it is of interest to note that the distance
between C-4 (b-lactam numbering) of the PPE–5d complex and
the C-a of Gln192 is only 3.4 Å; this close approach might suggest
a reason as to why the presence of a hydroxyl group in the C-4
position is precluded.


Scheme 4


4. Alkaline hydrolysis


It has been suggested that the magnitude of the second-order rate-
constant, kOH− , for the alkaline hydrolysis of potential inhibitors
of enzymes containing a catalytic serine is a crude indicator for
their ability to be effective and therapeutically useful acylating
agents.39,41,42 Comparison of the kOH− values presented in Table 1
reveals that the reactivity of b-lactams 5 correlates poorly to
the pKa of the leaving group at C-4 of the b-lactam moiety.
A poor correlation between log kOH− values for the 3,3-diethyl
series 5e–j and the pKa of the leaving group at C-4 was observed,
corresponding to a blg value of −0.05, indicating that there is
essentially no change in the effective charge on the leaving group
on going from the ground state to the transition state. These results
are comparable to those reported for the alkaline hydrolysis of the
vinylogous cephalosporins containing a potential leaving group
at C-3′ (4, n = 0), for which a blg value close to zero was also
determined.43


In contrast, log kOH− values correlate with rI values for the
substituents at C-4, including those that are not expelled, yielding
Hammett qI values of 2.8 and 3.4 for the series 5a–d and 5e–j,


respectively (Fig. 4). The Hammett qI values are large and positive,
which indicates a substantial build-up of negative charge in the
transition-state and that the effect exerted by C-4 substituents on
the alkaline hydrolysis of 5 is purely inductive. The solvolysis of
penicillins and cephalosporins involves decomposition of the tetra-
hedral intermediate via general-acid-catalysed N-protonation, e.g.
12, or complexation with a metal ion, to effect C–N bond
cleavage.44 For compounds 5, N-protonation is thermodynam-
ically unfavourable. However, ureido anion expulsion from the
tetrahedral intermediate may occur at a rate that is comparable
or even faster than that for hydroxide ion, and thus the reaction
may involve the rate-limiting attack of hydroxide on the b-lactam
carbonyl atom.


Fig. 4 Plots of second-order rate-constants for the alkaline hydroly-
sis of C-3-unsubstituted b-lactams 5a–d (�) and 3,3-diethyl-b-lactams
5e–j (�), and of second-order rate-constants for HLE inactivation by
3,3-diethyl-b-lactams 5e–j (�), against rI values for the X substituents in
C-4.


The higher qI value determined for the 3,3-diethyl series when
compared to that of the C-3 unsubstituted series is consistent with
the formation of a high energy tetrahedral intermediate in which
the two C–O bonds are eclipsed with the ethyl groups at C-3.
According to the Hammond postulate, this implies that formation
of such an intermediate involves a later transition state in which
there is significant negative charge build-up, thereby being more
susceptible to the electronic effects of the C-4 substituents. The qI


value determined here for the monobactams 5 is higher than the
corresponding qI value of 1.35 reported for the alkaline hydrolysis
of cephalosporins,44 a difference that almost certainly reflects the
shorter distance between the electron-withdrawing substituents
and the nitrogen atom in the b-lactam scaffold of 5.
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5. Structure–activity relationships


Insight into how a particular substituent promotes the ability
of the enzyme to use its catalytic apparatus to increase the
rate of acylation through b-lactam ring-opening can be obtained
by the enzyme rate enhancement factor (EREF); this is the
ratio of second-order rate-constant for enzyme inactivation to
the second-order rate-constant for the alkaline hydrolysis, i.e.
(kinact/K i)/kOH− .39,45 Remarkably, the 3,3-diethyl b-lactams 5e–j
exhibit EREF values ca. 104 times higher than those of their
C-3 unsubstituted analogues 5b–d (Table 1). The differences in
EREF between the two series of b-lactams largely reflect the
importance of the alkyl substituents at C-3 in promoting efficient
molecular recognition by the S1 site of the enzyme. This interaction
probably positions the b-lactam carbonyl within the oxyanion
hole, facilitating successful nucleophilic attack by Ser195, and
thus enhancing the rate of b-lactam ring-opening.31 Clearly,
the favourable binding energy between the enzyme and the C-
3 substituents overcomes the strain energy in the tetrahedral
intermediate en route to the acyl-enzyme.


As with alkaline hydrolysis, enzyme inactivation efficiency is
largely independent on the pKa of the leaving group at C-4. For
example, the second-order rate constant for PPE inactivation by
the 4-phenylsulfonyl derivative 5d is only 25 times higher than that
of its 4-phenoxy analogue 5b, despite the 9-fold difference between
the leaving group abilities of phenylsulfinate and phenolate.
Similarly, the 3,3-diethyl-4-phenylsulfonyl counterpart 5h is only
6 times more potent as HLE inhibitor than its 4-phenoxy analogue
5f. However, a good correlation was found between the logarithm
of the second-order rate-constants of HLE inactivation and the
rI values for the substituents at C-4, including X = H (5e), which
corresponds to a qI value of 2.5 for compounds 5e–j (Fig. 4).
This qI value is higher than that reported for HLE inactivation
by cephalosporin sulfones (4, R = MeO, n = 2; qI = 1.8320),
again reflecting the shorter distance between the substituents and
the nitrogen atom in the b-lactam scaffold 5. Compared with the
alkaline hydrolysis of 5 (qI of 3.4), the HLE reaction seems to
involve an earlier transition-state with less negative charge buildup.
This effect can be ascribed, at least in part, to the favourable
non-covalent interactions with the primary specificity pocket,
which allows the enzyme to stabilize the transition-state and to
make full use of its catalytic machinery to increase the rate of
acylation through b-lactam ring-opening. This is consistent with
the EREF values for 5e–j ranging from 105 to 106, which indicate
that HLE is facilitating the expulsion of the urea anion from the
tetrahedral intermediate when compared to the hydroxide-induced
hydrolysis.


In conclusion, the effectiveness of monobactams as elastase
inhibitors is strongly dependent on the effect of C-3 substituents
on the molecular recognition by the enzyme as well as on the
effect of C-4 substituents on chemical reactivity that leads to
serine acylation. The rate-limiting step in elastase inactivation
is the formation of the tetrahedral intermediate, and b-lactam
ring-opening is not concerted with the departure of a leaving
group from C-4. Monobactam sulfones emerged as very potent
inhibitors of elastase due to the strong electron-withdrawing
properties of the sulfone, although the departure of sulfinate
from C-4 might be relevant to the chemistry of enzyme inacti-
vation.


Experimental


General


Melting points were determined using a Kofler camera Bock
Monoscope M and are uncorrected. The infrared spectra were
collected on a Nicolet Impact 400 FTIR infrared spectropho-
tometer and the NMR spectra on a Bruker 400 Ultra-Shield
(400 MHz) in CDCl3; chemical shifts, d, are expressed in ppm,
coupling constants, J, are expressed in Hz. Low-resolution mass
spectra were recorded using VG Mass Lab 20–250, VG Quattro or
HP5988A mass spectrometers. Elemental analyses were performed
by Medac Ltd, Brunel Science Centre, Englefield Green, Egham,
TW20 0JZ, UK, or by ITN, Chemistry Unit, Sacavém, Portugal.
UV-vis assays were recorded either on Shimadzu UV-1603 or UV-
2100 PC spectrophotometers. TLC was performed on Merck alu-
minium plates, silica gel 60 F254, and visualized by UV light and/or
iodine. Preparative column chromatography was performed on
silica gel 60 from Merck (70–230 mesh ASTM). DCM, TEA and
benzene were purified and dried before use. Solvents and buffer
materials for enzyme assays were of analytical reagent grade and
were purchased from Merck or Sigma. PPE, MeO-Suc-Ala-Ala-
Pro-Val-pNA and N-Suc-Ala-Ala-Ala-pNA were purchased from
Sigma, and HLE was purchased from Calbiochem.


General procedure for the synthesis of N-carbamoylazetidin-2-one
derivatives


Benzyl isocyanate (4.2 mmol) and subsequently triethylamine
(4.2 mmol) were slowly added to a solution of the appropriate
azetidin-2-one 7–10 (3.5 mmol) in dichloromethane (3 mL),
The reaction was stirred at room temperature and monitored
by TLC. After completion of the reaction, the solution was
evaporated under reduced pressure. The product was purified by
column chromatography.


N-Benzylcarbamoylazetidin-2-one, 5a. Purified by column
chromatography on silica gel (dichloromethane–ethyl acetate 9.5 :
0.5); 66%; m.p. 62–64 ◦C (lit.,46 oil); mmax (film) 3335, 1764,
1685 cm−1; dH 3.08 (2H, t, J = 4.8); 3.68 (2H, t, J = 4.8); 4.50
(2H, d, J = 6.0); 6.89 (1H, brs); 7.28–7.38 (5H, m); dC 36.06,
37.21, 43.70, 127.59, 127.64, 128.72, 137.93, 150.59, 167.00; ESI-
MS m/z 205.37 (MH+); Anal. calcd. for C11H12N2O2: C, 64.69; H,
5.92; N, 13.72; found: C, 64.55; H, 6.10; N, 13.66.


N-Benzylcarbamoyl-4-phenoxyazetidin-2-one, 5b. Purified
by column chromatography on silica gel (elution with
dichloromethane–ethyl acetate 9.5 : 0.5); 85%; m.p. 129–
130 ◦C; mmax (film) 3368, 1780, 1708 cm−1; dH 3.17 (1H, dd, J =
16.0, 1.2); 3.46 (1H, dd, J = 16.0, 4.4); 4.50 (1H, dd, J = 14.4,
5.6); 4.55 (1H, dd, J = 14.4, 5.6); 6.07 (1H, dd, J = 4.4, 1.2); 6.88
(1H, brs); 7.10 (1H, t, J = 7.2); 7.15 (2H, d, J = 8.0); 7.31–7.39
(7H, m); dC 43.76, 45.51, 78.76, 117.14, 123.21, 127.00, 128.78,
129.72, 137.56, 156.14, 164.42; ESI-MS m/z 297.52 (MH+); Anal.
calcd. for C17H16N2O3: C, 68.91, H, 5.44, N, 9.45; found, C, 69.12,
H, 5.61, N, 9.19.


N-Benzylcarbamoyl-4-phenylthioazetidin-2-one, 5c. Purified
by column chromatography on silica gel (elution with
dichloromethane–ethyl acetate 9.5 : 0.5); 80%; m.p. 78–79 ◦C, mmax
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(film) 3366, 3036, 2908, 1773, 1698 cm−1; dH 2.88 (1H, dd, J =
16.4, 2.8); 3.40 (1H, dd, J = 16.4, 5.6); 4.47 (1H, dd, J = 15.0,
6.0); 4.54 (1H, dd, J = 15.0, 6.0); 5.29 (1H, dd, J = 5.6, 2.8),
6.81 (1H, brs); 7.30–7.39 (9H, m); 7.55 (1H, dd, J = 8.4, 1.6); dC


43.68, 43.99; 56.69; 127.69, 127.72, 128.77, 129.29, 129.31, 129.36,
135.25, 137.83, 149.63, 165.43; ESI-MS m/z 334.84 (MNa+); Anal.
calcd. for C17H16N2O2S: C, 65.36; H, 5.16; N, 8.97; found C 65.12;
H 5.11; N 8.98.


N-Benzylcarbamoyl-4-phenylsulfonylazetidin-2-one, 5d. Puri-
fied by column chromatography on silica gel (elution with
dichloromethane–ethyl acetate 9.5 : 0.5); 81%; m.p. 159–161 ◦C,
mmax (film) 3374, 3064, 3031, 2978, 1789, 1711, 1316, 1150 cm−1;
dH 3.48 (1H, dd, J = 16.8, 6.0); 3.67 (1H, dd, J = 16.8, 2.8); 4.33
(1H, dd, J = 14.8, 6.0); 4.39 (1H, dd, J = 14.8, 6.0); 5.20 (1H,
dd, J = 6.0, 2.8), 6.65 (1H, brs); 7.23 (2H, dd, J = 8.0, 1.2); 7.31–
7.38 (3H, m); 7.58 (2H, t, J = 8.0); 7.74 (1H, dt, J = 8.0, 1.2);
7.96 (2H, dd, J = 8.0, 0.8); dC 39.43, 43.86, 65.84, 127.58, 127.79,
128.77, 129.28, 129.39, 134.88, 136.75, 137.28, 148.39, 164.27; EI-
MS m/z: 344.00 (M+); Anal. calcd. for C17H16N2O4S: C, 59.29; H,
4.68; N, 8.13; found C, 59.41; H, 4.55; N, 8.01.


N-Benzylcarbamoyl-3,3-diethylazetidin-2-one, 5e. Purified
by column chromatography on silica gel (elution with
dichloromethane–ethyl acetate 9.5 : 0.5); 83% as a colourless oil,
mmax (film) 3364, 3071, 3031, 2969, 2924, 2875, 1757, 1702 cm−1;
dH 1.00 (6H, t, J = 7.6); (4H, q, J = 7.6); 3.42 (2H, s); 4.50 (2H,
d, J = 6.0); 6.93 (1H, brs); 7.28–7.38 (5H, m); dC 8.70, 25.71,
43.75, 47.04, 59.31, 127.44, 127.54, 127.65, 128.65,128.71, 137.98,
150.95, 172.83; ESI-MS m/z 261.10 (MH+); Anal. calcd. for
C15H20N2O2: C, 69.20, H, 7.74, N, 10.76; found C, 68.95; H, 7.80;
N, 10.59.


N-Benzylcarbamoyl-3,3-diethyl-4-phenoxyazetidin-2-one, 5f25.
Purified by column chromatography on silica gel (elution with
dichloromethane–ethyl acetate 9.5 : 0.5); 81%; m.p. 58–59 ◦C; mmax


(film) 3366, 3064, 3031, 2970, 2939, 2880, 1770, 1710 cm−1; dH


1.00 (3H, t, J = 7.6 Hz); 1.06 (3H, t, J = 7.6); 1.77–1.84 (3H,
m); 1.99 (1 H, dq, J = 14.4, 7.2); 4.47 (1H, dd, J = 15.6, 6.0);
4.51 (1H, dd, J = 15.6, 6.0); 5.68 (1H, s); 6.93 (1H, brs); 7.07
(1H, t, J = 7.2); 7.22–7.35 (9H, m); dC 8.58, 8.84, 21.23, 23.86,
43.75, 64.35, 86.76, 117.76, 123.17, 127.63, 127.67, 128.76, 129.67,
137.66, 150.14, 157.47, 172.23; ESI-MS m/z 353.29 (MH+); Anal.
calcd. for C21H24N2O3: C, 71.57, H, 6.86, N, 7.95; found 71.84,
6.78, 8.18.


N-Benzylcarbamoyl-3,3-diethyl-4-phenylthioazetidin-2-one, 5g.
Purified by column chromatography on silica gel (elution with
dichloromethane–ethyl acetate 9.5 : 0.5); 70%; m.p. 80–81 ◦C; mmax


(film) 3361, 3061, 2968, 1758, 1701 cm−1; dH 0.94 (3H, t, J =
8.0 Hz); 1.06 (3H, t, J = 8.0); 1.75–1.98 (3H, m); 1.99 (1 H, dq,
J = 14.4, 7.2); 4.51 (1H, dd, J = 15.6, 6.0); 4.55 (1H, dd, J = 15.6,
6.0); 5.06 (1H, s); 6.95 (1H, brs); 7.28–7.39 (8H, m); 7.77 (2H, d,
J = 8.0); dC 8.43, 9.01, 23.11, 24.74, 43.74, 63.95, 71.42, 127.60,
127.65, 128.17, 128.74, 129.19, 133.24, 137.71, 150.13, 172.04; EI-
MS m/z 368.15 (M+); Anal. calcd. for C21H24N2O2S: C, 68.45, H,
6.56, N, 7.60; found, C, 68.22, H, 6.65, N, 7.88.


N-Benzylcarbamoyl-3,3-diethyl-4-phenylsulfonylazetidin-2-one,
5h. Purified by column chromatography on silica gel (elution


with dichloromethane–ethyl acetate 9.5 : 0.5); 63%; m.p. 142–
144 ◦C; mmax (film) 3366, 3060, 3041, 2971, 1778, 1711, 1312,
1151 cm−1; dH 1.01 (3H, t, J = 7.2 Hz); 1.06 (3H, t, J = 7.2);
1.68 (1 H, dq, J = 14.4, 7.2); 1.95 (1 H, dq, J = 14.4, 7.2); 2.20
(1 H, dq, J = 14.4, 7.2); 2.47 (1 H, dq, J = 14.4, 7.2); 4.21 (1H,
dd, J = 14.8, 6.0); 4.33 (1H, dd, J = 14.8, 6.0); 4.75 (1H, s); 6.66
(1H, brs); 7.14 (2H, d, J = 7.6); 7.19–7.28 (3H, m); 7.47 (2H, t,
J = 7.6); 7.61 (1H, t, J = 7.6); 7.85 (2H, t, J = 7.6); dC 8.56, 8.90,
20.86, 25.12, 43.85, 67.05, 74.72, 127.43, 127.69, 128.74, 128.88,
129.18, 134.39, 137.36, 139.84, 148.99, 171.49; EI-MS m/z 400.05
(M+); Anal. calcd. for C21H24N2O4S: C, 62.98, H, 6.04, N, 6.99;
found, C, 63.11, H, 6.25, N, 7.12.


N-Benzylcarbamoyl-3,3-diethyl-4-benzylthioazetidin-2-one, 5i.
Purified by column chromatography on silica gel (elution with
dichloromethane–ethyl acetate 9.5 : 0.5); 53% as a yellow oil, mmax


(film) 3365, 1759, 1701 cm−1; dH 0.56 (3H, t, J = 7.4); 0.85 (3H, t,
J = 7.4); 1.44–1.69 (4H, m); 3.99 (1H, d, J = 12.8); 4.06 (1H, d,
J = 12.8); 4.31 (1H, dd, J = 15.3, 6.1); 4.36 (1H, dd, J = 15.3, 6.3);
4.70 (1H, s); 6.91 (1H, s); 7.10–7.27 (10H, m); dC 7.67; 8.90; 22.41;
24.44; 37.37; 43.61; 62.99; 65.84; 127.63; 127.72; 127.81; 129.01;
129.07; 129.80; 138.79; 139.62;150.96; 172.35; HPLC-ESIMS m/z
(MH+) 383.52; Anal. calcd. for C22H26N2O2S; C, 69.08; H, 6.85;
N, 7.32; found C, 69.10, H, 6.90; N, 7.30.


N-Benzylcarbamoyl-3,3-diethyl-4-benzylsulfonylazetidin-2-one,
5j. Purified by column chromatography on silica gel (elution
with diethyl ether–light petroleum 1 : 1; 52%; m.p. 93–94 ◦C; mmax


(film) 3365, 1778, 1313, 1165 cm−1; dH 0.79 (3H, t, J = 7.4); 1.01
(3H, t, J = 7.5); 1.62 (1 H, dq, J = 14.5, 7.3); 1.84 (1H, dd, J =
14.5, 7.3); 2.08 (1H, dq, J = 14.5, 7.4); 2.52 (1H, dq, J = 14.6,
7.4); 4.48 (1H, d, J = 13.9); 4.53 (2H, d, J = 5.9); 4.62 (1H, s);
5.01 (1H, d, J = 13.9); 6.95 (1H, t, J = 5.9); 7.19–7.59 (10H,
m); dC 8.27, 8.87, 20.90, 24.48, 44.12, 62.27, 66.46, 69.06, 127.59,
127.89, 128.91, 129.07, 131.37, 137.08, 150.20, 171.22; EI-MS
m/z 413.8 (MH+); Anal. calcd. for C22H26N2O4S; C, 63.75; H,
6.32; N, 6.76; found C, 63.70, H, 6.40; N, 6.60.


Large scale reaction of N-benzylcarbamoyl-4-
phenylsulfonylazetidin-2-one with excess sodium methoxide


N-Benzylcarbamoyl-4-phenylsulfonylazetidin-2-one (0.29 mmol),
5d, was added to a solution of sodium methoxide (1.5 mmol)
in methanol (15 mL). The reaction mixture was stirred at room
temperature and monitored by TLC. The solvent was removed
under reduced pressure and the residue was taken up in water
(20 mL), acidified with 10% HCl until pH 2 and extracted with
ethyl acetate (3 × 30 mL). After drying and evaporating off the
solvent, the residue was purified by column chromatography on
silica gel (elution with dichloromethane–ethyl acetate 8 : 2), to
yield the product, 3-benzylpyrimidine-2,4(1H,3H)-dione, 11, as a
white solid (79%); m.p. 177–179 ◦C (lit.,47 181–182 ◦C); mmax (film)
3084, 2965, 1625, 1601 cm−1; dH 5.12 (2H, s); 5.81 (1H, dd, J =
7.2, 1.2); 7.14 (1H, dd, J = 7.2, 6.0); 7.26–7.34 (3H, m); 7.46 (2H,
d, J = 7.2); 9.35 (1H, brs); dC 43.71, 102.26, 127.70, 128.46,128.80,
136.49, 138.17, 163.12; EI-MS m/z 202.05 (M+); Anal. calcd. for
C11H10N2O2, C, 65.34; H, 4.98; N, 13.85; found, C, 65.55, H, 5.25,
N, 13.81.
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Chemical kinetics


All kinetic measurements were carried out at 25.0 ± 0.1 ◦C
and with an ionic strength adjusted to 0.5 M by addition of
NaClO4. Due to substrate solubility problems all buffers contained
20% (v/v) acetonitrile. Rate constants were determined using
UV spectrophotometry by recording the decrease of substrate
absorbance at fixed wavelength (5a, 220; 5b, 250; 5c, 260; 5d,
255; 5e, 224; 5f, 238; 5g, 260; 5h, 225; 5i, 240; 5j, 240 nm), using
a spectrophotometer equipped with a temperature controller. In a
typical run, the reaction was initiated by adding a 15 lL aliquot
of a 10−2 M stock solution of substrate in acetonitrile to a cuvette
containing 3 mL of the buffer solution. The pseudo-first-order
rate constants, kobs, were obtained by least-squares treatment of
log(At − A∞) data, where At and A∞ represent the absorbance
at time t and at time infinity, respectively. Rate constants derived
using this method were reproducible to ±5%.


Enzyme inactivation by the progress curve method


Inactivation of HLE was assayed at 25 ◦C by mixing 10 lL of
HLE stock solution (2 lM in 0.05 M acetate buffer, pH 5.5) to a
solution containing 10 lL of inhibitor in DMSO (200 lM), 20 lL
of substrate MeO-Suc-Ala-Ala-Pro-Val-pNA (50 mM in DMSO)
and 960 lL of 0.1 M HEPES buffer, pH 7.2, and the absorbance
was continuously monitored at 410 nm for 20 minutes. Control
assays, in which the inhibitor was omitted, ran linearly. The
pseudo-first order rate constants, kobs, for the inhibition of HLE
were determined according to the slow-tight binding inhibition
model36 and involved the fitting of product concentration as a
function of time to eqn (1) by non-linear regression analysis using
the routine ENZFIT (developed at the Faculty of Pharmacy,
Lisbon):


A = mst + (mi − ms)(1 − e−kobs t)
kobs


+ A0 (1)


where A is the absorbance at 410 nm, A0 is the absorbance at
t = 0, vi is the initial rate of change of absorbance, vs is the
steady-state rate and kobs is the first-order rate constant for the
approach to the steady-state. The individual kinetic parameters
K i and kinact were obtained by determining kobs (in duplicate
or triplicate) as a function of the inhibitor concentration and
by fitting the experimental data to eqn (2).25 When a linear
dependence of kobs on inhibitor concentration was observed (e.g.
for 5f), correction for substrate concentration and Michaelis
constant yielded the second-order rate constant for inhibition
(kinact/K i) as the slope, and the first-order rate for the dissociation
of the E·I complex (koff) as the intercept (eqn (3)) (see Fig. 1B).
For the remaining b-lactams the kinact/K i values were determined
in duplicate or triplicate by calculating kobs/[I] and then correcting
for the substrate concentration and Michaelis constant using eqn
(4).


kobs = kinact[I]
Ki(1 + [S]/Km) + [I]


(2)


kobs = koff + (kinact/Ki) [I]
1 + [S]/Km


(3)


kobs


[I]
= kinact/Ki


1 + [S]/Km


(4)


Enzyme inactivation by the incubation method


Inhibition of PPE was assayed by Kitz and Wilson’s incubation
method.34 In a typical experiment, 50 lL of inhibitor solution in
DMSO was incubated at 25 ◦C with 750 lL of 0.1 M HEPES
buffer, pH 7.2, and 200 lL of PPE solution (50 lM in 0.1 M
HEPES buffer, pH 7.2). Aliquots (100 lL) were withdrawn at
different time intervals and transferred to a cuvette thermostatted
at 25 ◦C, containing 895 lL of 0.1 M HEPES buffer, pH 7.2,
and 5 lL of N-Suc-Ala-Ala-Ala-pNA (12.5 mM in DMSO). The
absorbance was monitored at 390 nm for 60 seconds and the
gradients of the slopes obtained of initial rate used as a measure
of enzyme activity. The values of kobs for compounds 5b–d were
determined in duplicates or triplicates from plots of ln(v/v0) versus
incubation time, where v is the initial rate at time t and v0 is the
initial rate of the control incubation without inhibitor. The plots
of kobs versus [I] were linear and the potency of the inhibitors was
determined in terms of the bimolecular rate constant kinact/K i =
kobs/[I].


Partition ratio


PPE solutions were incubated at 25 ◦C with different concentra-
tions of 5d solutions in 0.1 M HEPES buffer, pH 7.2, in a final
volume of 1 mL. After 30 minutes incubation, a 100 lL aliquot
of the reaction mixture was withdrawn and assayed for remaining
enzyme activity as described previously.


X-Ray crystallographic studies


Porcine pancreatic elastase (PPE) was incubated with inhibitor 5d
for 30 min. Good quality crystals were grown in 200 mM sodium
sulfate and 100 mM sodium acetate at pH 5.1 (293 K) using the
sitting drop vapour-diffusion method.38 X-Ray diffraction data
were measured at EMBL X11 beamline at the DORIS storage ring,
DESY, Hamburg (Germany), to 1.66 Å resolution. The data were
integrated with MOSFLM48 and scaled using SCALA.49 Relevant
statistics on data collection and processing are given in Table S1
(Supplementary material†). The crystals soaked with the inhibitor
solution belong to the same space group and show similar cell
parameters as the native ones, so the structure was solved by
Fourier synthesis. The initial rigid body refinement step yielded
an R-work and R-free of 27.7 and 30.5%, respectively. Further
crystallographic refinement was performed with Refmac50 and the
electron density maps were inspected with COOT.51 The refined
model of PPE in complex with inhibitor 5d shows an R-factor of
15.6% and R-free of 18.6%.


The structure is generally well defined within the electron density
maps, showing an average B factor of 10.5 Å2 for all protein
atoms. The final model comprises 240 amino acid residues, 316
water molecules, the inhibitor 5d without the C-4 PhSO2


− leaving
group, two glycerol molecules, one sulfate ion and one sodium
ion, which is hexa-coordinated to side-chain atoms of Glu80,
Asp77, Gln75, Asn72, Glu70 and a water molecule. Alternate
conformations were modelled for the side chains of Gln23, Gln75,
Val83 and Ser189, with 50% occupancy each. All protein residues
lie within allowed regions of the Ramachandran plot, and the
relevant refinement statistics are presented in Table 2. The overall
protein structure of the 5d–PPE complex is very similar to that
of the native enzyme (PDB code 1QNJ) and superposition of the
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Table 2 Data collection and crystallographic refinement statistics for the
porcine pancreatic structure bound to 5d


Resolution range/Å 37.95–1.66
Refined model


R-factor (%) 15.6
R-free (%) 18.6
No. of non-H protein atoms 1833
No. of solvent molecules 320


Average B-factor/Å2


Protein only 10.5
Inhibitor only 24.4
Solvent molecules 25.9


Ramachandran plot
Residues in most favoured regions (%) 87.4
Residues in additional allowed regions (%) 12.6


Root-mean-square deviations
Bond angles/◦ 0.01
Angle lengths/Å 1.22


C-a atoms shows a r.m.s. deviation of 0.089 Å. The numbering of
5d–PPE complex follows the common practice of using the bovine
chymotrypsinogen A numbering.52


The coordinates of 5d–PPE complex have been deposited in the
Protein Data Bank (PDB) with identification code 2V35 and the
corresponding structure factors with id code 2V35SF.
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ADP-ribosylation using nicotinamide adenine dinucleotide (NAD+) is an important type of enzymatic
reaction that affects many biological processes. A brief introductory review is given here to various
ADP-ribosyltransferases, including poly(ADP-ribose) polymerase (PARPs), mono(ADP-ribosyl)-
transferases (ARTs), NAD+-dependent deacetylases (sirtuins), tRNA 2′-phosphotransferases, and
ADP-ribosyl cyclases (CD38 and CD157). Focus is given to the enzymatic reactions, mechanisms,
structures, and biological functions.


Introduction


Nicotinamide adenine dinucleotide (NAD+, and the reduced form
NADH, Fig. 1) is familiar to most chemists and biochemists
since it has long been recognized as an important small molecule
cofactor/coenzyme required for many cellular oxidases and
reductases. As a redox coenzyme, it shuttles between the oxidized
form (NAD+) and the reduced form (NADH), as shown in Fig. 1,
but the total concentration remains constant. As more cellular
secrets are revealed by scientific research, it turns out NAD+ has
more functions in addition to serving as a redox coenzyme.1,2 There
are several types of enzymes that use NAD+ as a co-substrate and
consume NAD+ in the enzymatic reactions. Some of the NAD+-
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Fig. 1 Enzymatic reactions that use NAD+. NAD+ is mainly involved in
three types of reactions: reduction–oxidation, ADP-ribosylation (path-
way 1), and adenylation (pathway 2). Oxidation–reduction does not
consume NAD+ because the compound just shuttles between oxidized
and reduced forms. Adenylation and ADP-ribosylation both break down
NAD+ and therefore consume NAD+. Enzymes catalyzing ADP-ribosyla-
tion reactions are the focus here.


consuming enzymes have attracted great interest recently because
of their unique chemistry and important biological functions.


NAD+ has two bonds of relatively high energy, the N-glycosidic
bond involving nicotinamide and the pyrophosphate bond. Most
NAD+-consuming enzymatic reactions break the N-glycosidic
bond (ADP-ribosylation reactions, Fig. 1), although breaking
of the pyrophosphate bond (adenylation reactions, Fig. 1) also
occurs. For example, NAD+-dependent DNA ligases use NAD+


to form an adenylate-ligase covalent intermediate, which is capable
of transferring the adenosine 5′-monophosphate (AMP) group to
the 5′-phosphate of nicked DNA ends to allow DNA ligation with
release of free AMP.3,4 NAD+-dependent DNA ligases are essential
for many bacteria species, but are not present in eukaryotes,
making them attractive antibiotic targets.5
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The NAD+-consuming ADP-ribosyltransferases are the
focus of this manuscript. These enzymes can be catego-
rized into several classes based on the targets they modify:
(1) ADP-ribosyltransferases that modify proteins; (2) ADP-
ribosylstranferases that modify nucleic acids; (3) ADP-ribosyl-
transferases that modify small molecules. Each class consists of
several different subclasses based on structure and activity. Below
I will briefly summarize these enzymes and highlight some impor-
tant unresolved questions. Addressing these questions will likely
require a joint effort from people specializing in different areas,
including organic chemists, biochemists, biophysical chemists, and
biologists. The purpose of this manuscript is not to extensively
review all the literature for these NAD+-utilizing enzymes, but
rather to introduce a fascinating research area to those (especially
graduate students and postdocs with a chemistry background)
that are relatively unfamiliar to, but might become interested in
ADP-ribosylation.


ADP-ribosyltransferases that modify proteins


ADP-ribosyltransferases that catalyze protein posttranslational
modifications are currently being studied extensively. By modify-
ing different substrate proteins and thus changing the properties
of the substrate proteins, these enzymes execute their biological
functions in controlling/regulating various biological processes.
Based on the reactions they catalyze, there are three types
of ADP-ribosyltransferases in this category: poly(ADP-ribose)
polymerases,6–9 mono(ADP-ribosyl)transferases,10–12 and NAD+-
dependent deacetylases.13,14


Poly(ADP-ribose) polymerases


Poly(ADP-ribosyl)ation, a modification mainly found in eukary-
otes, is the covalent addition of multiple (up to several hundred)
ADP-ribose groups to proteins (Fig. 2A). The first ADP-ribosyl
group is typically added to the carboxylate side chain of Glu or Asp
residues on the substrate protein, followed by the addition of more
ADP-ribosyl groups to the 2-OH groups of the two ribose rings,
leading to a long and branched poly(ADP-ribose) chain (PAR,
Fig. 2A). The ADP-ribosyl linkage in PAR was determined to be
in the a configuration, opposite to that of the substrate NAD+.15


The enzymes that catalyze the reaction are termed poly(ADP-
ribose) polymerase, or PARPs. The most abundant and the best
studied PARP is PARP-1, a protein of 113 kDa.6 PARP-1 has
three domains, the N-terminal DNA-binding domain that consists
of two zinc fingers, a BRCT auto-modification domain in the
middle, and the catalytic domain at the C-terminus (Fig. 2B). The
crystal structures of several PARP catalytic domains have been
reported.16–18 Fig. 2C shows the structure of the catalytic domain
of chicken PARP-1 with ADP bound (PDB 1A26).17 By structural
alignment with diphtheria toxin catalytic domain with an NAD+


bound (PDB 1TOX),19 the NAD+ binding site and the acceptor site
have been suggested (see the green stick representation of NAD+


and ADP in Fig. 2C).17 The conserved Glu998 residue shown in red
is within hydrogen bond distance with the ribose ring of ADP. The
role of the conserved Glu residue is presumably to deprotonate the
2-OH of the ribose of the acceptor molecule (growing PAR chain),
activating it for nucleophilic attack on the NAD+ co-substrate.17


It is possible that the Glu residue is also involved in stabilizing the
oxo-carbenium ion-like transition state or intermediate.17


PARP-1, the founding member of PARPs, is well known to
be involved in DNA repair. PARP-1 activity is low at resting
state. PARP-1 DNA-binding domain binds to DNA strand breaks
generated directly or indirectly from oxidation, alkylation, base
excision, and many other types of DNA damage. This interaction
activates the catalytic activity of the catalytic domain up to several
hundred-fold, resulting in the transfer of ADP-ribose groups
to various substrate proteins, most prominently PARP-1 itself
on the BRCT domain, and histones.6 Why is PARP-1 activity
needed for DNA repair? Although the detailed molecular picture
is still not completely clear, several models/explanations have been
proposed. It is important to bear in mind that in eukaryotes, DNA
is tightly packed into nucleosomes around octamers of histones.20


This packing has significant impact on everything that happens
to DNA, such as replication, transcription, and damage repair.
One model is that PARP-1-catalyzed poly(ADP-ribose) formation
relaxes the chromatin structure,21–23 to allow the DNA repair
enzymes to access and repair the damaged DNA. Another model
suggests that PARP-1, and the poly(ADP-ribose) formed, either
covalently attached to proteins or free of proteins (generated by the
hydrolase PARG),24 could serve to recruit DNA repair enzymes
and/or other proteins that are involved in the process.6,25,26 It is
possible that each model captures one certain aspect of poly(ADP-
ribosylation) in DNA repair and that all of them might contribute
to the biological function of PARP-1 in DNA repair (Fig. 3).


PARP-1 activity in DNA repair is a double-edged sword. If
too much DNA damage occurs, PARP-1 over-stimulation leads
to cell death, possibly due to depletion of cellular NAD+ and/or
the signaling functions of PAR polymer.32,33 In contrast, PARP-
1 knockout cells are resistant to large doses of DNA damaging
(alkylating and oxidizing) reagents that are lethal to normal cells.
This may partly explain why PARP inhibitors offer protection in
many pathophysiological conditions, such as stroke and ischemia-
reperfusion.


PARP-1 function, however, is not limited to DNA repair.
PARP-1, the most abundant nuclear PARP protein, also has an
important function in transcription regulation. In Drosophila, it
was found that PARP-1 and poly(ADP-ribose) are associated
with genes that are activated by steroids or stress. This gene
activation is accompanied by local loosening of the chromatin or
puffing.34 PARP-1 catalytic activity is required for puffing, since
the PARP-1 inhibitor 3-aminobenzamide inhibited puff formation
and the transcription of the genes. The proposed model to explain
the PARP-1 dependent puffing in Drosophila is that PARP-1
is associated with many regions of the chromatin, and specific
signals such as steroids and stress activate PARP-1 activity in
specific regions of the chromatin, which leads to the poly(ADP-
ribosyl)ation of nearby proteins (for example, histones). This then
causes the relaxation of local chromatin structure and enables
the transcription of the genes nearby (Fig. 3).34 This model
seems reasonable, especially as it has been reported that PARP-1
can bind to different forms of undamaged DNA (for example,
cruciforms, supercoiled plasmids) in addition to DNA strand
breaks.6,35 Kraus and coworkers recently reported that PARP-
1 can bind to nucleosomes formed in vitro.29 Similar to linker
histone H1, PARP-1 binds to linker DNA where DNA exits
the nucleosome. However, in the polytene chromosome of flies,
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Fig. 2 The biochemical activity of PARPs. (A) PARPs catalyze the addition of multiple ADP-ribosyl groups to Glu/Asp residues of substrate proteins,
giving rise to long and branched ADP-ribose polymers. (B) The domain organization of human PARP-1. The N-terminal DNA binding domain recognizes
different forms of DNA and is important in regulating the catalytic activity of the C-terminal catalytic domain. (C) The crystal structure of the catalytic
domain of chicken PARP-1 (generated using PDB 1A26). The active site Glu998 residue is shown in red. This Glu998 residue is likely responsible for
the deprotonation of the 2-OH on the acceptor molecule (green stick representation on the right) and/or the stabilization of the oxo-carbenium ion-like
transition state/intermediate formed upon leaving of nicotinamide from NAD+ (green stick representation on the left). The NAD+ molecule is modeled
by superimposing the PARP-1 structure onto the diphtheria toxin structure (PDB 1TOX), which contains an NAD+ molecule.17


PARP-1 and H1 bind to different regions of the chromatin that
are not actively transcribed. The nucleosome-bound PARP-1 is
catalytically active when NAD+ molecules are present, leading to
self-modification and dissociation from the nucleosome to allow
RNA Pol II to access the DNA for transcription.29 This model,
in many aspects, is similar to the model proposed by Tulin and
Spradling,34 although it differs in some details. This model implies
that NAD+ is not freely available in the nucleus because otherwise
PARP-1 would not be able to bind to nucleosomes. Currently, there
is still no method that can reliably determine the concentration
of a particular metabolite within a specific organelle inside a cell.
Therefore, whether or not this model is accurate still awaits further
studies. The recent report that PARP-1 and the nicotinamide
mononucleotide adenylate transferase (NMNAT, the enzyme that
catalyzes the last step of NAD+ biosynthesis) interact with each


other in the nucleus could lend indirect support to this model.36


Alternatively, PARP-1 interacting proteins, such as macroH2A,30


might inhibit its catalytic activity at resting state and the inhibiting
proteins dissociate in the presence of appropriate signals.


A new twist to the function of PARP-1 in transcription
regulation is the discovery that PARP-1 and DNA topoisomerase
IIb (TopoIIb) coexist in a co-activator complex that is recruited
to the pS2 gene promoter during estrogen receptor activated
transcription of pS2.37 Moreover, the catalytic activities of both
PARP-1 and TopoIIb are required for the transcription activation.
TopoIIb is found to specifically introduce a double strand break
in the promoter sequence, which presumably activates PARP-1
catalytic activity, leading to the replacement of linker histone
H1 with high mobility group B 1/2 (HMGB1/2). However,
whether H1 is poly(ADP-ribosyl)ated or not in this process
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Fig. 3 PARP-1 function in DNA repair and transcription regulation. This simplified picture summarizes some of the understanding about PARP-1
function. At resting state, DNA in eukaryotic cells are packed tightly into nucleosomes, which generally blocks access to proteins involved in DNA
repair and transcription. However, when DNA strand break occurs, or an upstream signal occurs (steroid hormone, for example), PARP-1 activity is
activated and catalyzes the synthesis of PAR on PARP-1 and histones or other nucleosomal proteins. The enormous negative charge built up on the PAR
polymer could dissociate the DNA–histones complex (PAR and DNA compete for histones). Thus the DNA becomes “naked”, allowing access to the
DNA repair enzymes or proteins involved in transcription. The PAR polymer could also actively recruit other proteins, such as proteins that contain
macro domains.27,28 PARP-1 binds strongly to DNA strand break and the binding somehow triggers its catalytic activity. How PARP-1 is activated during
transcription regulation is not entirely clear. Results from the Kraus lab suggest that it might be due to the increase of local NAD+ concentration29


or the release of inhibiting proteins.30 Results from the Rosenfeld Lab suggest that it might be due to the DNA strand break generated by TopoIIb.37


Alternatively, a growth factor induced signaling cascade was shown to activate PARP-1 independent of DNA.31


has not been determined. The biological function of TopoIIb
has been somewhat enigmatic, although it has been shown to
be involved in transcriptional regulation of genes involved in
cell differentiation.38,39 The study by Rosenfeld and coworkers
provided a potential molecular link among TopoIIb, PARP-1,
and transcriptional activation.37


The above three examples about PARP-1 and transcription
regulation clearly demonstrate that PARP-1 plays important
roles in the transcriptional activation of certain genes. Although
the detailed molecular picture still needs to be figured out,
it is clear that PARP-1’s DNA binding property and catalytic
activity are both important. However, it is also reported that
in some transcription regulation processes, PARP-1’s catalytic
activity is not required.40 Many questions need to be addressed
by future studies, including the following: (i) what regions of the
chromosome are bound by PARP-1 and therefore the transcription
regulated by PARP-1, and how is this specificity determined?
(ii) In the transcription activation process, how is PARP-1 catalytic
activity regulated, what is the major acceptor for poly(ADP-
ribosyl)ation, and is the acceptor determined by the specific PARP-
1 activator or not? (iii) At the molecular level, how does poly(ADP-
ribosyl)ation lead to transcription activation or DNA repair? Does
poly(ADP-ribosyl)ation simply relax chromatin structure or do
the PAR polymers actively recruit other proteins, such as proteins
that contain macro domains?27,28 (iv) Structurally, how do different
forms of DNA or other signals bind to PARP-1 and activate its
catalytic activity?


Another direction in the poly(ADP-ribosyl)ation field is the
study of other PARP enzymes. Bioinformatic studies suggest that
there are 18 PARP proteins in the human genome.41 All the 17
relatively new PARP proteins share the conserved catalytic domain
with PARP-1, but the rest of the protein sequence is very diverse.
It is not known whether all of the other PARP proteins retain the
catalytic activity, but many of them do.7 If they do have protein
ADP-ribosylation activity, what substrate proteins do they modify
and what functions does the modification have? For most of the
17 PARPs, very little is known. One of the better known PARPs
is tankyrase-1, which was shown to have two important functions.


One function is to regulate telomere length maintenance by
poly(ADP-ribosyl)ating a telomere-associated protein TRF-1.42,43


TRF-1 blocks telomerase from accessing the telomere. Poly(ADP-
ribosyl)ation by tankyrase-1 releases TRF-1 from telomere and
therefore allows telomere elongation by telomerase. Tankyrase-1
and its catalytic activity are also required for mitosis,44–46 although
exactly why it is required is not very clear. The protein that
is modified by tankyrase-1 during mitosis is NuMA, a mitotic
spindle-pole protein.45,46 Thus, among the 18 different PARPs,
PARP-1 and tankyrase-1 allow us to have a peek at what important
biological functions poly(ADP-ribosyl)ation could have, and what
we are seeing could be just “the tip of the iceberg”.


Mono(ADP-ribosyl)transferases


Mono(ADP-ribosyl)ation is the transfer of a single ADP-ribose
group to proteins’ side chains, typically Arg, Cys (Fig. 4A),
and in rare cases also Asn and posttranslationally modified
diphthamide.10,47 The enzymatic reaction mechanism is presum-
ably similar to that of PARP. A conserved Glu residue is also
present in the active site (Fig. 4B). Therefore, the ADP-ribosyl link-
age in the product is expected to be aas in poly(ADP-ribosyl)ation,
although this is not determined in most cases. This type of mod-
ification was originally identified for several bacterial toxins that
mono(ADP-ribosyl)ate host proteins, such as diphtheria toxin,
pseudomonas exotoxin A, cholera toxin, and pertusis toxin.10,47


The discovery of eukaryotic mono(ADP-ribosyl)transferases
(ART) is fairly recent.10,11 The first cloned ART is from a rabbit in
the early 1990s.48 Since then, 5 ARTs have been identified in hu-
mans (ART1-5, although ART2 has premature stop codons and is
presumably not functional) and 6 in mice (ART1, ART2a, ART2b,
and ART3-5).10,49,50 These mammalian ARTs are ecto-enzymes be-
cause they are glycosylphosphotidylinositol (GPI)-anchored to the
cell membrane, with the active sites outside the cell (Fig. 4C).10,50


Consistent with this, hydrophobic signal sequences are found both
at the N-terminus (directing translating peptide chain to ER) and
C-terminus (signal for GPI attachment). One of the enzymes,
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Fig. 4 The biochemical activity of ecto ARTs. (A) ARTs catalyzes the addition of a single ADP-ribosyl group to proteins, typically onto Arg or Cys
residues. The glycosidic bond formed is presumably a based on the similarity of ARTs to PARPs and bacteria toxin type ADP-ribosyltransferases.
(B) The structure of rat ART2 (generated using PDB 1OG1). The active site is occupied by the NAD analog shown as yellow sticks. The conserved
Glu189, shown in red, likely is involved in stabilizing the oxo-carbenium ion like transition state/intermediate. (C) ARTs are ecto enzymes linked to
glycosylphosphotidylinositol anchors. Most ARTs have hydrophobic signal sequences at both the N- and C-terminals. The N-terminal signal directs the
translating ART polypeptides to the endoplasmic reticulum (ER) as for all other secreted proteins, and the C-terminal signal defines the GPI-anchor
attachment. These GPI-anchored ARTs are then sent out for displaying on the cell surface.


ART5, lacks the C-terminal signal sequence for GPI attachment
and is therefore secreted instead of membrane attached.50


The functions of protein ADP-ribosylation by the ecto ARTs
are being studied, and a detailed molecular picture is slowly
emerging. In mouse skeletal muscle cells, the expression of ART1
correlates with the transition from mononucleated, replicating
myoblasts to long, multinucleated non-replicating myotubes.51


Using 32P-labeled NAD+, mouse skeletal muscle ART1 was found
to ADP-ribosylate integrin a7, which modulates its binding to
the extracellular matrix protein laminin in the presence of Mn2+.52


The ADP-ribosylated integrin a7 can be processed by cellular
phosphodiesterases to phosphoribosylated protein and AMP.53


It is not known how the phosphoribosylation affects integrin
a7 binding to laminin. In mouse T-cells, ART1 is found to
ADP-ribosylate several proteins, including LFA-1, CD27, CD43,
CD44, and CD45.54 The ADP-ribosylation of these proteins
interferes with the T-cell receptor signaling by inhibiting the T-cell
receptor and co-receptors to form a functional cluster on the cell
membrane.55 ART1 on human airway epithelium cells can ADP-
ribosylate defensin-1 or HNP-1 in vitro.56 Consistent with this,
ADP-ribosylated HNP-1 was isolated from the bronchoalveolar


lavage fluid of smokers, but not of non-smokers. ADP-ribosylated
HNP-1 has decreased anti-microbial activity and cytotoxicity, but
can still stimulate T-cell chemotaxis and IL-8 release.56 Other
proteins have also been found to be ADP-ribosylated by ART-
1 in the presence of NAD+, including fibroblast growth factor-2
and platelet-derived growth factor-BB.57,58 ADP-ribosylation of
these growth factors seems to affect their binding to the receptors,
and could therefore regulate their biological activity.


ART2 is found to be expressed on mature T-cells in mice.
Interestingly, it is reported that on mouse T-cells expressing both
ART2 and the purino receptor P2X7, NAD+ at low lM concen-
trations can induce T-cell death.59 Available evidence suggests that
the NAD+-induced cell death is via ART2-catalyzed P2X7 ADP-
ribosylation.60 P2X7 has been known to induce cell death under
a mM concentration of ATP, which is too high and is unlikely to
occur extracellularly in vivo.; while the low lM concentration of
NAD+ might be physiologically achievable during cell lysis. It is
proposed that the ART2 and P2X7 dependent cell death induced
by NAD+ might regulate immune response to avoid unintended
activation of bystander T-cells under conditions of massive cell
lysis.60 It should be noted that ART2 is not present in humans
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because of the premature stop codon present in the human ART2
gene.50 Whether a similar regulation exist in human T-cells is not
clear now. It is possible that other ARTs, such as ART1, which is ex-
pressed in human T-cells, could have similar functions since mouse
ART1, ART2, and human ART1 can all ADP-ribosylate LFA-1
when expressed in the mouse lymphoma cell line DC27.10.61


At present, not much is known about the functions of ART3,
ART4, and ART5, since no substrate proteins have been identified
yet. Therefore, one future direction is to identify the substrate
proteins for these ecto ARTs. Even for ART1 and ART2,
identification of new substrate proteins might offer more insight
to their functions. Another question is the source of NAD+ in vivo
for ecto ARTs. Although intracellular concentration of NAD+ is
high (estimated to be from 100 lM to several mM), extracellular
NAD+ concentration is estimated to be less than 0.1 lM,60 which is
not enough for the ecto ARTs to carry out the ADP-ribosylation
reaction. This is a similar problem faced by CD38 and CD157,
which will be discussed later. The NAD+ channel connexin 43
therefore could be important for ecto ARTs function as well.62


One question that is largely ignored in the ecto ARTs publications
is whether the ADP-ribosylation reaction is intra-cellular or inter-
cellular. Considering that ART-1 and ART-2 are present in T-
cells whose function depends on physical contact with other cells,
inter-cellular ADP-ribosylation would have important functional
implications.


Ecto ARTs are unlikely to modify intracellular proteins because
their active sites are out of the cell. However, there are several
intracellular proteins that are found to be ADP-ribosylated,
including Gb,63 glutamate dehydrogenase (GDH),64 and endoplas-
mic reticulum-resident chaperone GRP78/BiP.65 Recent evidence
suggests that the NAD+-dependent deacetylases or sirtuins (see
the section below) could be the intracellular ARTs responsible
for these modifications. For example, mouse SirT6 was found
to be self ADP-ribosylated, and no deacetylase substrate has
been identified.66 The more convincing case is the report that
mouse SirT4 can ADP-ribosylate and regulate GDH in vivo.67


Other proteins, such as translation elongation factor 2 (eEF-
2), have also been reported to be ADP-ribosylated, but it is
not clear whether it is truly ADP-ribosylation using NAD+, or
nonspecific glycation with ADP-ribose.68,69 Questions that need to
be addressed are how many intracellular proteins are regulated
by ADP-ribosylation/de-ADP-ribosylation (catalyzed by ADP-
ribose glycohydrolases), and are there any other protein ADP-
ribosyltransferases in addition to ecto ARTs and sirtuins?


NAD+-dependent deacetylases


Protein acetylation, particularly histone acetylation, is associated
with transcriptional activation of genes and is therefore an area


of intensive investigation.70 Histone deacetylation, in contrast,
correlates with transcription repression. The first class of histone
deacetylases are Zn2+-dependent enzymes that use Zn2+ in the
active sites to activate water molecules for a nucleophilic attack
on the amide bond.71 The second class of deacetylases, which were
only elucidated in the last few years, are NAD+ dependent and
couple NAD+ hydrolysis to the deacetylation reaction (Fig. 5).


The first NAD+-dependent deacetylase discovered is yeast Sir2
(silencing information regulator 2), hence these enzymes are
collectively termed “sirtuins”. Sir2 is required for transcription
silencing of specific regions of yeast chromosome, such as the
silent mating loci, ribosomal DNA, and telomere.13 Furthermore,
Sir2 is known to be required for yeast life-span extension in a
genetic model of calorie restriction, and overexpression of Sir2
can increase yeast life span.72 However, the molecular mechanisms
of silencing and life-span extension were not understood until the
enzymatic activity of Sir2 was figured out. In 2000, Guarente and
coworkers discovered the ability of Sir2 to deacetylate Histone
H3 and H4 in the presence of NAD+.73 This finding immediately
offered an explanation to the transcription silencing function
of Sir2, since histone deacetylation is known to be associated
with transcription repression. The discovery by Guarente and
coworkers also stimulated studies to understand the enzymatic
reaction mechanism of sirtuins. Two labs reported that the reaction
products are nicotinamide and acetyl-ADP-ribose, in addition
to the deacetylated histones.74,75 However, the position of the
acetyl group on ADP-ribose was not identified, which hinders
the elucidation of the reaction mechanism. A few months later,
Boeke and Schramm and their coworkers reported their detailed
enzymology study of Sir2.76 NMR, MS, and 18O-labeling of
products led to the mechanism shown in Fig. 6A. The key feature
of this mechanism is the a-1′′-O-alkylamidate intermediate formed
upon the displacement of nicotinamide by the attack of the acetyl
oxygen. The 2′′-OH then attacks the intermediate followed by
the attack of water to yield the deacetylated protein and 2′′-
O-acetyl ADP-ribose, which can isomerize to 3′′-O-acetyl ADP-
ribose non-enzymatically. Up to today, this remains the generally
accepted mechanism. Later work from several labs confirmed
this mechanism.77–81 Several crystal structures of sirtuins, includ-
ing Sir2 from Archaeoglobus fulgidus,82–84 yeast HST2,85 human
SirT2,86 and E. coli CobB,87 have been reported, which support
the proposed enzymatic reaction mechanism (Fig. 6B).88–90


This mechanism alone cannot explain why calorie restriction
would induce Sir2-dependent life-span extension. However, it can
explain why nicotinamide is an inhibitor of the deacetylation
reaction. Since the first step in the mechanism shown in Fig. 6A
is reversible, high concentrations of nicotinamide would favor
the reverse reaction and inhibit deacetylation.78,81 This turned
out to be the key to understand calorie restriction-induced


Fig. 5 NAD+-dependent deacetylation reaction catalyzed by sirtuins. In the reaction, acetyl lysine is converted to free lysine, and NAD+ is converted to
nicotinamide and 2′′-acetyl ADP-ribose.
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Fig. 6 Mechanism and structure of NAD+-dependent deacetylases. (A) Sirtuins catalyzed the deacetylation of acetyl lysine residues on substrate proteins.
The generally accepted enzymatic reaction mechanism is shown. Some of the oxygen atoms are colored differently to indicate where they come from.
(B) Several sirtuin structures have been reported. Shown here is the Sir2 from A. fulgidus (PDB 2H4F) in a tertiary complex with NAD+ and acetylated
peptide (red). NAD+, acetyl lysine residue, and the active site His136 residue are shown in stick representation. In this structure, the acetyl lysine residue
is positioned to attack NAD+ at the anomeric position. The structure supports the mechanism shown in (A) which was derived biochemically.


Sir2-dependent yeast life-span extension. Sinclair and coworkers
found that yeast cells upregulate the expression of PNC1 under
calorie restriction.91 PNC1 is the enzyme that converts nicotin-
amide to nicotinic acid, which is the precursor for NAD+ biosyn-
thesis in yeast. In contrast to nicotinamide, nicotinic acid is not


an inhibitor of Sir2. Therefore, increase in PNC1 expression
relieves the nicotinamide inhibition of Sir2, leading to more
efficient repression of the ribosomal DNA loci. Repression of the
ribosomal DNA loci decreases the production of ribosomal DNA
circles via recombination, which is one of the major causes of
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ageing in yeast, thus leading to yeast life-span extension (Fig. 7).
This mechanism is plausible and seems to be accepted by most
people in the ageing field. However, calorie restriction-induced life-
span may be more complicated and could involve pathways that
are sirtuin-independent.92,93 In addition, the same mechanism is
unlikely to be applicable to mammalian cells because mammalian
cells use different NAD+ biosynthetic pathways that do not require
the conversion of nicotinamide to nicotinic acid.2


Fig. 7 Sirtuin-dependent mechanism of calorie restriction-induced yeast
life-span extension in yeast. Calorie restriction induces the upregulation
of PNC1 protein, which converts the sirtuin inhibitor nicotinamide to
nicotinic acid, thus relieving the inhibition on sirtuins and ultimately
leading to life-span extension.


Sirtuins are evolutionarily conserved from bacteria to mammals.
The Salmonella sirtuin CobB can deacetylate the acetylated K609
of acetyl-CoA synthetase to activate its catalytic activity.94 In yeast
there are five sirtuins identified: Sir2, and HST1 to HST4. Humans
have seven sirtuins, SirT1 to SirT7.95 In addition to transcription
silencing and ageing, sirtuins are also involved in many other
biological processes by deacetylating or ADP-ribosylating other
proteins involved in different biological processes. For example, in
addition to deacetylation of histones, SirT1 can also remove acetyl
groups from transcription factors, such as p5396 and FOXO,97,98


SirT2 can deacetylate a-tubulin,99 SirT3 can deacetylate acetyl-
CoA synthetase 2100,101 and SirT4 can ADP-ribosylate gluta-
mate dehydrogenase.67 These activities, together with the histone
deacetylase activity, suggest sirtuins are important regulators in
various biological pathways.13


Further studies will be needed to clarify a few issues about
sirtuins. One question is what proteins each sirtuin modifies, by
either deacetylation or ADP-ribosylation. The biological function
of each sirtuin will obviously depend on what protein it modifies
and hence regulates. For example, the recent discovery of SirT3
and SirT4 substrates, acetyl-CoA synthetase 2 and glutamate
dehydrogenase (GDH), respectively, will lead the study of these
two sirtuins to a new level that could not be achieved before.


Four of the sirtuins (SirT1, SirT2, SirT3, SirT4) in humans or
mice have been associated with at least one substrate protein,
while for the rest, no substrate proteins have been identified
yet. Even for sirtuins that already have one or more substrate
proteins identified, it is possible that they have other unidentified
substrate proteins. Once the substrate proteins are identified, the
next question is how sirtuin activity (and acetyltransferase activity)
is regulated to maintain the correct level of protein acetylation.
The best understood regulation mechanism at present is probably
by the small molecules NAD+ and nicotinamide. The discovery
of other regulation mechanisms, such as the upregulation of
SirT1 expression in response to calorie restriction in mammals,102


would offer a more complete molecular understanding of sirtuin-
dependent biological pathways.


Another unresolved biochemical question is the deacetylation
versus ADP-ribosylation activity of sirtuins. Although NAD+-
dependent deacetylation is the most robust activity of sirtuins,
earlier studies also revealed protein ADP-ribosylation activity.
For example, yeast Sir2 was observed to ADP-ribosylate itself,
histones, and bovine serum albumin using radio-labeled NAD+.103


Whether this ADP-ribosylation activity of Sir2 is physiologically
relevant or not is unclear. Mouse SirT6, for which no deacetylation
substrate protein has been identified, was reported to have self-
ADP-ribosylation activity.66 But again, the physiological relevance
is not clear. Recently, SirT4 is reported to be responsible for the
ADP-ribosylation of GDH.67 The ADP-ribosylation decreases the
activity of GDH, and regulates insulin secretion in response to
amino acids in mice. The SirT4 example suggests that the ADP-
ribosylation activity of other sirtuins might be physiologically
relevant, too. Mechanistically, NAD+-dependent deacetylation is
also an ADP-ribosylation process, differing only in the accep-
tor of the ADP-ribose group (Fig. 8). Can both activities be
physiologically significant for all sirtuins? If so, how are the two
activities controlled or regulated in the cell? Or do some sirtuins act
essentially as deacetylases, while others act mainly as protein ADP-
ribosyltransferases? If so, can a sirtuin with mainly deacetylase
activity be converted to a sirtuin with mainly protein ADP-
ribosyltransferase activity, or vice versa? Knowing the answers
to these enzymology questions will in turn help to identify the
substrate proteins and hence the biological function of sirtuins.


ADP-ribosyltransferases that modify nucleic acids


NAD+-dependent tRNA 2′-phosphotransferases


In yeast, splicing of tRNA generates tRNA molecules with 2′-
phosphate at the splicing junction.104 Removal of this 2′-phosphate
is catalyzed by the NAD+-dependent 2′-phosphotransferase
Tpt1.105,106 The mechanism of Tpt1 was initially inferred from the
study of the E. coli protein KptA, which can complement Tpt1
in yeast.107 Strong evidence has been provided to support a two-
step mechanism, shown in Fig. 9. The first step is the transfer
of the ADP-ribose group from NAD+ to the 2′ phosphate of
tRNA, forming an ADP-ribosyl tRNA intermediate. For KptA,
this intermediate can be isolated, and the isolated intermediate
can be converted to product by KptA or Tpt1. The second step
is the intramolecular attack on the phosphate by the adjacent 2′ ′-
OH, generating ADP-ribose 1′ ′,2′ ′-cyclic phosphate and releasing
the mature tRNA. This mechanism is essentially the same as that
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Fig. 8 The deacetylase activity and ADP-ribosyltransferase activity of sirtuins are only different in the nucleophilic residues involved on the substrate
proteins. When acetyl Lys is the nucleophile, the reaction is deacetylation. In contrast, when Arg or Cys is the nucleophile, ADP-ribosylated protein
would be the end product.


Fig. 9 Proposed reaction mechanism for tRNA 2′-phosphotransferase Tpt1 and KptA. The mechanism in many aspects resembles that of
NAD+-dependent deacetylases.


of NAD+-dependent deacetylases, differing only by the nature
of the nucleophiles involved. For the Tpt1-catalyzed reaction,
no ADP-ribosyl tRNA intermediate can be detected. However,
a Tpt1 mutant (K69A/R71S) accumulates the intermediate which
can be converted to products by wild-type Tpt1.108 This result
suggests that K69 and R71 of Tpt1 are important for the second
step of the reaction. Therefore mutation of these two residues
significantly slows down the second step, leading to accumulation
of the intermediate.


Tpt1 homologs are found in all domains of life—bacteria,
archaea, and eukaryotes (including vertebrates).109 The intriguing
thing is that in many species, 2′-phosphate tRNA are not generated
because different splicing mechanisms are utilized.108,110 Therefore,
an important question to be addressed is what are the substrates


and the biological functions of the Tpt1 homologs in these
species.


DNA ADP-ribosylating proteins


The first DNA ADP-ribosylating protein, pierisin-1 was identified
from the cabbage butterfly, Pieris rapae.111 It has been shown that
pierisin-1 catalyzed the ADP-ribosylation of dG residue in DNA,
which is responsible for its cytotoxic activity in mammalian cells.
A similar protein, pierisin-2, was identified from another cabbage
butterfly species.112 Pierisins are similar to AB type bacterial toxins,
such as diphtheria toxin and cholera toxin. The catalytic domain
resides at the N-terminus of pierisin, and the C-terminal fragment
is used to target receptor molecules on the host cell surface.113
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The clam DNA ADP-ribosylating proteins (CARPs) recently
identified, however, only contain the catalytic fragment.114 The
function of CARPs is therefore unclear at present.


ADP-ribosyltransferases that modify small molecules


Examples of small molecule ADP-ribosyltransferases in-
clude CobT, the bacterial enzyme involved in cobalamin
biosynthesis,115 and the rifampin ADP-ribosyltransferase from
certain mycobacteria.116 CobT can use both NAD+ and nicotinate
mononucleotide (NaMN) as substrates, but the kcat/Km of CobT
for NaMN is much larger than that for NAD+. However, the
in vivo concentration of NaMN is very low. Therefore NAD+


could be a reasonable in vivo substrate, making CobT an ADP-
ribosyltransferase.115 The rifampin ADP-ribosyltransferase is re-
sponsible for inactivation of the antibiotic rifampin by ADP-
ribosylation. However, no detailed biochemical study has been
carried out on this enzyme.


Below, the focus of small molecule ADP-ribosyltransferases will
be given to a special type of enzymes in mammalian cells, the ADP-
ribose cyclases. These enzymes have been the subject of intensive
research due to their roles in Ca2+ signaling.


ADP-ribosyl cyclases


ADP-ribosyl cyclases,117 as the name implies, generate cyclic ADP-
ribose (cADPR) from NAD+ (Fig. 10). The first such enzyme was
identified as a soluble protein from sea urchin egg homogenate.118


Mammalian cells so far are known to have two ADP-ribosyl
cyclases, CD38 and CD157. Both CD38 and CD157 are ecto
enzymes with their active sites outside of the cell membrane.
CD38 is a type II membrane protein, tethered to lipid bilayers
with a single membrane-spanning helix located at the N-terminus.
In contrast, CD157, also called BST-1, is anchored to membranes
via the covalently linked glycosylphosphotidylinositol at the C-
terminus,119 similar to the ecto ARTs. The structures of all three
enzymes have been solved and they look very similar to each
other.120–122


What’s rather unusual about CD38 and CD157 is that they also
possess other enzymatic activities, including hydrolysis of cADPR


to ADPR and base-exchange reaction of NADP with nicotinic
acid to produce nicotinic acid adenine dinucleotide phosphate
(NAADP, Fig. 10).123 These different activities can be explained
by the involvement of a common intermediate and the reversibility
of the reaction steps involved (Fig. 11A).124 The intermediate could
be covalently attached to the enzyme, since an ADP-ribosylated
CD38 intermediate has been trapped with ara-2-F nicotinamide
mononucleotide for human CD38.125 The crystal structure of
Aplysia ADP-ribosyl cyclase in a covalent complex with ribose
5-phosphate also supports covalent intermediate formation.126


The residue on CD38 that is involved in forming the covalent
intermediate is Glu226, the position of which is highlighted
in the crystal structure of a human CD38 Glu226Gln mutant
(Fig. 11B).125 However, an alternative mechanism which involves
the oxocarbenium ion intermediate is also possible (Fig. 11A).
A recent crystal structure of human CD38 in complex with
NGD+ captured a structure that looks like the oxocarbenium ion
intermediate (Fig. 11C), although it was not determined whether
the captured intermediate is capable of undergoing the forward
reaction pathway to produce the product or not.127


ADP-ribosyl cyclases have attracted a lot of attention in the
past decades because their enzymatic reaction products, cADPR
and NAADP, are potent second messengers that trigger Ca2+


release in cells from internal Ca2+ stores.117,128–130 Furthermore,
accumulating evidence suggests that cADPR and NAADP ac-
tivate different Ca2+ stores. cADPR releases Ca2+ from the ER
similar to inositol triphosphate (IP3)-triggered Ca2+ release, while
NAADP releases Ca2+ from lysosomal-like organelles.130,131 It is
thought that cADPR-triggered Ca2+ release occurs through the
rynodine receptor,132 however, the detailed molecular mechanism
(for example, whether cADPR binds directly to the rynodine
receptor or not) is not clear.133 On the other hand, it is not known
which receptor NAADP targets,134 although a partial purification
of a potential receptor has been reported.135 cADPR and NAADP
analogs through chemical or chemo-enzymatic synthesis could
be useful in isolating and identifying the protein targets that
directly interact with cADPR and NAADP and improve our
understanding of Ca2+ signaling on a molecular level.


The fact that both CD38 and CD157 are ecto enzymes
producing cADPR and NAADP on the outside of the cell seems,


Fig. 10 ADP-ribose cyclase CD38 catalyzes the formation of two Ca2+ messengers, cADPR and NAADP.
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Fig. 11 Proposed enzymatic reaction mechanisms of ADP-ribosyl cyclase CD38. (A) An ADP-ribosyl-enzyme covalent intermediate was proposed (top
one in the blue rectangle), which is supported by the isolation of a covalent intermediate when a fluorinated nicotinamide mononucleotide analog was
incubated with human CD38. A non-covalent oxocarbenium ion intermediate was also proposed based on an intermediate structure trapped during
crystal structure determination, which is shown in (C). (B) Crystal structure of human CD38 Glu226Gln extracellular domain (PDB 2I65, Chain A). The
bound NAD+ molecule (green sticks) and Gln226 residue are shown. (C) Crystal structure of human CD38 soaked with NGD+ (PDB 2I66, Chain B). In
this structure, the nicotinamide is gone, but the ribose 1′′ position is not bonded to any residue in CD38 or the guanine part of NGD+. This intermediate
structure is proposed to be the oxocarbenium ion.127


at first glance, in conflict with cADPR and NAADP being
second messengers functioning inside the cell. If these molecules
are indeed produced outside the cell, two questions need to be
addressed: are there NAD+ or NADP+ molecules available outside
the cell for the production of cADPR and NAADP by CD38
and CD157, and can cADPR and NAADP get into the cell? It
should be pointed out that CD38 is not only present on the cell
surface, but also in the membrane of intracellular organelles (such
as the nucleus and the endoplasmic reticulum), where the ecto-
enzyme domain is actually inward. However, the same topology
problem exists even if cADPR and NAADP are produced inside
the intracellular organelles. There is evidence to suggest that
cells have NAD+ transporters/channels (such as connexin 43)
that can let intracellular NAD+ out of the cell or extracellular
NAD+ into the cell.62 Similarly, it was suggested that cADPR
and NAADP can go into the cell by specific transporters or via
CD38.136–139 There are more puzzling features to the synthesis
of NAADP. CD38-catalyzed NAADP production requires acidic
pH and high concentration of nicotinic acid.123 Neither of these


requirements would be satisfied in the extracellular fluid or
cytoplasma. Therefore, the exact cellular location where NAADP
is produced needs to be clarified in the future. If CD38 is the major
enzyme responsible for NAADP synthesis, the cellular location
must be acidic and have a high nicotinic acid concentration.
Alternatively, it is possible that there are other enzymes in the
cell capable of catalyzing the formation of NAADP without the
requirement of acidic pH or high nicotinic acid concentration.140


The biological importance of CD38 enzymatic activity was
recently demonstrated in CD38 knock-out mice.141 Mice lacking
CD38 showed defects in maternal nurturing and social behavior
due to the decreased secretion of the posterior pituitary hormone
oxytocin. The enzymatic activity of CD38 is important for the
secretion of oxytocin since the lentiviral expression of wild-type
CD38 rescued the defects, but not the expression of a mutant
(Arg140Trp) with low enzymatic activity. Although the obvious
catalytic mutant Glu226Gln was not tested, other evidence
supports the claim that the enzymatic activity is critical for
oxytocin secretion. In other cases, whether or not the biological
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function of CD38 depends on its enzymatic activity is not clear. For
example, CD38 is thought to be important in retinoic acid-induced
differentiation of the human leukemia cell HL60142. However, this
function may be due to other signaling functions of CD38 that are
unrelated to enzymatic activity.143 The other signaling functions
of CD38 are still poorly understood at present and are beyond the
scope of this manuscript.


Summary and outlook


Nature tends to use a few small molecules (such as ATP, NAD+, S-
adenosyl methionine) repeatedly in various biological processes.
Here I have briefly summarized a very diverse type of enzyme,
ADP-ribosyltransferases, that use NAD+ as the co-substrate. By
modifying a diverse set of substrates, ADP-ribosyltransferases reg-
ulate a variety of biological processes and therefore have important
biological functions. However, as pointed out in specific sections
above, many questions remain to be answered to fully understand
the biological functions of these enzymes at a molecular level. In
addition, since there is little or no sequence homology among
different types of ADP-ribosyltransferases, new members are
likely to be identified in the future. The ADP-ribosylation field,
therefore, will continue to grow and fuel new discoveries.


The study of ADP-ribosylation will benefit from a multi-
disciplinary approach that involves both chemistry and biology.
Better analytical tools are needed to detect NAD+ and its metabo-
lites or biosynthesis precursors, preferably in vivo in different
cellular locations, and to determine their concentrations. Small
molecule inhibitors and NAD+ analogs will be extremely useful in
elucidating the biological functions of ADP-ribosyltransferases.
Biochemical and biophysical techniques will be required to
study the enzymology and biochemical effects of the enzymatic
modification. Ultimately the in vivo function will be investigated
or confirmed by various biological studies in live cells or animals,
including transgenic animals. New technologies, such as RNA
interference, DNA chips, and proteomic/metabolomic methods,
will certainly speed up the process of discovery in the field. For
chemistry students interested in solving biological problems, ADP-
ribosylation is an exciting field to be in.
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41 J.-C. Amé, C. Spenlehauer and G. de Murcia, Bioessays, 2004, 26,
882–893.


42 S. Smith, I. Giriat, A. Schmitt and T. de Lange, Science, 1998, 282,
1484–1487.


43 S. Smith and T. de Lange, Curr. Biol., 2000, 10, 1299–1302.


2552 | Org. Biomol. Chem., 2007, 5, 2541–2554 This journal is © The Royal Society of Chemistry 2007







44 P. Chang, M. K. Jacobson and T. J. Mitchison, Nature, 2004, 432,
645–649.


45 P. Chang, M. Coughlin and T. J. Mitchison, Nat. Cell Biol., 2005, 7,
1133–1139.


46 W. Chang, J. N. Dynek and S. Smith, Biochem. J., 2005, 391, 177–184.
47 C. T. Walsh, Posttranslational Modification of Proteins: Expanding


Nature’s Inventory, Roberts and Company Publishers, Englewood,
Colorado, 2005.


48 A. Zolkiewska, M. S. Nightingale and J. Moss, Proc. Natl. Acad. Sci.
U. S. A., 1992, 89, 11352–11356.


49 F. Koch-Nolte, F. Haag, R. Braren, M. Kuhl, J. Hoovers, S. Balasub-
ramanian, F. Bazan and H.-G. Thiele, Genomics, 1997, 39, 370–376.


50 G. Glowacki, R. Braren, K. Firner, M. Nissen, M. Kuhl, P. Reche,
F. Bazan, M. Cetkovic-Cvrlje, E. Leiter, F. Haag and F. Koch-Nolte,
Protein Sci., 2002, 11, 1657–1670.


51 A. Zolkiewska and J. Moss, J. Biol. Chem., 1993, 268, 25273–25276.
52 Z. F. Zhao, J. Gruszczynska-Biegala and A. Zolkiewska, Biochem. J.,


2005, 385, 309–317.
53 A. Zolkiewska and J. Moss, J. Biol. Chem., 1995, 270, 9227–9233.
54 S. Okamoto, O. Azhipa, Y. Yu, E. Russo and G. Dennert, J. Immunol.,


1998, 160, 4190–4198.
55 Z.-X. Liu, Y. Yu and G. Dennert, J. Biol. Chem., 1999, 274, 17399–


17401.
56 G. Paone, A. Wada, L. A. Stevens, A. Matin, T. Hirayama, R. L.


Levine and J. Moss, Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 8231–
8235.


57 E. M. Jones and A. Baird, Biochem. J., 1997, 323, 173–177.
58 B. A. Saxty, M. Yadollahi-Farsani, P. D. Upton, S. R. Johnstone and


J. MacDermot, Br. J. Pharmacol., 2001, 133, 1219–1226.
59 S. Adriouch, W. Ohlrogge, F. Haag, F. Koch-Nolte and M. Seman,


J. Immunol., 2001, 167, 196–203.
60 M. Seman, S. Adriouch, F. Scheuplein, C. Krebs, D. Freese, G.


Glowacki, P. Deterre, F. Haag and F. Koch-Nolte, Immunity, 2003,
19, 571–582.


61 C. Krebs, W. Koestner, M. Nissen, V. Welge, I. Parusel, F. Malavasi,
E. H. Leiter, R. M. Santella, F. Haag and F. Koch-Nolte, Anal.
Biochem., 2003, 314, 108–115.


62 S. Bruzzone, L. Guida, E. Zocchi, L. Franco and A. De Flora,
FASEB J., 2001, 15, 10–12.


63 R. Lupi, D. Corda and M. Di Girolamo, J. Biol. Chem., 2000, 275,
9418–9424.


64 A. Herrero-Yraola, S. M. A. Bakhit, P. Franke, C. Weise, M.
Schweiger, D. Jorcke and M. Ziegler, EMBO J., 2001, 20, 2404–2412.


65 G. H. Leno and B. E. Ledford, FEBS J., 1990, 276, 29–33.
66 G. Liszt, E. Ford, M. Kurtev and L. Guarente, J. Biol. Chem., 2005,


280, 21313–21320.
67 M. C. Haigis, R. Mostoslavsky, K. M. Haigis, K. Fahie, D. C.


Christodoulou, A. J. Murphy, D. M. Valenzuela, G. D. Yancopoulos,
M. Karow, G. Blander, C. Wolberger, T. A. Prolla, R. Weindruch, F. W.
Alt and L. Guarente, Cell, 2006, 126, 941–954.


68 J. L. Fendrick and W. J. Iglewski, Proc. Natl. Acad. Sci. U. S. A., 1989,
86, 554–557.


69 M. Bektas, H. Akcakaya, A. Aroymak, R. Nurten and E. Bermek,
Int. J. Biochem. Cell Biol., 2005, 37, 91.


70 S. Y. Roth, J. M. Denu and C. D. Allis, Annu. Rev. Biochem., 2001, 70,
81–120.


71 C. M. Grozinger and S. L. Schreiber, Chem. Biol., 2002, 9, 3–16.
72 M. Kaeberlein, M. McVey and L. Guarente, Genes Dev., 1999, 13,


2570–2580.
73 S.-i. Imai, C. M. Armstrong, M. Kaeberlein and L. Guarente, Nature,


2000, 403, 795–800.
74 K. G. Tanner, J. Landry, R. Sternglanz and J. M. Denu, Proc. Natl.


Acad. Sci. U. S. A., 2000, 97, 14178–14182.
75 J. C. Tanny and D. Moazed, Proc. Natl. Acad. Sci. U. S. A., 2001, 98,


415–420.
76 A. A. Sauve, I. Celic, J. Avalos, H. Deng, J. D. Boeke and V. L.


Schramm, Biochemistry, 2001, 40, 15456–15463.
77 M. D. Jackson and J. M. Denu, J. Biol. Chem., 2002, 277, 18535–18544.
78 M. D. Jackson, M. T. Schmidt, N. J. Oppenheimer and J. M. Denu,


J. Biol. Chem., 2003, 278, 50985–50998.
79 B. C. Smith and J. M. Denu, Biochemistry, 2006, 45, 272–282.
80 B. C. Smith and J. M. Denu, J. Am. Chem. Soc., 2007, 129, 5802–5803.
81 A. A. Sauve and V. L. Schramm, Biochemistry, 2003, 42, 9249–9256.
82 J. L. Avalos, I. Celic, S. Muhammad, M. S. Cosgrove, J. D. Boeke and


C. Wolberger, Mol. Cell, 2002, 10, 523–535.


83 J.-H. Chang, H.-C. Kim, K.-Y. Hwang, J.-W. Lee, S. P. Jackson, S. D.
Bell and Y. Cho, J. Biol. Chem., 2002, 277, 34489–34498.


84 J. Min, J. Landry, R. Sternglanz and R.-M. Xu, Cell, 2001, 105, 269–
279.


85 K. Zhao, X. Chai and R. Marmorstein, Structure, 2003, 11, 1403–
1411.


86 M. S. Finnin, J. R. Donigian and N. P. Pavletich, Nat. Struct. Mol.
Biol., 2001, 8, 621–625.


87 K. Zhao, X. Chai and R. Marmorstein, J. Mol. Biol., 2004, 337, 731–
741.


88 K. G. Hoff, J. L. Avalos, K. Sens and C. Wolberger, Structure, 2006,
14, 1231–1240.


89 B. D. Sanders, K. Zhao, J. T. Slama and R. Marmorstein, Mol. Cell,
2007, 25, 463–472.


90 K. Zhao, R. Harshaw, X. Chai and R. Marmorstein, Proc. Natl. Acad.
Sci. U. S. A., 2004, 101, 8563–8568.


91 R. M. Anderson, K. J. Bitterman, J. G. Wood, O. Medvedik and D. A.
Sinclair, Nature, 2003, 423, 181–185.


92 M. Kaeberlein, R. W. Powers, III, K. K. Steffen, E. A. Westman, D.
Hu, N. Dang, E. O. Kerr, K. T. Kirkland, S. Fields and B. K. Kennedy,
Science, 2005, 310, 1193–1196.


93 P. Fabrizio, C. Gattazzo, L. Battistella, M. Wei, C. Cheng, K. McGrew
and V. D. Longo, Cell, 2005, 123, 655–667.


94 V. J. Starai, I. Celic, R. N. Cole, J. D. Boeke and J. C. Escalante-
Semerena, Science, 2002, 298, 2390–2392.


95 R. A. Frye, Biochem. Biophys. Res. Commun., 2000, 273, 793–798.
96 H. Vaziri, S. K. Dessain, E. N. Eaton, S.-I. Imai, R. A. Frye, T. K.


Pandita, L. Guarente and R. A. Weinberg, Cell, 2001, 107, 149–159.
97 A. Brunet, L. B. Sweeney, J. F. Sturgill, K. F. Chua, P. L. Greer, Y. Lin,


H. Tran, S. E. Ross, R. Mostoslavsky, H. Y. Cohen, L. S. Hu, H.-L.
Cheng, M. P. Jedrychowski, S. P. Gygi, D. A. Sinclair, F. W. Alt and
M. E. Greenberg, Science, 2004, 303, 2011–2015.


98 M. C. Motta, N. Divecha, M. Lemieux, C. Kamel, D. Chen, W. Gu,
Y. Bultsma, M. McBurney and L. Guarente, Cell, 2004, 116, 551–563.


99 B. J. North, B. L. Marshall, M. T. Borra, J. M. Denu and E. Verdin,
Mol. Cell, 2003, 11, 437–444.


100 W. C. Hallows, S. Lee and J. M. Denu, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103, 10230–10235.


101 B. Schwer, J. Bunkenborg, R. O. Verdin, J. S. Andersen and E. Verdin,
Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 10224–10229.


102 H. Y. Cohen, C. Miller, K. J. Bitterman, N. R. Wall, B. Hekking, B.
Kessler, K. T. Howitz, M. Gorospe, R. de Cabo and D. A. Sinclair,
Science, 2004, 305, 390–392.


103 J. C. Tanny, G. J. Dowd, J. Huang, H. Hilz and D. Moazed, Cell, 1999,
99, 735–745.


104 J. Abelson, C. R. Trotta and H. Li, J. Biol. Chem., 1998, 273, 12685–
12688.


105 G. M. Culver, S. M. McCraith, S. A. Consaul, D. R. Stanford and
E. M. Phizicky, J. Biol. Chem., 1997, 272, 13203–13210.


106 S. L. Spinelli, S. A. Consaul and E. M. Phizicky, RNA, 1997, 3, 1388–
1400.


107 S. L. Spinelli, R. Kierzek, D. H. Turner and E. M. Phizicky, J. Biol.
Chem., 1999, 274, 2637–2644.


108 M. A. Steiger, J. E. Jackman and E. M. Phizicky, RNA, 2005, 11,
99–106.


109 S. L. Spinelli, H. S. Malik, S. A. Consaul and E. M. Phizicky, Proc.
Natl. Acad. Sci. U. S. A., 1998, 95, 14136–14141.


110 F. A. Laski, A. Z. Fire, U. L. RajBhandary and P. A. Sharp, J. Biol.
Chem., 1983, 258, 11974–11980.


111 T. Takamura-Enya, M. Watanabe, Y. Totsuka, T. Kanazawa, Y.
Matsushima-Hibiya, K. Koyama, T. Sugimura and K. Wakabayashi,
Proc. Natl. Acad. Sci. U. S. A., 2001, 98, 12414–12419.


112 T. Takamura-Enya, M. Watanabe, K. Koyama, T. Sugimura and K.
Wakabayashi, Biochem. Biophys. Res. Commun., 2004, 323, 579–582.


113 Y. Matsushima-Hibiya, M. Watanabe, K. I. P. J. Hidari, D. Miyamoto,
Y. Suzuki, T. Kasama, T. Kanazawa, K. Koyama, T. Sugimura and K.
Wakabayashi, J. Biol. Chem., 2003, 278, 9972–9978.


114 T. Nakano, Y. Matsushima-Hibiya, M. Yamamoto, S. Enomoto,
Y. Matsumoto, Y. Totsuka, M. Watanabe, T. Sugimura and K.
Wakabayashi, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 13652–13657.


115 L. A. Maggio-Hall and J. C. Escalante-Semerena, Microbiology, 2003,
149, 983–990.


116 S. Quan, T. Imai, Y. Mikami, K. Yazawa, E. R. Dabbs, N. Morisaki,
S. Iwasaki, Y. Hashimoto and K. Furihata, Antimicrob. Agents
Chemother., 1999, 43, 181–184.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2541–2554 | 2553







117 H. C. Lee, Annu. Rev. Pharmacol. Toxicol., 2001, 41, 317–345.
118 H. C. Lee and R. Aarhus, Cell Regul., 1991, 2, 203–209.
119 T. Kaisho, J. Ishikawa, K. Oritani, J. Inazawa, H. Tomizawa, O.


Muraoka, T. Ochi and T. Hirano, Proc. Natl. Acad. Sci. U. S. A.,
1994, 91, 5325–5329.


120 G. S. Prasad, D. E. McRee, E. A. Stura, D. G. Levitt, H. C. Lee and
C. D. Stout, Nat. Struct. Biol., 1996, 3, 957–964.


121 S. Yamamoto-Katayama, M. Ariyoshi, K. Ishihara, T. Hirano, H.
Jingami and K. Morikawa, J. Mol. Biol., 2002, 316, 711–723.


122 Q. Liu, I. A. Kriksunov, R. Graeff, C. Munshi, H. C. Lee and Q. Hao,
Structure, 2005, 13, 1331–1339.


123 R. Aarhus, R. M. Graeff, D. M. Dickey, T. F. Walseth and H. C. Lee,
J. Biol. Chem., 1995, 270, 30327–30333.


124 A. A. Sauve, C. Munshi, H. C. Lee and V. L. Schramm, Biochemistry,
1998, 37, 13239–13249.


125 A. A. Sauve, H. Deng, R. H. Angeletti and V. L. Schramm, J. Am.
Chem. Soc., 2000, 122, 7856–7859.


126 M. L. Love, D. M. E. Szebenyi, I. A. Kriksunov, D. J. Thiel, C. Munshi,
R. Graeff, H. C. Lee and Q. Hao, Structure, 2004, 12, 477–486.


127 Q. Liu, I. A. Kriksunov, R. Graeff, C. Munshi, H. C. Lee and Q. Hao,
J. Biol. Chem., 2006, 281, 32861–32869.


128 H. C. Lee and R. Aarhus, J. Biol. Chem., 1995, 270, 2152–2157.
129 H. C. Lee, R. Aarhus and T. F. Walseth, Science, 1993, 261, 352–


355.
130 H. C. Lee, J. Biol. Chem., 2005, 280, 33693–33696.
131 M. Yamasaki, G. C. Churchill and A. Galione, FEBS J., 2005, 272,


4598–4606.


132 A. Galione, H. C. Lee and W. B. Busa, Science, 1991, 253, 1143–1146.
133 T. F. Walseth, R. Aarhus, J. A. Kerr and H. C. Lee, J. Biol. Chem.,


1993, 268, 26686–26691.
134 A. Galione and M. Ruas, Cell. Calcium, 2005, 38, 273–280.
135 R. A. Billington, J. Bak, A. Martinez-Coscolla, M. Debidda and A. A.


Genazzani, Br. J. Pharmacol., 2004, 142, 1241–1246.
136 L. Franco, L. Guida, S. Bruzzone, E. Zocchi, C. Usai and A. D. Flora,


FASEB J., 1998, 12, 1507–1520.
137 L. Guida, S. Bruzzone, L. Sturla, L. Franco, E. Zocchi and A. De


Flora, J. Biol. Chem., 2002, 277, 47097–47105.
138 L. Guida, L. Franco, S. Bruzzone, L. Sturla, E. Zocchi, G. Basile, C.


Usai and A. De Flora, J. Biol. Chem., 2004, 279, 22066–22075.
139 R. A. Billington, E. A. Bellomo, E. M. Floriddia, J. Erriquez, C.


Distasi and A. A. Genazzani, FASEB J., 2006, 20, 521–523.
140 S. Soares, M. Thompson, T. White, A. Isbell, M. Yamasaki, Y.


Prakash, F. E. Lund, A. Galione and E. N. Chini, Am. J. Physiol.:
Cell Physiol., 2007, 292, C227–239.


141 D. Lin, H.-X. Liu, H. Hirai, T. Torashima, T. Nagai, O. Lopatina,
N. A. Shnayder, K. Yamada, M. Noda, T. Seike, K. Fujita, S.
Takasawa, S. Yokoyama, K. Koizumi, Y. Shiraishi, S. Tanaka, M.
Hashii, T. Yoshihara, K. Higashida, M. S. Islam, N. Yamada, K.
Hayashi, N. Noguchi, I. Kato, H. Okamoto, A. Matsushima, A.
Salmina, T. Munesue, N. Shimizu, S. Mochida, M. Asano and H.
Higashida, Nature, 2007, 446, 41–45.


142 C. B. Munshi, R. Graeff and H. C. Lee, J. Biol. Chem., 2002, 277,
49453–49458.


143 F. E. Lund, Mol. Med., 2006, 12, 328–333.


2554 | Org. Biomol. Chem., 2007, 5, 2541–2554 This journal is © The Royal Society of Chemistry 2007








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


Forward- and reverse-synthesis of piperazinopiperidine amide analogs:
a general access to structurally diverse 4-piperazinopiperidine-based
CCR5 antagonists†


Dong-Zhi Feng,a Yan-Li Song,a Xiao-Hua Jiang,a Li Chenb and Ya-Qiu Long*a


Received 11th May 2007, Accepted 28th June 2007
First published as an Advance Article on the web 11th July 2007
DOI: 10.1039/b707175b


Piperazinopiperidine amide analogs are among the most promising CCR5 antagonists. As an effective
extension of a previously-reported methodology to synthesize such compounds, forward- and
reverse-syntheses were successfully developed in which the convergent synthesis of the
piperazinopiperidine nucleus, with a building block of 4-substituent-4-aminopiperidine, served as a
common key step. The two-way approach affords a comprehensive access to the piperazinopiperidine
templated library with variation on the pharmacophore sites. Thus, a SAR study of our synthesized
piperazinopiperidine-based CCR5 antagonists was conducted with respect to the structure and
configuration of the substituent on the piperazine ring. The S-configuration of the benzylic-substituent
is vital for the CCR5 binding, and the bulky or aryl substituent on the 2-position in the piperazine ring
is detrimental to the activity. By using the forward-synthesis approach, the best compound in the chiral
piperazine-based CCR5 antagonist series, Sch-D (Vicriviroc), was conveniently synthesized in an
excellent yield.


Introduction


Human immunodeficiency virus (HIV) infection, with its clinical
progression to AIDS, has become one of the most fatal diseases in
the world. Though highly-active antiretroviral therapy (HAART)
has been successful in reducing HIV-1-associated mortality and
morbidity, the emergence of multi-drug resistant viral strains
and intolerance to available agents provide a compelling need to
discover new drugs or targets for effective therapeutic intervention.
The C-C chemokine receptor 5 (CCR5) is such an attractive target1


since it is an essential co-receptor for HIV-1 recognition and entry
into CD4+ macrophages and T-cells2 but not essential for human
functions.3 Many pharmaceutical companies and academic insti-
tutions have been enthusiastically investigating novel antagonists
against CCR5 as a new class of anti-HIV agents,4 and indeed
several small-molecule CCR5 antagonists (Sch-D,5 UK-427857,6


GW-873140,7 as shown in Fig. 1) are now being evaluated in
clinical trials.


The piperazinopiperidine based compounds disclosed by the
Schering-Plough Research Institute are among the most promising
CCR5 antagonists, as exemplified by Sch-D, which is currently in
phase II clinical trials. We are intrigued by the idea of building a
piperazinopiperidine templated library to search for new structure
CCR5 inhibitors with suitable pharmaceutical properties. Based
on our previously-established methodology to construct the
piperazinopiperidine scaffold by using a smart building block of 4-
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Fig. 1 Representative structures of piperidine-based CCR5 antagonists.


substituent-4-aminopiperidine,8 we developed both forward- and
reverse-synthetic routes to piperazinopiperidine amide analogs by
sharing the convergent synthesis of the core structure as a key step
in common (Scheme 1). Thus, we report herein our new, two-way
strategy to synthesize structurally-diverse piperazinopiperidine
based CCR5 antagonists, and an SAR with respect to the 1-N-
and 2-substituent in the piperazine ring is discussed.


Results and discussion


As depicted in Scheme 1, our originally-developed methodology,
starting from the aryl alkyl ketone/aldehyde coupled with an
amino acid by reductive amination followed by construction of
the piperazinopiperidine nucleus,9 is referred to as the forward-
synthesis approach; accordingly, the synthesis starting with the
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Scheme 1 Two-way strategy of synthesizing piperazinopiperidine amide analogs by employing the 4-substituted-4-aminopiperidine mediated
construction of the piperazinopiperidine nucleus as a common key step.


construction of the piperazinopiperidine scaffold followed by
coupling with the aryl alkyl ketone/aldehyde via a reductive
amination is denoted the reverse-synthesis approach. The latter
is an alternative approach to provide those chiral piperazine based
compounds which are produced in poor stereoselectivity and yield
by forward synthesis.


As reported in our previous work,9 the forward synthesis is
flexible for introducing various substituents and the desired chi-
rality into key positions of the pharmacophore, thus compounds
1a–e were conveniently synthesized with variation at the benzylic
(1N-) position and 2-position of the piperazine ring (Scheme 2).
The configuration of the benzylic position was investigated, so the
(1R,2S)-isomers of compounds (1S,2S)-1a–c were synthesized as
well.


The absolute configuration of the stereogenic centre benzylic-
C was assigned on the basis of H1-NMR data using a well-
documented methodology.10 Basically, the H1-NMR chemical
shifts of substituents at C-2 are highly dependent on their absolute
configuration, owing to phenyl shielding brought about by the
adjacent chiral 1-phenethyl amine moiety. The phenyl group with
R- or S-configuration exerted a different shielding effect on the C-2
substituents, resulting in an upfield shift of the cis proton.10 In the


anti (1S,2S) isomer, the (C-2)–H suffered a phenyl shielding by the
(S)-phenyl moiety, whereas the (C-2)–CH3 is significantly shielded
by the (R)-phenyl group in the syn (1R,2S) isomer. Typically,
the analysis of 1H-NMR spectra indeed reveals that the (C-2)–
CH3 is more shielded in (1R,2S)-5a (0.82 ppm) than in (1S,2S)-
5a (1.47 ppm),9 while the (C-2)–H is more shielded in (1S,2S)-
5a (3.75 ppm)9 than in (1R,2S)-5a (4.00 ppm). The case is true
for other diastereoisomers (5b, 5c) with different 2-substituents.
However, the absolute configuration of 1N-substituent, assigned
as described above, was further confirmed by stereoselectively syn-
thesizing the (1S,2S)-2a, c according to the literature method by
employing asymmetric reduction with (S)-CBS catalyst followed
by an SN2 reaction, as indicated in Scheme 4.11


So, the forward synthesis is efficient for synthesizing chiral
piperazine-based compounds in most cases. However, during
the synthesis of 1d and 1e, the construction of the core struc-
ture under the original reaction condition encountered some
problems. As shown in Scheme 3, when phenyl-substituted
(2-chloroacetyl)aminoacetic acid methyl ester (3d) was treated
with 4-methyl-4-aminopiperidine (4e) in refluxing methanol, an
intramolecular cyclization occurred to generate predominantly
6-methoxy-5-phenyl-2H-1,4-oxazin-3(4H)-one (7), in which the


Scheme 2 Forward synthesis.9
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Scheme 3 Optimized conditions of the 4-substituted-4-aminopiperidine-mediated construction of the central structure.


Scheme 4 Modified forward-synthetic route toward Sch-D. Reagents and conditions: (a) Br2, CH2Cl2, reflux, 88%; (b) Ag2O, BF3·Et2O, CH3OH, 0 ◦C
to r.t., 60%; (c) BH3·Me2S, (S)-CBS catalyst, B(OMe)3, THF, r.t., 92%; (d) MsCl, Et3N, CH2Cl2, 0 ◦C, 96%; (e) (S)-methyl 2-amino propanoate, CH3CN,
K2CO3, reflux, 60%; (f) chloroacetyl chloride, DCE, reflux, 96%; (g) 4e, 2-hydroxypyridine, toluene, reflux, 54%; (h) TFA, CH2Cl2, r.t.; (i) BH3·Me2S,
THF, reflux; (j) 4,6-dimethylpyrimidine-5-carboxylic acid, EDCI, HOBt, DIPEA, CH2Cl2, r.t., 30% overall yield of three steps for Sch-D, 95% overall
yield of two steps for 15.


4-aminopiperidine served as a base instead of a building block.
The resulting conjugate system might be the driving force for the
enolization followed by intramolecular nucleophilic substitution.
When the solvent (methanol) was changed to acetonitrile, the in-
termolecular nucleophilic substitution followed by lactamization
proceeded smoothly in one step in the presence of triethylamine or
diisopropylethylamine under reflux. For the synthesis of 4-methyl-
4-aminopiperidine-containing compounds, when the substituent
in the 2-position is an alkyl group, the mono-substituted interme-
diate was isolated and underwent intramolecular lactamization in
different reaction conditions (with refluxing toluene and catalytic


2-pyridinol),12 but the cyclization can be readily accomplished in
one step by using directly 2-pyridinol as a base in refluxing toluene.


So, with the optimized conditions in hand, we started to
synthesize Sch-D via our forward-synthesis approach. The starting
material, i.e. a-methoxyacetophenone (compound 10) was pre-
pared from a-bromoacetophenone (compound 9) by the nucle-
ophilic substitution of the methoxy group under the conditions
of Ag2O, methanol and BF3·Et2O.13 This reaction proceeded
well at an ambient temperature, while Schering-Plough’s Weinreb
amide methodology required a temperature of −78 ◦C for the
addition of aryllithium.5 However, the reductive amination of
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a-methoxyacetophenone (10) with L-alanine methyl ester failed,
so the asymmetric reduction with CBS catalyst followed by an
SN2 displacement route was adapted to afford 12 diastereoselec-
tively in high yield. In the following procedures, the 4-methyl-4-
aminopiperidine building block strategy was successfully applied
to the synthesis of the piperazinopiperidine scaffold in Sch-D
(14). Considering that spirodiketopiperazine is another active
scaffold of CCR5 antagonists,14 we kept the diketopiperazine
moiety unchanged to build the diketopiperazinopiperidine amide
15 under standard conditions, while the final synthesis of the
piperazinopiperidine amide Sch-D was conveniently achieved by
using our reported methodology.9


In the forward-synthetic approach, the amino acid was used
as a chiral pool to introduce and then induce the desired stereo-
chemistry, however, the asymmetric induction effect is dependent
on the structure of the side chain of the amino acid, thus the
dr value [the diastereomeric ratio of (1S,2S) over (1R,2S)] of the
reductive amination product is low (dr = 1.2–1.5) when the side-
chain bears a bulky group. We suppose that a conformationally-
constrained amine might improve the stereoselectivity of the
reductive amination due to the steric hindrance, so we proposed
the reverse-synthesis strategy, in which the piperazinopiperidine
core was constructed first, then served as an amine component to
react with the phenyl acetone via a reductive amination, in order
to achieve a better chiral induction effect. On the other hand,
this approach could overcome the enolization problem during the
cyclization step (as indicated in Scheme 3) when the 2-substituent
on the piperazine ring is an aryl or a,b-unsaturated group, which
is apt to drive the formation of enolate.


As depicted in Scheme 5, the reverse synthetic approach is
featured with the rigid bulky piperazinopiperidine moiety partici-


pated in the reductive amination of the acetophenone (19 → 20),
which might induce a higher ratio of the anti isomer over the syn
isomer with respect to the substituents on the 1N- and 2-positions
of the piperazine ring. The key intermediate of 3-substituted-1-
(4-methylpiperidin-4-yl)piperazine 19 was synthesized in a similar
way to that described above, just starting with an amino alcohol
16. Amidation of 16 with chloroacetyl chloride followed by the
reduction of the amide with borane generated by NaBH4 and
BF3·Et2O in situ, and further treatment with SOCl2 furnished
the dichloride 18. The following cyclization still employed the
nucleophilic substitution of 1-Boc-4-amino-4-methylpiperidine
as a common step. The reductive amination of 19 with 4-
trifluoromethylacetophenone indeed afforded a higher dr value
(dr = 3) even when the 2-substitutent is a bulky phenyl group (20d).
The reverse-synthesis approach provides an efficient alternative to
prepare structurally-diverse piperazinopiperidine amide analogs
with modification on the benzylic position and 2-position of the
piperazine ring.


The compounds prepared above were evaluated for their
inhibitory effects on RANTES-stimulated [35S]-GTPcS binding to
CCR5-expressing CHO cell membranes. The results are summa-
rized in Table 1 as IC50 values. It is obvious that the configuration
of the 1N-substituent is vital for the CCR5 inhibitory activity,
with the (S)-configuration being preferred, which was amply
demonstrated by the significant difference of the activity between
the diastereoisomers of (1S,2S)-1a and (1R,2S)-1a, (1S,2S)-1b
and (1R,2S)-1b, (1S,2S)-1c and (1R,2S)-1c. The structure of the 2-
substituent is another key factor for the CCR5 affinity. The bulky
substituent (compounds 1b, 1c) or aryl substituent (compound
1d) on the 2-position in the piperazine ring is detrimental to
the inhibitory activity against CCR5. This finding is consistent


Scheme 5 Reverse synthesis. Reagents and conditions: (a) LiAlH4, THF, 0 ◦C to reflux, 95%; (b) ClCOCH2Cl, H2O and CH2Cl2, 1 N NaOH
solution, 0 ◦C, 70%; (c) NaBH4, BF3·Et2O, THF, reflux; (d) SOCl2, CHCl3, r.t.; (e) 4e, CH3CN, DIPEA, reflux, 56% overall yield for three steps;
(f) 4-(trifluoromethyl)acetophenone, NaBH(OAc)3, HOAc, THF, r.t., 42%; (g) TFA, CH2Cl2, r.t.; (h) 3-carboxy-2,4-dimethylpyridine 1-oxide, EDCI,
HOBt, DIPEA, CH2Cl2, r.t.


Table 1 CCR5 binding data of the piperazinopiperidine based compounds with modification on the benzylic position and 2-position on the piperazine
ring


Compounds IC50/lMa Compounds IC50/lMa


(1S,2S)-1a9 0.03 (1R,2S)-1c Inactive
(1R,2S)-1a 1.42 1d 22% inhibition @10 lM
(1S,2S)-1b9 31% inhibition @10 lM 1e 0.018
(1R,2S)-1b9 Inactive Sch-D 0.0039
(1S,2S)-1c9 20 15 Inactive


a Inhibition of RANTES-stimulated [35S]-GTPcS binding to CCR5-expressing CHO cell membranes.
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with literature-reported results.5 Unfortunately, the incorporation
of a diketopiperazine moiety into the piperazinopiperidine-based
CCR5 antagonist resulted in a substantial loss of binding with
CCR5 (compound 15).


Conclusions


In this study, we successfully developed a two-way strategy to syn-
thesize piperazinopiperidine amide analogs as CCR5 antagonists
with variation on the configuration and structure of the 1N- and 2-
substituent on the piperazine ring. The forward-synthesis and the
reverse-synthesis employ our previously-established methodology
to construct the piperazinopiperidine nucleus with a building
block of 4-substituted 4-aminopiperidine as a common key step.
The significant advantage of the reverse-synthesis approach can
provide an improved asymmetric induction effect of the reductive
amination. By using the modified forward-synthesis approach, the
best compound in the chiral piperazine-based CCR5 antagonist
series, Sch-D (Vicriviroc) was conveniently synthesized in good
yield. The currently-developed two-way strategy affords a com-
prehensive access to the structurally-diverse piperazinopiperidine
amide analogs with variation on the pharmacophore sites. A
preliminary SAR study of our synthesized piperazinopiperidine-
based CCR5 antagonists was investigated with respect to the
structure and configuration of the substituent on the piperazine
ring. The S-configuration of the benzylic-substituent is critical for
the effective CCR5 binding, and the bulky or aryl substituent on
the 2-position in the piperazine ring caused a substantial loss of
the activity.


Experimental


All reactions were performed under a nitrogen atmosphere with
flame-dried glassware. Solvents were distilled and dried according
to standard procedures. 1H-NMR spectra were recorded on a
Varian 300-MHz or 400-MHz spectrometer. 13C-NMR spectra
were recorded on a Varian Mercury VX 400-MHz spectrome-
ter. Melting points (uncorrected) were determined on a Buchi-
510 capillary apparatus. Specific rotations (uncorrected) were
determined in a Perkin-Elmer 241 polarimeter. IR spectra were
recorded on a DTGS spectrometer in KBr pellets. Low and high
resolution mass spectra were determined on a Finnigan MAT-95
mass spectrometer. TLC was performed on 0.25 mm HSGF 254
silica gel plates. The key products were characterized by NMR, MS
and high resolution mass spectra. The synthetic procedures and
physicochemical data of compounds 3d, (1R,2S)-3a, (1R,2S)-3c,
7, 8, 13–15, 16a–18a and 20a are reported in the ESI.†


(S)-Methyl-2-phenyl-2-((S)-1-(4-(trifluoromethyl)phenyl)-
ethylamino)acetate (2d)


The mixture solution of L-phenylglycine methyl ester hydrochlo-
ride (1.285 g, 6.41 mmol) and Et3N (1.117 mL, 6.41 mmol) in
dry 1,2-dichloroethane (15 mL) was stirred at room temperature
for 0.5 h, the 4′-(trifluoromethyl)acetophenone (1.0 g, 5.34 mmol)
was added, treated with sodium triacetoxyborohydride (2.266 g,
10.69 mmol) and HOAc (0.61 mL, 10.69 mmol). The mixture was
stirred at room temperature for 22 h. The reaction was quenched
with saturated NaHCO3 and extracted with Et2O. The organic


layers were washed with saturated NaHCO3 solution and brine,
dried over Na2SO4. The solvent was removed under vacuum. The
residue was purified by chromatography using petroleum ether–
ether = 10 : 1 to give compound 2d as colorless oil (0.975 g, 54%
yield). 1H NMR (CDCl3, 400 MHz) d 7.57 (d, 2H, J = 8.0 Hz),
7.36–7.31 (m, 5H), 7.24–7.17 (m, 2H), 4.12 (s, 1H), 3.59 (s, 3H),
3.58 (m, 1H), 2.42 (br-s, 1H), 1.32 (d, 3H, J = 6.7 Hz).


tert-Butyl-4-((S)-2,5-dioxo-3-phenyl-4-((S)-1-(4-(trifluoromethyl)-
phenyl)ethyl)piperazin-1-yl)-4-methylpiperidine-1-carboxylate
[(1S,2S)-5d]


The compound 3d (939 mg, 2.276 mmol), tert-butyl-4-amino-4-
methylpiperidine-1-carboxyate 4e (0.5 g, 2.3 mmol) and Et3N
(0.35 mL) in MeCN (10 mL) was refluxed overnight and the
solvent was removed under reduced pressure. The residue was
purified by chromatography using petroleum ether–EtOAc = 1 : 1
to give compound (1S,2S)-5d as white solid (712 mg, 56% yield).
1H NMR (CDCl3, 300 MHz) d 7.59–7.20 (m, 7H), 6.92–6.90 (d,
2H, J = 8.1 Hz), 5.17–4.97 (m, 2H), 4.65–4.40 (m, 1H), 4.15–3.81
(m, 1H), 3.82–3.73 (m, 4H), 3.14–3.09 (m, 1H), 2.16–1.90 (m, 2H),
1.87 (s, 2H), 1.45 (s, 9H), 1.42–1.22 (m, 2H), 1.26 (s, 3H). EI-MS
(m/z): 559 [M]+. IR (KBr): 3446, 2976, 1745, 1673, 1423, 1327,
1168, 1070, 1016, 850 cm−1. [a]20


D = +16.8 (c = 2.5, CHCl3).


tert-Butyl-4-((S)-3-methyl-2,5-dioxo-4-((R)-1-(4-(trifluoromethyl)-
phenyl)ethyl)piperazin-1-yl)piperidine-1-carboxylate [(1R,2S)-5a]


The procedure is similar to the preparation of 5d to give (1R,2S)-
5a as a white solid (62% yield). 1H NMR (CDCl3, 400 MHz) d
7.62 (d, 2H, J = 8.2 Hz), 7.52 (d, 2H, J = 8.2 Hz), 5.87 (q, 1H, J =
7.1 Hz), 4.46 (m, 1H), 4.22 (brs, 2H), 4.00 (q, 1H, J = 7.1 Hz), 3.86
(qAB, 2H, J = 16.8 Hz), 2.77 (m, 2H), 1.60 (d, 3H, J = 7.2 Hz),
1.61–1.45 (m, 4H), 1.46 (s, 9H), 0.82 (d, 3H, J = 7.1Hz). EI-MS
(m/z): 483 [M]+. IR (KBr): 3431, 2982, 1676, 1659, 1443, 1327,
1142, 1072 cm−1. [a]20


D = +119 (c = 1.45, CHCl3).


tert-Butyl-4-((S)-3-benzyl-2,5-dioxo-4-((R)-1-(4-(trifluoromethyl)-
phenyl)ethyl)piperazin-1-yl)piperidine-1-carboxylate [(1R,2S)-5c]


The procedure is similar to the preparation for 5d to give (1R,2S)-
5c as a white foam (83% yield). 1H NMR (400 MHz, CDCl3) d
7.71 (s, 4H), 7.25 (m, 3H), 6.85 (d, 2H, J = 7.2 Hz), 5.85 (q, 1H,
J = 7.2 Hz), 4.40–4.32 (m, 2H), 4.13 (m, 2H), 3.28 (d, 1H, J =
16.8 Hz), 2.88 (dd, 1H, J = 10.5, 3.6 Hz), 2.72 (m, 2H), 2.16 (d,
1H, J = 13.6 Hz), 2.15 (d, 1H, J = 16.4 Hz), 1.69 (d, 3H, J =
7.2 Hz), 1.43 (s, 9H), 1.40–1.04 (m, 4H). EI-MS (m/z): 559 [M]+.
HR-EI-MS calcd for C30H36F3N3O4 559.2658, found 559.2671. IR
(KBr): 3481, 2978, 2935, 1693, 1659, 1454, 1425, 1367, 1327, 1167,
1124, 1072, 1016, 851, 702 cm−1. [a]20


D = +113 (c = 1.35, EtOAc).


2,4-Dimethyl-3-(4-methyl-4-((S)-3-phenyl-4-((S)-1-(4-(trifluoro-
methyl)phenyl)ethyl)piperazin-1-yl)piperidine-1-carbonyl)pyridine
1-oxide [(1S,2S)-1d]


The mixture solution of compound 5d (0.28 g, 0.5 mmol) and
trifluoroacetic acid (5 mL) in methylene chloride (2.5 mL) was
stirred at room temperature for 2 h. After removing the solvent
and trifluoroacetic acid under reduced pressure, 2 N NaOH was
added and extractive work up with EtOAc. The organic layer
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was washed with saturated NaHCO3 and brine and dried over
Na2SO4. The solvent was removed under vacuum to give the
crude diketopiperazine, which was dissolved in dimethoxyethane
(5 mL). To the solution were added sodium borohydride (0.189 g,
5.0 mmol) and boron trifluoride etherate (0.38 mL, 3.0 mmol).
The mixture was stirred under reflux for 3 h and then cooled
to 0 ◦C. Methanol (6 mL) and concentrated hydrogen chloride
(3.6 mL) were added, respectively. The reaction mixture was
stirred for 15 minutes at room temperature, then refluxed for
45 minutes. The mixture was concentrated, and basified with 6 N
sodium hydroxide, then extracted with EtOAc. Usual work-up
was applied to the combined organic layers to give the compound
6d as a glassy solid. The crude piperidine 6d was dissolved in
methylene chloride (2 mL) and treated with 2,4-dimethylnicotinic
acid-N-oxide (0.1 g, 0.6 mmol), EDCI (0.144 g, 0.75 mmol),
HOBT (0.101 g, 0.75 mmol) and 0.175 mL DIPEA. The mixture
was stirred at room temperature overnight and the solvent was
removed under reduced pressure. The residue was purified by
chromatography using CH2Cl2–CH3OH (30 : 1) to give the
compound 1d as white foam (62 mg, 21.3% overall yield of three
steps). 1H NMR (CDCl3, 300 MHz) d 8.57–8.54 (d, 1H, J =
8.7 Hz), 8.33–8.30 (d, 1H, J = 6.9 Hz), 8.07–8.04 (d, 1H, J =
8.7 Hz), 7.94–7.92 (d, 1H, J = 8.1 Hz), 7.71–7.68 (d, 2H, J =
7.8 Hz), 7.31–7.12 (m, 5H), 3.62–3.58 (m, 2H), 3.51–3.36 (m, 3H),
3.20–2.95 (m, 4H), 2.41–2.26 (m, 4H), 2.26 (s, 3H), 2.04–1.87
(m, 4H), 1.41–1.25 (m, 2H), 1.24–1.22 (d, 3H, J = 7.2 Hz), 1.20
(s, 3H). ESI-MS (m/z): 581.3 [M+1]+. [a]20


D = +12.05 (c = 0.95,
CHCl3).


2,4-Dimethyl-3-(4-((S)-3-methyl-4-((R)-1-(4-(trifluoromethyl)-
phenyl)ethyl)piperazin-1-yl)piperidine-1-carbonyl)pyridine 1-oxide
[(1R,2S)-1a]


The procedure is similar to the preparation of 1d to give (1R,2S)-
1a as a white foam (70% overall yield of three steps). 1H NMR
(CDCl3, 400 MHz) d 8.16 (d, 1H, J = 6.9 Hz), 7.56 (d, 2H, J =
8.1 Hz), 7.37 (d, 2H, J = 8.1 Hz), 6.99 (d, 1H, J = 6.9 Hz), 4.74 (br-
t, 1H), 4.10 (m, 1H), 3.46 (br-d, 1H), 2.98–2.85 (m, 3H), 2.67–2.59
(m, 3H), 2.43 (d, 3H, J = 16.2 Hz), 2.44–2.11 (m, 4H), 2.22 (d, 3H,
J = 17.1 Hz), 2.01–1.95 (m, 1H), 1.78–1.61 (m, 2H), 1.42 (d, 3H,
J = 6.6 Hz), 1.32–1.26 (m, 1H), 1.10 (d, 3H, J = 6.0 Hz). EI-MS
(m/z): 504 [M]+. HR-EI-MS calcd for C27H35O2F3N4 504.2712,
found 504.2679. [a]20


D = +14.1 (c = 1.18, CHCl3).


3-(4-((S)-3-Benzyl-4-((R)-1-(4-(trifluoromethyl)phenyl)ethyl)-
piperazin-1-yl)piperidine-1-carbonyl)-2,4-dimethylpyridine 1-oxide
[(1R,2S)-1c]


The procedure is similar to the preparation of 1d to give (1R,2S)-
1c as a white foam (55% overall yield of three steps). 1H NMR
(CDCl3, 300 MHz) d 8.16 (d, 1H, J = 6.3 Hz), 7.62 (d, 2H, J =
8.1 Hz), 7.50 (d, 2H, J = 8.1 Hz), 7.14 (m, 3H), 7.00 (t, 1H, J =
6.3 Hz), 6.76 (m, 2H), 4.78 (m, 1H), 4.02 (q, 1H, J = 6.3 Hz),
3.37 (m, 1H), 2.97–2.76 (m, 7H), 2.64 (m, 1H), 2.52 (m, 1H), 2.44
(d, 3H, J = 12.6 Hz), 2.30 (m, 1H), 2.23 (d, 3H, J = 12.1 Hz),
2.10 (m, 1H), 1.98 (m, 1H), 1.71–1.65 (m, 2H), 1.38 (d, 3H, J =
6.3 Hz), 1.40–1.36 (m, 2H). ESI-MS (m/z): 581.2 [M+1]+. HR-
ESI-MS calcd for C33H39N4O2F3 +H 581.3098, found 581.3116.
[a]20


D = +13.8 (c = 1.04, CHCl3).


2-Bromo-1-(4-(trifluoromethyl)phenyl)ethanone (9)14


The solution of 4-trifluoromethylacetophenone (3.7 g, 20 mmol)
in 60 mL of methylene chloride was heated to reflux. Within
1 h, a solution of bromine (1.05 mL, 20 mmol) in 20 mL of
methylene chloride was added dropwise to the boiling solution
under vigorous stirring. During the reaction, HBr gas was removed
by a positive nitrogen pressure. The organic reaction mixture
was stirred overnight at room temperature, then evaporated. The
residue was recrystallized from PE to give white crystals (4.7 g, 88%
yield). 1H NMR (CDCl3, 300 MHz) d 8.11 (d, 2H, J = 8.1 Hz),
7.77 (d, 2H, J = 7.8 Hz), 4.47 (s, 2H). mp 53–54 ◦C (lit.15 mp
53–54 ◦C).


2-Methoxy-1-(4-(trifluoromethyl)phenyl)ethanone (10)


Ag2O (2.85 g, 12.3 mmol) was added to the solution of 20 mL of
BF3·Et2O and 10 mL of CH3OH at 0 ◦C. After the silver oxide
was dissolved completely, the bromoketone 9 (1.64 g, 6.1 mmol)
in 10 mL of CH3OH was added to the reaction solution at
room temperature, and the stirring continued for 22 h. Then,
the insoluble material was filtered off and washed with methanol
and diethyl ether. The organic layer was washed with water and
extracted with ether. The combined organic extracts were dried
over anhydrous Na2SO4. Silica gel column chromatography using
ethyl ester–PE = 1 : 6 afforded the pure product (863 mg, 60%
yield) as a white crystal. 1H NMR (CDCl3, 300 MHz) d 8.04 (d,
2H, J = 7.8 Hz), 7.72 (d, 2H, J = 8.1 Hz), 4.70 (s, 2H), 3.50 (s,
3H). mp 48–50 ◦C.


(S)-2-Methoxy-1-(4-(trifluoromethyl)phenyl)ethanol (11)


To the solution of (S)-2-(diphenylhydroxymethyl)-pyrrolidine
(101 mg, 40 mmol) in dry THF (15 mL) was added trimethyl borate
(50 mg, 0.48 mmol), and the mixture was stirred under nitrogen
atmosphere at room temperature for 2 h. After a 2 M borane–
dimethyl sulfide complex in Et2O (2 mL, 4 mmol) was added, the
solution of compound 10 (820 mg, 3.75 mmol) in dry THF (15 mL)
was added dropwise over 1 h with a syringe pump. The mixture
was stirred at room temperature for another 1 h, until compound
10 disappeared on TLC monitoring. The resulting mixture was
quenched with methanol in an ice bath and concentrated under
reduced pressure. The residue was purified on a silica gel column,
using petroleum ether and ethyl acetate (6 : 1, v/v) as an eluent,
to give yellowish oil 11 (761 mg, 92% yield). 1H NMR (CDCl3,
300 MHz) d 7.60 (d, 2H, J = 7.8 Hz), 7.49 (d, 2H, J = 8.1 Hz),
4.93 (d,1H, J = 5.1 Hz, 3.3 Hz), 3.55 (q, 1H, J = 3.0 Hz, 6.9 Hz,
3.3 Hz), 3.42 (s, 3H), 3.41 (q, 1H, J = 3.3 Hz), 2.94 (br-s, 1H).


(S)-Methyl 2-((R)-2-methoxy-1-(4-(trifluoromethyl)phenyl)-
ethylamino)propanoate (12)


MsCl (0.22 mL, 2.8 mmol) and Et3N (0.7 mL, 5.1 mmol) were
added to the solution of compound 11 (512 mg, 2.3 mmol) in 25 mL
of CH2Cl2 in an ice bath. It was stirred at the same temperature for
0.5 h. After the evaporation of the solvent, the residue was diluted
with Et2O, washed with brine and dried over anhydrous Na2SO4.
The removal of the solvent gave the mesylate (662 mg, 96% yield).
1H NMR (CDCl3, 300 MHz) d 7.66 (d, 2H, J = 9.0 Hz), 7.53 (d,
2H, J = 8.1 Hz), 5.74 (d,1H, J = 3.6 Hz, 4.8 Hz, 3.3 Hz), 3.76 (q,
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1H, J = 7.8 Hz, 3.0 Hz, 8.7 Hz), 3.62 (q, 1H, J = 3.3 Hz, 7.5 Hz,
3.9 Hz), 3.42 (s, 3H), 3.01 (s, 3H).


The mixture of the mesylate (1062 mg, 3.56 mmol), alanine
methyl ester (741 mg, 7.12 mmol) and dry K2CO3 (738 mg,
5.34 mmol) in 20 mL of CH3CN was refluxed for 4 days.
The reaction was monitored by TLC until all the mesylate was
consumed. After the solvent was removed in vacuo, the residue was
diluted with EtOAc, washed with brine and dried over anhydrous
Na2SO4. Concentration in vacuo left a yellowish oil, which was
chromatographed (PE–EtOAc = 6 : 1) to give the desired (R,S)
diastereomer 12 (654 mg, 60% yield). 1H NMR (CDCl3, 300 MHz)
d 7.58 (d, 2H, J = 8.7 Hz), 7.48 (d, 2H, J = 8.1 Hz), 3.96 (t, 1H,
J = 6.6 Hz), 3.71 (s, 3H), 3.39 (s, 3H), 3.36 (q, 1H, J = 3.6 Hz),
3.10 (q, 1H, J = 7.5 Hz, 6.9 Hz, 6.9 Hz), 2.59 (br-s, 1H). [a]24


D =
−111.3 (c = 3.8, CHCl3).


(4,6-Dimethylpyrimidin-5-yl)(4-((S)-4-((R)-2-methoxy-1-
(4-(trifluoromethyl)phenyl)ethyl)-3-methylpiperazin-1-yl)-4-
methylpiperidin-1-yl)methanone (Sch-D)


To the solution of compound 14 (136 mg, 0.25 mmol) in methylene
chloride (5 mL) was added trifluoroacetic acid (0.4 mL). The
mixture was stirred at room temperature for 1.0 h, and was
evaporated under reduced pressure. The resulting residue was
dissolved in 5 mL of THF, then borane–dimethylsulfide complex
(1.25 mL, 2 M in Et2O) was added dropwise. The mixture was
stirred at reflux under nitrogen overnight, then it was quenched
with 2 mL of methanol in an ice bath. The solvent was evaporated
in vacuo. The residue was used for the next reaction without
further purification. The crude piperazine was dissolved in DCM
(3 mL) and treated with 4,6-dimethylpyrimidine-5-carboxylic acid
(43 mg, 0.28 mmol), EDCI (76 mg, 0.38 mmol), HOBt (53 mg,
0.38 mmol) and DIPEA (0.1 mL). The mixture was stirred at
room temperature for 24 h. Then the mixture was diluted with
EtOAc, usual work-up was applied. The residue was purified
by chromatography (10–50% EtOAc-CH2Cl2, then 5% CH3OH–
CH2Cl2) to give the title compound as white foam (31 mg, 30%
yield for 3 steps). 1H NMR (CDCl3, 300 MHz): d 8.94 (s, 1H),
7.58–7.51 (dd, 4H, J = 9.0 Hz, 2.1 Hz), 4.24–4.20 (br-d, 1H, J =
13.2 Hz), 4.03 (br-s, 1H), 3.80–3.69 (m, 2H), 3.49–3.39 (m, 2H),
3.34 (s, 3H), 3.10 (br-s, 1H), 3.00–2.95 (m, 1H), 2.69–2.62 (m, 1H),
2.48 (s, 3H), 2.45 (s, 3H), 2.44 (br-s, 1H), 2.37–2.23 (m, 3H), 2.00–
1.80 (m, 2H), 1.46–1.36 (m, 1H), 1.30–1.23 (m, 2H), 1.19–1.17 (d,
3H, J = 6.3 Hz), 0.93 (s, 3H). ESI-MS (m/z): 534.2 [M+H]+, 535.3
[M+2H]+. [a]22


D = +6.6 (c = 0.5, free base in MeOH) [Lit.5 [a]25
D =


+13.3 (2.44 mg cc−1 hydrochloride salt in MeOH)].


(S)-2-Amino-2-phenylethanol (16d)


Lithium aluminium hydride (2.75 g, 72.3 mmol) was suspended
in 100 mL of THF at 0 ◦C. L-Phenylglycine (5.0 g, 33 mmol) was
added slowly in small portions. The reaction mixture was heated to
reflux overnight and then cooled to room temperature. Saturated
K2CO3 solution was added slowly. Filtration and evaporation of
the solvent gave yellow solid. The residue was recrystallized from
hexane and EtOAc (3 : 1) to give (S)-phenylglycinol as yellow solid
(4.4 g, 97% yield). 1H NMR (CDCl3, 400 MHz) d 7.39–7.23 (m,
5H), 4.04 (dd, 1H, J = 4.4 Hz, 8.0 Hz), 3.70 (dd, 1H, J = 4.4 Hz,
10.8 Hz), 3.54 (dd, 1H, J = 8.0 Hz, 10.8 Hz), 2.60 (br-s, 3H).


(S)-2-Chloro-N-(2-hydroxy-1-phenylethyl)acetamide (17d)


A vigorously-stirred solution of 16d (4.0 g, 29.2 mmol) in 20 mL
of water at 0 ◦C was treated successively and slowly with a solution
of chloroacetyl chloride (2.78 mL, 35 mmol) in 20 mL of CH2Cl2,
then was added 4.5 mL of 1 N NaOH solution. When the addition
was complete, it was stirred at r.t. for 1 h. After the solvent was
removed in vacuo, the residue was diluted with EtOAc, washed with
brine and dried over anhydrous Na2SO4. Concentration in vacuo
left a yellow solid, which was subjected to the recrystallization
(PE–EtOAc) to give 17d as white solid (4.0 g, 64.3% yield). 1H
NMR (CDCl3, 400 MHz): d 7.36–7.27 (m, 6H), 5.06–5.04 (m,
1H), 4.05 (dd, 2H, J = 15.2, 8.8 Hz), 3.90–3.82 (m, 2H), 2.74 (br-s,
1H). [a]20


D = +31.8 (c 0.9, CHCl3).


(S)-2-Chloro-N-(2-chloro-1-phenylethyl)acetamide (18d)


The procedure is similar to the preparation for 18a to give 18d
(450 mg, 31% yield). 1H NMR (CDCl3, 400 MHz) d 7.40–7.29 (m,
5H), 4.25 (dd, 1H, J = 4.0 Hz, 9.2 Hz), 3.72 (dd, 1H, J = 4.0 Hz,
10.8 Hz), 3.68–3.56 (m, 3H), 2.96 (br-s, 2H). EIMS: 217 (M+).


tert-Butyl 4-methyl-4-((S)-3-phenyl-4-((S)-1-(4-(trifluoromethyl)-
phenyl)ethyl)piperazin-1-yl)piperidine-1-carboxylate (20d)


The procedure is similar to the preparation for 20a to give 20d
as white foam (42.5% yield), and the other isomer (14.1% yield).
1H NMR (CDCl3, 400 MHz) d 7.68–7.20(m, 9H ), 4.78 (brs, 1H),
3.95–3.48 (m, 2H), 3.45–3.40 (m, 2H), 3.04–2.8 (m,2H), 2.50–2.32
(m, 5H), 1.92–1.84 (m, 2H), 1.46 (s, 9H), 1.50–1.32 (m, 2H), 1.15
(d, 3H, J = 6.4 Hz), 0.9 (s, 3H).
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Sulfide derivatives of diketopyrrolo[3,4-c]pyrrole (SDPPs) were prepared in a one-pot procedure from
arylpyrrolinones, isothiocyanates and alkylating agents, and their properties as fluorophores were
evaluated.


Introduction


In our research group we are interested in fluorophores that
combine high fluorescence quantum yields with absorption and
emission in the visible wavelength region.1–3 Such fluorophores
have the advantage to be useful in measurements using glass optics
and low energetic radiation. Moreover, they can be incorporated
in biosensors because they absorb and emit light outside the wave-
length region of autofluorescence of biological cell components.


Diketopyrrolo[3,4-c]pyrrole (DPP) 1 is a well known pigment
with a high colour strength and photostability.4 DPP is also a
fluorophore with fluorescence in the visible region and a high
fluorescence quantum yield.5 Besides the use of DPP in the
pigment industry, there is an increasing use of DPP for more
advanced (electronic) applications. Since the end of the 1980s,
many applications for DPP derivatives have been proposed, such as
their use as charge-generating materials for laser printers, erasable
optical information carriers or as electroluminescent elements.6–9


DPP has recently been derivatized for the incorporation of
different materials like conjugated polymers, liquid crystals and
metal complexes in view of processing DPP derivatives in OLEDs,
LCD applications, data carriers and NLO applications.10–15 In the
patent literature, the application of electroluminescent materials
like p-conjugated polymers with DPP in the backbone or some
specific heteroaromatic DPP derivatives with a very efficient use
of electrical energy and strong luminescence, can be found.16


Recently, we synthesized DPP derivatives which could be incor-
porated into supramolecular systems. For instance, dendrimers
were synthesized with DPP as a core.3,5 Furthermore, DPP was
used as a building block for rigid oligomers of well defined length.2


Several conjugates were prepared of a Ca2+-selective podand17


and DPP,18 which could be useful as intracellular fluorescent Ca2+


indicators.
DPP can be synthesized by condensation of 2 equivalents of


an aromatic nitrile 2 with 1 equivalent of a dialkyl succinate 3
under harsh conditions involving the use of a strong base and high
reaction temperatures (Scheme 1). This is the most general method
used in industrial pigment production.4 However, only robust
substituents are tolerated such as halogens, aromatic, aliphatic
and alkoxy groups. Neither nitro groups nor electrophilic groups
are compatible with these conditions.
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Scheme 1 DPP synthesis under harsh conditions and one-pot synthesis
of SDPP 5, thioaminals 7 or S-alkylated thioaminals 8. * 6a R′ = Me; 6b
R′ = Ph; 6c R′ = 4-Me2NC6H4; 6d R′ = 4-NO2C6H4.


Recently, Morton et al. published the condensation of pyrroli-
nones 419 with nitriles 2, affording asymmetric DPP derivatives
under similar conditions.20,21 In a subsequent paper,22 imidoyl
chlorides were also used in combination with pyrrolinones,
affording triaryl DPPs.


Results and discussion


We are interested in extending the variety of substituents accessi-
ble, as well as breaking the symmetry of the DPP chromophore.
This can be achieved by using less drastic reaction conditions or
by synthesising asymmetric derivatives which can react selectively
at one position. For example, it is interesting to have only one free
amide NH group on the DPP, which could be used for selective
reactions.


A new synthetic strategy to functionalize asymmetric diaryl-
DPP analogues was devised based on mild cross-coupling
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reactions. In this way a large variety of groups or functions
could be attached to the chromophore, e.g., by the Liebeskind–
Srogl reaction.23 This reaction of arylboronic acids with thioesters,
thioalkynes and several thioethers affords arylated derivatives
under very mild (i.e., neutral) conditions. The synthesis of a
reactive thioether derivative of DPP 5 seemed possible starting
from pyrrolinones 4 and isothiocyanates 6.


The C-3 position of pyrrolinones 4a,b can easily be deproto-
nated, and in fact sodium hydride gives complete deprotonation.
Addition of isothiocyanates 6a–d to these deprotonated pyrroli-
nones 4a,b gave intermediate thioaminals 7 (Scheme 1, Table 1).
By subsequent addition of an equimolar quantity of base, isothio-
cyanate and an alkylating agent to pyrrolinone 4a,b, this sequence
yielded the selectively S-alkylated 8. When the amount of base
was doubled, the desired ring-closed alkylsulfanylpyrrolopyrroles
(SDPPs) 5a–f were obtained (Scheme 1, Table 1). The yields of
5 were fair (54–66%) except for compound 5d (derived from 4a
and 4-dimethylaminophenyl isothiocyanate 6c). In this case the
expected SDPP 5d was obtained in only 37% yield, and this was
at least in part the result of overalkylation, leading to the N,N-
dimethyl SDPP 5e (9% yield).


Compound 5e could be prepared more effectively from 4d in
60% yield using an analogous procedure. We failed to obtain
cyclized products of type 5 when starting from 4-nitrophenyl
isothiocyanate 6d, probably due to the low nucleophilicity of the
nitrogen atom in this case. All reaction steps leading to compounds
5 could be performed at room temperature.


Also, N-substituted pyrrolinone 4c could be used for the
preparation of N,N-dialkylated SDPP 5g, albeit in somewhat
lower yield (31%).


Most SDPPs 5 are only sparingly soluble in common organic
solvents such as dichloromethane, ethyl acetate or alcohols.
Replacement of the methyl group in 5b by the larger benzyl
substituent in 5c was found to increase the solubility. N-Alkylation
of the SDPPs 5a, b and f with a tert-butyl-protected acetate group
on the free amide function, providing 9a, b and c, respectively,
increased the solubility because in the latter compounds hydrogen
bond formation is impossible (Scheme 2). In order to prepare
water-soluble DPP derivatives, the easy deprotection of the acetate
group of 9a with trifluoroacetic acid (TFA) gave SDPP 10a in
quantitative yield. This compound was found to be soluble in
slightly basic aqueous media. From the SDPP derivative 9c the
acetate group and the phenol function could be deprotected
quantitatively using BBr3 affording the product 10b.


Under Liebeskind–Srogl conditions,23 SDPP 5a could be cou-
pled with phenylboronic acid 11 to provide DPPD 12 in good
yield (Scheme 3). Unfortunately, the reaction was not complete


Table 1 One-pot synthesis of SDPP 5


SDPP Ar R R′ R′′ Yield (%)a


5a Ph H CH3 CH3 58
5b Ph H Ph CH3 66
5c Ph H Ph Bn 54
5d Ph H 4-Me2NC6H4 CH3 37
5e Ph CH3 4-Me2NC6H4 CH3 60
5f 4-MeOC6H4 H CH3 CH3 62
5g 2-Thienyl Allyl CH3 CH3 31


a Isolated yield.


Scheme 2 N-Alkylation of SDPPs 5a,b and f.


Scheme 3 Transformation of SDPP 5 to monoalkylated DPP 12.


even after prolonged reaction time, which necessitated additional
purification by column chromatography. Electron-rich or electron-
poor arylboronic acids gave low yields or no reaction product.


Previously, the mono-N-alkyl-DPP 12 was difficult to prepare
because of the number of additional steps and purifications
required to prepare 12 starting from DPP 1. Indeed, Boc protection
of both amide functions and selective removal of one Boc group
was necessary. Direct monoalkylation of DPP is difficult because
the monoalkylated product is more soluble than the starting
material and hence more reactive towards further N-alkylation.24


To study the spectroscopic properties of the new SDPP com-
pounds, some representative UV/vis absorption and fluorescence
spectra were recorded in different solvents. As an example, Fig. 1
shows the absorption and steady-state fluorescence emission
spectra of 5b and 5g in toluene, and 9b in methanol. Typically, the


Fig. 1 Normalized absorption (A) and fluorescence emission (F) spectra
(excitation at 470 nm) of 5b (black) and 5g (red) in toluene and 9b (green)
in methanol.
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compounds have absorption spectra with an intense absorption
band ranging from 452 nm for 9b in methanol, to 497 nm for 5g
in toluene. An additional (more or less pronounced) shoulder is
observed on the short-wavelength side. The emission spectra show
a Stokes-shifted fluorescence emission band of mirror image shape.
The fluorescence quantum yields are for most compounds higher
than 0.8 and often reach 1.0. The excitation maxima coincide
exactly with the absorption maxima.


Compound 5b was studied in some more detail. The absorption
spectra of 5b are only slightly affected by solvent polarity: the
maximum being slightly shifted hypsochromically (ca. 7 nm) when
the solvent is changed from toluene (477 nm) to acetonitrile and
methanol (470 nm). They all show two absorption maxima: (1) a
strong S0–S1 transition with a maximum between 470 and 477 nm,
(2) the second maximum, or shoulder, at the high-energy side, is
centered at about 445 nm, which is attributed to the 0–1 vibrational
transition. The molar absorption coefficients emax at the maximum
for the new SDPP analogues are relatively high. For example, for
compound 5b, emax equals (19 ± 2) × 103 M−1 cm−1 in ethyl acetate
and (20.7 ± 0.8) × 103 M−1 cm−1 in chloroform.


The rather low fluorescence quantum yield φf for 5d in methanol
and toluene may be rationalized by an efficient quenching via an
intramolecular charge transfer process in the excited state from the
tertiary amino group to the DPP moiety. Protonation drastically
alters the electron-donating properties of the tertiary amino group
and consequently “switches off” any charge-transfer process,
resulting in a large fluorescence enhancement (φf rises from 0.001
to 0.69). Simultaneously, the full width at half maximum (fwhmabs)
of the absorption band slightly decreases upon addition of HClO4


(from 3513 cm−1 for 5d in methanol, to 3322 cm−1 for 5d-H+ in
acidified methanol). Table 2 summarizes the photophysical data
of several new SDPP derivatives.


Conclusion


The novel alkylthiopyrrolopyrroles (SDPP) 5 are valuable fluo-
rophores with high fluorescence quantum yields (often approach-


ing 1.0) that are excitable with visible light (above 450 nm).
They possess several synthetic advantages compared to diaryl-
DPP 1. SDPPs can easily be prepared starting from pyrrolinones
4, isothiocyanates 6 and alkylating agents in a one-pot three-
component reaction at room temperature. A moderate number
of functional groups can be introduced via the substituents on the
aryl group of 4 or via the N-substituents of 4 or 6. Through N-
alkylation of the remaining unsubstituted nitrogen atom, a variety
of functional groups can be incorporated. Using the very mild
Liebeskind–Srogl conditions it is possible to convert the SDPP
into the corresponding monoalkylated diaryl-DPP.


Experimental


Spectroscopic measurements


The absorption measurements were performed on a Perkin-
Elmer Lambda 40 UV/Vis spectrophotometer. Corrected steady-
state excitation and emission spectra were recorded on a SPEX
Fluorolog. For the determination of the relative fluorescence
quantum yields (φf), only dilute solutions with an absorbance
below 0.1 at the excitation wavelength (470 nm for all measured
compounds) were used. Rhodamine 6G in water (φf = 0.76) was
used as a fluorescence standard.25 The φf values reported in this
work are the averages of multiple (generally 3), fully independent
measurements. All measurements were done at 20 ◦C using non-
degassed samples. The absorption spectra match the excitation
spectra in all cases.


General procedure for the compounds 5


6-Phenyl-2-methyl-3-(methylsulfanyl)-1,4-(2H ,5H)-dioxopyr-
rolo[3,4-c]pyrrole (5a). To a solution of pyrrolinone 4a (Ar =
Ph, R = H, 924 mg, 4.00 mmol), in DMSO (10 mL) under argon
atmosphere was added NaH (264 mg, 8.00 mmol, 80% in oil),
and after 15 min methyl isothiocyanate (297 mg, 4.40 mmol). The
mixture was stirred at room temperature for 6 h. After cooling the
mixture to 0 ◦C, methyl iodide (624 mg, 4.40 mmol) was added


Table 2 Absorption and fluorescence data for some of the SDPP compounds in different solvents


Compound Solvent kabs/nm a kem/nm b Dm̄/cm−1 c fwhmabs/cm−1 d φf
e


5b MeOH 470 499 1237 2672 0.84
CH3CN 470 493 993 3092 0.94
Ethyl acetate 474 492 772 2868 0.87
THF 475 494 810 2898 0.87
CHCl3 474 494 854 2680 1.00
Toluene 477 497 844 2561 1.00


5d MeOH 459 513 2293 3513 0.001
MeOH + HClO4 458 501 1874 3322 0.69
Toluene 469 505 1520 3630 0.002


5g MeOH 487 539 1981 3439 0.40
Toluene 497 526 1109 2979 0.71


5f MeOH 476 506 1246 2508 0.78
Toluene 482 497 626 2675 0.91


9a MeOH 455 498 1898 3323 0.87
Toluene 464 500 1552 3147 1.00


9b MeOH 452 497 2003 3233 0.88
Toluene 459 499 1746 3118 1.00


a The position of the absorption maximum. The absorption spectra match the excitation spectra in all cases. b The position of the fluorescence emission
maximum. All samples were excited at 470 nm. c Stokes shift (in cm−1). d Full width at half maximum of the absorption band (in cm−1). e Fluorescence
quantum yield (all samples were excited at 470 nm).
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and the mixture was stirred for 12 h at room temperature. The
mixture was then added to an ice/water mixture (150 mL) and
1 mL of acetic acid, and stirred for 15 min. The finely divided
precipitate was filtered and washed with water and cold methanol
until colorless, furnishing pure 5a (640 mg, 58%) as a bright
orange powder. dH (300 MHz, CDCl3–CF3COOD): 3.17 (s, 3H),
3.24 (s, 3H), 7.48–7.51 (m, 3H), 8.21–8.23 (m, 2H), 8.97 (s, 1H);
dC (75 MHz, CDCl3–CF3COOD): 16.5, 28.6, 108.2, 113.0, 116.8,
127.0, 127.7, 129.8, 132.7, 141.3, 160.4, 162.4; LR-MS (CI): 273
MH+; UV (CH2Cl2): kmax (log emax) = 476 nm (4.292), 450 nm
(4.213); mp 284 ◦C.


2,6-Diphenyl-3-(methylsulfanyl)-1,4-(2H ,5H)-dioxopyrrolo[3,4-
c]pyrrole (5b). Prepared in the same way from phenyl
isothiocyanate and 4a in 66% yield. dH (300 MHz, CDCl3)
3.09 (s, 3H), 7.31–7.36 (m, 3H), 7.46–7.53 (m, 5H), 8.19–8.23 (m,
2H), 8.48 (s, 1H); dC (75 MHz, CDCl3) 16.6, 109.4, 111.5, 128.5,
128.6, 129.6, 130.0, 130.2, 132.6, 135.2, 143.7, 151.8, 160.5, 162.8;
LR-MS (CI): 335 MH+; UV (CH2Cl2): kmax (log emax) = 472 nm
(4.485), 444 nm (4.327); mp 283–285 ◦C.


2,6-Diphenyl-3-(benzylsulfanyl)-1,4-(2H ,5H)-dioxopyrrolo[3,4-
c]pyrrole (5c). Prepared in the same way, using benzyl bromide
instead of methyl iodide, from phenyl isothiocyanate and 4a in
54% yield. dH (300 MHz, CDCl3) 5.00 (s, 2H), 7.25–7.31 (m, 7H),
7.44–7.56 (m, 6H), 8.43 (m, 2H), 11.32 (s, 1H); dC (75 MHz,
CDCl3) 65.7, 86.0, 125.7, 127.7, 127.8, 128.1, 128.2, 128.3, 129.4,
129.5, 129.8, 130.3, 135.1, 135.7, 144.1, 169.9, 173.8, 208.7;
LR-MS (CI): 411 MH+; UV (CH2Cl2): kmax (log emax) = 475 nm
(4.347), 448 nm (4.267); mp 264 ◦C.


2-(4-(N ,N-Dimethylamino)phenyl)-6-phenyl-3-(methylsulfanyl)-
1,4-(2H ,5H)-dioxopyrrolo[3,4-c]pyrrole (5d). Prepared in the
same way, from the corresponding isothiocyanate and 4a in
37% yield. dH(300 MHz, CDCl3) 2.52 (s, 6H), 2.93 (s, 3H), 6.82
(d, 2H, J = 8.8 Hz), 7.10 (d, 2H, J = 9.5 Hz), 7.49–7.53 (m,
3H), 8.28–8.32 (m, 2H), 11.16 (s, 1H); dC (75 MHz, CDCl3) a
sufficiently high concentration could not be reached; MS (EI,
70 eV) m/z 378 (MH+, 32), 377 (M+, 100), 331 (14), 330 (74),
302 (18), 134 (17); HRMS (EI+): calcd for C21H19O2N3S (M+)
377.11980; found 377.12029; UV (CH2Cl2): kmax (log emax) =
474 nm (4.45), 449 nm (4.262); mp >300 ◦C.


2-(4-(N ,N-Dimethylamino)phenyl)-5-methyl-6-phenyl-3-(methyl-
sulfanyl)-1,4-(2H ,5H)-dioxopyrrolo[3,4-c]pyrrole (5e). Prepared
following the general procedure, from the corresponding
isothiocyanate and 4d (Ar = Ph, R = Me), in 60% yield. dH


(300 MHz, CDCl3) 2.90 (s, 6H), 3.04 (s, 3H), 3.36 (s, 3H), 6.75
(d, 2H, J = 8.9 Hz), 7.13 (d, 2H, J = 9.1 Hz), 7.43–7.49 (m,
3H), 7.79–7.82 (m, 2H), 11.12 (s, 1H); dC (75 MHz, CDCl3) 16.4,
30.0, 40.7, 108.5, 109.6, 112.4, 122.7, 128.3, 129.1, 129.3, 131.0,
144.5, 151.0, 156.0, 156.1, 161.3, 162; MS (EI, 70 eV) m/z 391
(M+, 100), 345 (19), 344 (95), 172 (11): calcd for C22H21O2N3S
(M+) 391.13545; found 391.13545; UV (CH2Cl2): kmax (log emax) =
464 nm (4.277), 441 nm (4.219); mp 229 ◦C.


6-(4-Methoxyphenyl)-2-methyl-3-methylsulfanyl-1,4-(2H ,5H)-
dioxopyrrolo[3,4-c]pyrrole (5f). Prepared following the general
procedure, starting from 4b (Ar = 4-anisyl, R = H), in 62% yield.
dH (300 MHz, CDCl3) 3.06 (s, 3H), 3.07 (s, 3H), 4.14 (s, 3H), 6.86 (d,
2H, J = 9.2 Hz), 7.57 (d, 2H, J = 9.1 Hz), 9.00 (s, 1H); dC (75 MHz,


CDCl3); 15.5, 27.62, 55.04, 107.4, 109.2, 114.6, 120.3, 129.7, 142.5,
149.0, 159.8, 161.5, 162.0; MS (EI, 70 eV) m/z 302 (M+, 100),
287 (19), 269 (19), 256 (11), 255 (56). HRMS (EI+): calcd for
C15H14O3N2S (M+) 302.0725; found 302.0722. UV (CH2Cl2): kmax


(log emax) = 480 nm (4.331), 451 nm (4.243); mp 280 ◦C.


2-Allyl-5-methyl-6-(methylsulfanyl)-3-(2-thienyl)-1,4-(2H ,5H)-
dioxopyrrolo[3,4-c]pyrrole (5g). Prepared following the general
procedure, starting from 4c (Ar = 2-thienyl, R = allyl), in 31%
yield after purification by column chromatography. dH (300 MHz,
CDCl3) 3.13 (s, 3H), 3.20 (s, 3H), 4.59 (t, 2H, J = 1.8 Hz), 5.11–
5.22 (m, 2H), 5.90–6.01 (m, 1H), 7.19 (t, 1H, J = 4.5 Hz), 7.55 (d,
1H, J = 6.4 Hz), 8.54 (m, 2H); dC (75 MHz, CDCl3) 16.2, 27.9,
44.1, 107.6, 108.4, 116.7, 128.5, 129.6, 130.5, 133.1, 133.9, 137.9,
152.6, 160.5, 160.7; LR-MS (CI): 319 MH+; UV (CH2Cl2): kmax


(log emax) = 492 nm (4.321), 308 nm (4.188); mp 143 ◦C.


General procedure for compounds 9


tert-Butyl-2-(6-(methylsulfanyl)-1,4-dioxo-3,5-diphenyl-4,5-di-
hydropyrrolo[3,4-c]pyrrol-2(1H)-yl)acetate (9b). A suspension of
5b (100 mg, 0.30 mmol), K2CO3 (103 mg, 0.75 mmol) and NaI
(100 mg) in DMF (20 mL) was heated for 15 min until 5b was
dissolved. At room temperature tert-butyl bromoacetate (98 mg,
73 mL, 0.50 mmol) was added in a drop-wise manner. The reaction
mixture was stirred for 12 h at 80 ◦C. After cooling to room
temperature, the mixture was diluted with ethyl acetate (50 mL)
and water (50 mL). The organic phase was washed with water
(2 × 50 mL) and the aqueous phase was extracted with ethyl
acetate (3 × 40 mL). The combined organic phases were dried
over MgSO4. The solvent was evaporated under reduced pressure
and the residue was purified by column chromatography (silica gel,
CH2Cl2–ethyl acetate), furnishing 9b (46 mg, 34%) as an orange-
red powder. dH (300 MHz, CDCl3): 1.39 (s, 9H), 3.08 (s, 3H), 4.41
(s, 2H), 7.28–7.31 (m, 2H), 7.42–7.49 (m, 6H), 7.70–7.72 (m, 2H);
dC (75 MHz, CDCl3): 16.6, 28.3, 44.7, 83.0, 128.1, 128.7, 129.0,
129.3, 129.4, 129.6, 131.2, 134.4, 144.3, 155.1, 160.8, 161.8, 168.1;
UV (CH2Cl2): kmax (log emax) = 455 nm (4.159), 288 nm (4.006);
LR-MS (CI): 449 MH+; mp 127 ◦C.


tert-Butyl-2-(3-phenyl-5-methyl-6-(methylsulfanyl)-1,4-dioxo-4,
5-dihydropyrrolo[3,4-c]pyrrol-2(1H)-yl)acetate (9a). Prepared
from 5a according to the general procedure in 86% yield, dH


(300 MHz, CDCl3): 1.38 (s, 9H), 3.15 (s, 3H), 3.17 (s, 3H), 4.34 (s,
2H), 7.46–7.53 (m, 3H), 7.65–7.70 (m, 2H); dC (75 MHz, CDCl3):
16.31, 27.9, 29.4, 44.5, 82.5, 107.3, 110.7, 128.3, 128.7, 129.0,
143.9, 155.1, 161.1, 161.3, 168.1, 169.9; UV (CH2Cl2): kmax (log
emax) = 456 nm (4.153), 287 nm (4.120); LR-MS (CI): 386 MH+;
mp 79 ◦C.


tert-Butyl-2-(3-(4-methoxyphenyl)-5-methyl-6-(methylsulfanyl)-
1,4-dioxo-4,5-dihydropyrrolo[3,4-c]pyrrol-2(1H)-yl)acetate (9c).
Prepared from 5f according to the general procedure in 70%
yield, dH (300 MHz, CDCl3): 1.39 (s, 9H), 3.13 (s, 3H), 3.16 (s,
3H), 3.80 (s, 3H), 4.34 (s, 2H), 6.95 (d, 2H, J = 8.8 Hz), 7.57
(d, 2H, J = 8.8 Hz); dC (75 MHz, CDCl3): 16.2, 28.8, 44.6, 55.7,
82.7, 109.8, 114.7, 120.5, 130.6, 144.2, 153.5, 161.1, 161.8, 168.1;
UV (CH2Cl2): kmax (log emax) = 462 nm (4.308), 298 nm (4.145);
LR-MS (CI): 417 MH+; mp 123 ◦C.
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2-(3-Phenyl-5-methyl-6-(methylsulfanyl)-1,4-dioxo-4,5-dihydro-
pyrrolo[3,4-c]pyrrol-2(1H)-yl)acetic acid (10a). A solution of 9a
(110 mg, 0.28 mmol) in trifluoroacetic acid (3ml) was stirred
overnight at room temperature. After addition of water, the
aqueous layer was extracted with diethyl ether. The collected
organic layers were washed with brine and water, and the solvent
evaporated under reduced pressure to afford 10a in 87% yield, dH


(300 MHz, DMSO-d6): 3.08 (s, 3H), 3.10 (s, 3H), 4.34 (s, 2H),
7.52–7.55 (m, 3H), 7.66–7.70 (m, 2H), 10.27 (s(br), 1H), 13.03
(s(br), 1H); dC (75 MHz, DMSO-d6): 18.5, 30.0, 45.8, 108.9, 111.9,
130.2, 131.0, 131.6, 133.5, 145.7, 157.3, 160.8, 161.3, 162.6, 162.8,
172.6; MS (EI, 70 eV) m/z 330 (M+, 100), 297 (15), 284 (19), 283
(81); HRMS (EI+): calcd for C16H14N2O4S (M+) 330.06734; found
330.06734; UV (H2O): kmax = 455 nm; mp 192 ◦C.


2-(3-(4-Hydroxyphenyl)-5-methyl-6-(methylsulfanyl)-1,4-dioxo-
4,5-dihydropyrrolo[3,4-c]pyrrol-2(1H)-yl)acetate (10b). Prepared
from 9c in a similar way as for 10a, in quantitative yield. dH


(300 MHz, DMSO-d6): 3.07 (s, 3H), 3.09 (s, 3H), 4.37 (s, 2H),
6.90 (d, 2H, J = 8.8 Hz), 7.59 (d, 2H, J = 8.8 Hz), 10.27 (s(br),
1H), 13.03 (s(br), 1H); dC (75 MHz, DMSO-d6): 15.7, 27.7, 43.6,
106.6, 108.2, 116.0, 118.3, 130.7, 144.4, 152.2, 160.3, 160.7, 170.4;
MS (EI, 70 eV) m/z 346 (M+, 100), 313 (25), 302 (15), 300 (12),
299 (63), 255 (14); HRMS (EI+): calcd for C16H14N2O5S (M+)
346.06234; found 346.06257; UV (H2O, NaHCO3 3 mM); kmax


(log emax) = 466 nm (4.328), 293 (4.064); mp 242 ◦C.


2-Methyl-3,6-diphenyl-1,4(2H ,5H)-dioxopyrrolo[3,4-c]pyrrole
(12). A solution of 5a (136 mg, 0.50 mmol), phenylboronic acid
(67 mg, 0.55 mmol), Cu(I) thiophene-2-carboxylic acid (114 mg,
0.60 mmol) and Pd(PPh3)4 (5 mg, 10 mol%) in THF (30 mL)
under argon atmosphere was stirred for 18 h at 50 ◦C. The
mixture was cooled and then diluted with ether (50 mL). The
organic phase was washed with a saturated NaHCO3 solution
(50 mL), brine (50 mL) and water (50 mL), dried over MgSO4


and the solvent evaporated under reduced pressure. Purification
with column chromatography (silica gel, CH2Cl2) furnished pure
12 (170 mg, 70%) as a red powder. dH (300 MHz, DMSO): 3.30
(s, 3H), 7.57–7.60 (m, 6H), 7.92–7.95 (m, 2H), 8.46–8.49 (m, 2H),
11.22 (s(br), 1H); dC (75 MHz, DMSO): 29.6, 108.9, 110.4, 127.7,
127.9, 128.1, 129.0, 129.3, 129.7, 131.1, 132.4, 146.1, 146.4, 161.8,
162.7; LR-MS (CI): 303 MH+.
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In model studies towards the synthesis of harringtonolide, the construction of the tropone moiety via
arene cyclopropanation was investigated. The installation of the lactone ring was accomplished by way
of a Diels–Alder cycloaddition of various indenones and a-pyones. The incorporation of the key bridge
methyl group and subsequent control of its stereochemistry is also outlined.


Introduction


The diterpenoid tropone, harringtonolide (3), was first isolated
in North America from the seeds of Cephalotaxus harringtonia
(Taxaceae) and its structure established by X-ray crystallography
(Scheme 1).1 It was also isolated in China from C. hainanensis2,3


and found to have both anti-neoplastic and anti-viral properties,
being active against Lewis Lung carcinoma, Walker carcinoma,
Sarcoma-180, and L-1210, L-615 and P-388 leukaemias, as well
as showing in vitro activity against influenza type A, New-
castle disease, Japanese B encephalitis and vaccinia viruses.4


Harringtonolide is a structurally rigid and congested molecule,
consisting of seven adjacent stereocenters. Of particular interest is
the presence of the cycloheptatrienone, or tropone, substructure
since it is believed that this functionality is responsible for the
biological activity of the compound.


Scheme 1 Previous synthesis of harringtonolide.
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While we have previously reported the successful synthesis of
harringtonolide by way of an arene-cyclopropanation strategy,
the approach had some inherent drawbacks.5–7 In particular, the
relatively early formation of the reactive cycloheptatriene moiety
and the need to carry out extensive manipulations in its presence
had a deleterious impact on yields. It was clear from these
difficulties that an improved route to harringtonolide was required.
In this new scheme, the cyclopropanation–tautomerisation process
would be effected at a much later stage so that fewer subsequent
steps would be required. It was proposed that the lactone function
be installed by means of a Diels–Alder cycloaddition reaction,
while the ether ring would be established using cyclopropyl ring-
opening chemistry (Scheme 2). The bulk of the harringtonolide
skeleton would thus be in place prior to installation of the
cycloheptatriene motif. While the initial [4 + 2] cycloaddition


Scheme 2 Proposed route to harringtonolide.
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between the indenone and the pyrone was likely to be problematic,
the intramolecular cyclopropanation of the aromatic ring was
of greater concern. This crucial step was not expected to be
as favourable as the conversion of 1 to 2 in the previous total
synthesis, given the different ring sizes and the potential for
competing reactions, such as CH insertion at the benzylic position
and/or ylide formation with the lactone carbonyl group.


Results and discussion


In order to study this key synthetic step and other aspects of
the proposed route to harringtonolide, a series of model studies
was initiated. From a geometrical perspective, diazoketone 10 was
considered to be a good match for 7 (Fig. 1). This was supported
by some preliminary computational calculations in which both
molecules were overlaid for comparison purposes.


Fig. 1 Molecular geometry comparison.


5-Methoxyindanone (11),8 prepared in 2 steps from commer-
cially available m-methoxycinnamic acid, was treated with N-
bromosuccinimide and triethylamine to afford indenone 12 in
69% yield (Scheme 3). Birch reduction of p-methoxyphenylacetic
acid (13) followed by acidification and esterification afforded two
isomers 14a and 14b in a 1.5 : 1 ratio.


Scheme 3 Reagents and conditions: i, NBS, reflux, CCl4 then Et3N, 85 ◦C,
CCl4, 69%; ii, Na, NH3, −33 ◦C, THF, EtOH; iii, CH2N2, 0 ◦C, Et2O, 67%
overall (40% 14a; 27% 14b).


As indenone 12 was prone to dimerisation at high temperatures
or in the presence of Lewis acids, high pressure activation was
instead employed for the [4 + 2] cycloaddition reaction.9 When
12 and 14a were subjected to 19 Kbar for 24 h, cycloadduct
15 was obtained as a single product in 52% yield (Scheme 4).
The endo stereochemistry was established by NOE differential
spectral analysis of the observed correlations between the protons
of the ethane bridge with the cyclopentanone ring protons. Methyl
ester 15 was hydrolysed to afford acid 16, which was submitted


Scheme 4 Reagents and conditions: i, 19 Kbar, rt, DCM, 52%; ii, KOH,
rt, H2O, EtOH, 96%; iii, LiEt3BH, 0 ◦C, THF; iv, CH2N2, 0 ◦C, Et2O, 90%
overall; v, NIS, rt, THF, 75%; vi, AIBN, n-Bu3SnH, reflux, THF, 95%;
vii, KOH, rt, H2O, EtOH, 93%; viii, NaH, rt, THF; ix, (COCl)2, DMF,
0 ◦C, THF; x, CH2N2, 0 ◦C, Et2O, 75% overall.


to reduction with lithium triethylborohydride, followed by re-
esterification with diazomethane. Following iodoetherification,
tetrahydrofuran 19 was obtained in 75% yield over 3 steps from
acid 16. The iodide was then subjected to reduction with tri-
n-butyltin hydride furnishing methyl ester 20. Hydrolysis of 20
produced carboxylic acid 21 which was subsequently converted to
diazoketone 10.


Having secured diazoketone 10, we reached the pivotal step for
this initial model study. Based on our previous synthesis, rhodium
mandelate was chosen as the catalyst for the initial test. Unfor-
tunately, in our model system, these conditions provided CH-
insertion compound 22 as the only isolable product (Scheme 5).
A variety of alternative rhodium catalysts, such as Rh2(OAc)4 and
Rh2(acam)4,10 were similarly unsuccessful. Copper(II) acetylaceto-
nate has proven to be an effective catalyst for the cyclopropanation
of aromatic rings,11 but it was unsuccessful in this instance. Finally,
the desired product was obtained on treatment of diazoketone 10
with bis(N-tert-butylsalicylaldiminato) copper(II).12


Having demonstrated that geometrical restraints still permitted
cyclopropanation to take place, we next turned our attention to the
installation of the lactone-ring framework of the harringtonolide
molecule by means of a [4 + 2] cycloaddition reaction with a
suitable pyrone (Scheme 6). A high pressure Diels–Alder reaction
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Scheme 5 Reagents and conditions: i, Rh(mandelate)4, reflux, DCM, 47%
ii, bis(N-tert-butylsalicylaldiminato) copper(II), reflux, toluene, 30%.


Scheme 6 Reagents and conditions: i, 19 Kbar, rt, DCM, 72%.


between 12 and 24 furnished cycloadduct 25 as a single product in
72% yield with the desired endo stereochemistry being confirmed
by spectral analysis and X-ray crystallography.13


The next phase involved the construction of the internal frame-
work of the molecule. This entailed the formation of an ether bond
to introduce the tetrahydrofuran moiety and the incorporation of a
bridge methyl group with the correct stereochemistry. Based upon
previous work, the prospect of forming the tetrahydrofuran ring
in harringtonolide by a process equivalent to 26 → 28 appeared
to be feasible (Scheme 7).5


Scheme 7 Reagents and conditions: i, Hg(NO3)2; ii, KBr; iii, NaBH4, rt,
DME, 80% overall.


Accordingly, ketone 25 was reduced to benzylic alcohol 29
in 77% yield (Scheme 8). A combination of diazomethane and
a catalytic amount of palladium acetate afforded 30 in almost
quantitative yield. Unfortunately, subsequent mercury-mediated
ring-opening was wholly unsuccessful, despite recourse to a wide
range of reagents and conditions. Attempted iodoetherification of
intermediate 29 as per 18 → 19 merely resulted in oxidation of 29
to ketone precursor 25. Additional work would reveal the olefinic
bond in 29 to be quite unreactive towards an array of different


Scheme 8 Reagents and conditions: i, NaBH4, rt, MeOH, THF, 77%;
ii, CH2N2, Pd(OAc)2, 0 ◦C, Et2O, 95%.


reagents, most likely a result of the electron-withdrawing nature
of the adjacent lactone ring.14


In an effort to overcome this unexpected lack of reactivity,
we decided to incorporate a methyl group into the 4-position of
the pyrone, thereby obviating the need for the cyclopropyl ring-
opening step entirely and with the additional benefit of increasing
the electron density of the olefinic bond of the Diels–Alder adduct.
Treating 24 with ethereal diazomethane afforded 32 in 82% yield
(Scheme 9).15 When the newly prepared pyrone 32 and indenone
12 were subjected to high pressure, cycloadduct 33 was obtained.
Elaboration of 33 posed an interesting challenge. Attack of an
electrophilic reagent on the more exposed face of the olefinic
bond would position the methyl group over the aromatic ring
with the undesired endo stereochemistry. Accordingly, an indirect
strategy was employed. Reduction of 33 to benzylic alcohol 34
followed by hydroboration–oxidation afforded diol 35 with the
methyl substituent in the endo location. Oxidation of 35 with
the Dess–Martin periodinane furnished diketone 36.16 Treatment
of the diketone with a catalytic amount of DBU effected the
epimerisation of 36 to the thermodynamic product 37 with the
methyl group now adopting the requisite exo stereochemistry. The
transformation of 36 to 37 was manifestly apparent from the 1H-
NMR spectrum. The bridge methyl, which had appeared as a
doublet at d0.49 in 36, now had a chemical shift of d1.35 in 37. This
large downfield shift can be ascribed to the removal of the methyl
group from the shielding effect of the aromatic ring. Reduction
of diketone 37 afforded syn diol 38. Treatment of 38 with p-
toluenesulfonic acid led to formation of the benzylic cation and
trapping by the remaining hydroxyl to install the tetrahydrofuran
ring system (31).


Demethylation of 31 was accomplished by the method of Fujita
et al. using a combination of aluminium tribromide and tetrahy-
drothiophene (Scheme 10).17 Compound 39 was then converted to
the corresponding acid chloride which was immediately reduced to
primary alcohol 40. Following oxidation of the carbinol to 41, the
aldehyde was added to an excess of the methoxymethylene ylide
thereby producing (Z)-methylenol ether 42 in 58% yield. The enol
ether was hydrolysed to the homologated aldehyde 43 and then
oxidised to carboxylic acid 44. The acid chloride, generated by
addition of the Vilsmeier reagent to a benzene solution of 44, was
converted in situ to diazoketone 45 with ethereal diazomethane. A
strong band at 2106 cm−1 in the IR spectrum was characteristic of
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Scheme 9 Reagents and conditions: i, CH2N2, 0 ◦C, DCM, 82%,
ii, 19 Kbar, rt, DCM, 73%; iii NaBH4, rt, MeOH, THF, 85%; iv, BH3·DMS,
0 ◦C, THF then Et3NO, reflux, THF, 49%; v, DMP, rt, tBuOH, THF, 48%;
vi, DBU, rt, THF, 72%; vii, NaBH4, rt, MeOH, THF, 66%; viii, p-TsOH,
THF, 71%.


the asymmetric diazo stretch while a molecular ion of m/z 354 was
accompanied by a fragmentation pattern showing loss of nitrogen
to produce a peak at m/z 328.


Heating diazoketone 45 in the presence of bis(N–tert-
butylsalicylaldiminato) copper(II) resulted in a complex mixture
of products. Unfortunately, it was evident from the 1H-NMR
spectrum that no arene cyclopropanation had taken place. Neither
the use of Cu(acac)2 nor of Rh(OAc)2 was successful - both
catalysts merely produced a complex mixture of aromatic com-
pounds. The most likely explanation for the failure of the arene
cyclopropanation sequence involves carbonyl ylide formation with
the lactone ring.18,19 Masking of carbonyls as ortho acetals has
previously been used to circumvent ylide formation.20 Accordingly,
acid 44 was protected as the methyl ester 46 using diazomethane.
Regrettably, we were unable to transform 46 to the corresponding
ortho acetal derivative. Even powerful reagents such as the
Meerwein salt method21 or Noyori’s method22 failed to effect the
desired transformation.


Scheme 10 Reagents and conditions: i, tetrahydrothiophene, AlBr3, 0 ◦C,
DCM, 69%; ii (COCl)2, DMF, 0 ◦C, benzene then NaBH4, 0 ◦C, THF,
71%; iii, DMP, rt, tBuOH, THF, 92%; iv, [Ph3PCH2OMe]Cl, LiHMDS,
0 ◦C, THF, 58%; v, HCl, rt, H2O, THF, 83%; vi, NaClO2, H2O2, 0 ◦C, H2O,
ACN, 65%; vii, (COCl)2, DMF, 0 ◦C, benzene; viii, CH2N2, 0 ◦C, Et2O,
62% overall; ix, CH2N2, 0 ◦C, Et2O, 96%.


At this point, we opted to revise our synthetic approach.
First, we would incorporate the C8 methyl, which corresponds
to the tropone methyl substituent, into the indenone intermediate.
Secondly, we would seek to increase the reactivity of the olefinic
bond in the cycloadduct by reducing the carboxyl group at an
early stage in the synthetic plan. Finally, we would investigate the
feasibility of blocking unwanted ylide formation by reduction of
the lactone and subsequent protection of the resultant lactol.


Demethylation of 32 to carboxylic acid 47 by in situ generation
of trimethylsilyl iodide proceeded well (Scheme 11). Meanwhile,
bromination of indanone 48, a known compound,23 and subse-
quent elimination afforded indenone 4 in 63% yield. Once again, a
high pressure Diels–Alder reaction between 47 and 4 furnished
cycloadduct 49 with the required regio- and stereochemistry.
Compound 49 was converted to the corresponding acid chloride
and then reduced to carbinol 50. This alcohol was subse-
quently protected as the tert-butyldimethyl silyl ether 51 in good
yield.


Applying the previously established methodology, ketone 51 was
reduced to the benzylic alcohol 52 and, following hydroboration-
oxidation of the olefinic bond, diol 53 was oxidised to diketone
54 (Scheme 12). Treatment of 54 with a catalytic amount of
DBU afforded epimer 55 in 98% yield. Interestingly, while the
epimerisation of 36 to 37 had provided a 1 : 3 ratio of endo :
exo products, conversion of 54 to 55 went to completion with no
starting material remaining. This unexpected result is presumably
due to the bulky TBDMS ether side chain, which favours the
thermodynamic product through steric interaction. Indeed, MM2
calculations suggest a 2.01 kcal mol−1 energy difference between
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Scheme 11 Reagents and conditions: i, I2, (SiMe3)2, reflux, CHCl3, 75%;
i, NBS, reflux, CCl4 then Et3N, 85 ◦C, CCl4, 63%; iii, 19 Kbar, rt, DCM,
68%; iv, (COCl)2, DMF, 0 ◦C, THF then NaBH4, 0 ◦C, THF, 66%;
v, TBDMSOTf, N,N-diisopropylethylamine, 0 ◦C, DCM, 83%.


Scheme 12 Reagents and conditions: i NaBH4, rt, MeOH, THF, 89%;
ii, BH3·DMS, 0 ◦C, THF then Et3NO, reflux, THF, 38%; iii, DMP, rt,
tBuOH, THF, 58%; iv, DBU, rt, THF, 98%; v, NaBH4, rt, MeOH, THF
then HCl work-up, 64%.


54 and 55 as compared to a gap of only 0.29 kcal mol−1 between
36 and 37. Reduction of 55, followed by acidic work-up, afforded
ether 56 in 64% yield.


Finally, we proposed reducing the lactone to the corresponding
lactol, followed by masking of the resultant hydroxyl with a
bulkly protecting group, namely a TBDMS ether. The reason
for the introduction of this group was twofold - first, to block
any reaction between the carbenoid and the free hydroxyl and
secondly, to direct the carbenoid towards the aromatic ring.
Previous studies on gibberellin intermediates had demonstrated
that a DIBAL reduction could be conducted in the presence of a
dichloroacetate protecting group.24 With this information in mind,
we returned to substrate 56 and the TBDMS ether was cleaved with
tetrabutylammonium fluoride to afford the primary alcohol 57,
which was then reprotected as the dichloroacetate 58 (Scheme 13).
Reduction of 58 with DIBAL at −40 ◦C furnished the desired
hemi-acetal 59 in 57% yield. Protection of the hemi-acetal as the
TBDMS ether 60 proceeded readily while subsequent hydrolysis
of the acetate ester furnished advanced intermediate 61.


Scheme 13 Reagents and conditions: i, TBAF, rt, THF, 95%; ii, dichloro-
acetyl chloride, pyridine, rt, DCM, 96%; iii, DIBAL-H, −40 ◦C, toluene,
57%; iv, TBDMSOTf, N,N-diisopropylethylamine, rt, DCM, 72%; Et3N,
rt, H2O, MeOH, 90%.


Conclusions


These preliminary model studies have allowed us to investigate
the feasibility of a more concise route to the complex diterpenoid,
harringtonolide. While our initial studies demonstrated that the
geometry of the molecule is suitable for arene-cyclopropanation
purporse, we have also uncovered a number of unforeseen
obstacles. In particular, the low reactivity of the olefinic bond of the
Diels–Alder cycloadduct and the propensity of the a-diazoketone
intermediate to undergo unwanted ylide formation with the
lactone ring moiety were problematical. We have successfully
incorporated the bridge methyl substituent via the pyrone starting
material and have controlled its stereochemical orientation in
subsequent work.


Finally, we have modified the chemistry of the lactone ring
and incorporated a bulky protecting group in the expectation of
blocking ylide formation and directing cyclopropanation towards
the aromatic ring. We hope to report on our work on the remaining
steps (Scheme 14) and the completion of this synthesis in due
course.
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Scheme 14 Remaining steps in the synthesis of harringtonolide.


Experimental


General experimental


Starting materials and reagents used in reactions were obtained
commercially and were used without purification, unless otherwise
indicated. Flash chromatography was conducted with Merck
Kieselgel 60 silica gel as the adsorbent. Proton nuclear magnetic
resonance (1H NMR) spectra were recorded on a Varian Gemini
300 spectrometer at 300 MHz. Carbon-13 nuclear magnetic
resonance (13C NMR) were recorded on Varian Gemini 300
spectrometer at 75.5 MHz. Infrared (IR) spectra (mmax) were
recorded on a Perkin-Elmer 683 Infrared spectrophotometer in
0.25 mm NaCl solution cells or recorded on a Perkin-Elmer 1800
Fourier Transform Infrared spectrophotometer in KBr plates.
Low resolution EI mass (LRMS) spectra (70 eV) and high
resolution accurate mass measurements (HRMS) were recorded
on a VG Autospec double focussing mass spectrometer. Melting
points (mp) were recorded on a Reichert hot-stage and are
uncorrected. Microanalyses were conducted by the Australian
National University Analytical Services Unit, Canberra.


5-Methoxyindenone (12)


N-Bromosuccinimide (356 mg, 2 mmol) was added to a solution of
the indanone 11 (324 mg, 2 mmol) in carbon tetrachloride (50 ml).
The resulting suspension was stirred at reflux with irradiation
from a tungsten lamp for 2 hours. Triethylamine (1 ml) was added,
then the reaction mixture was stirred at 85 ◦C (oil bath) for a
further 2 hours. The mixture was filtered through a short column
of silica gel and washed with petroleum ether 40–60 ◦C : ethyl
acetate = 1 : 1. The solvent was removed under reduced pressure
and the residue was purified by flash chromatography on silica gel
(petroleum ether 40–60 ◦C : ethyl acetate = 10 : 1 → 2 : 1) to afford
5-methoxyindenone (12) (218 mg, 69%) as a yellow oil; mmax/cm−1


3005 (ArH), 1707 (C=O), 1251 (ArOCH3), 1230 (CC=OC), 1037
(ArOCH3); dH (300 MHz, CDCl3) 7.40 (1H, d, J = 5.8 Hz, H-3),
7.36 (1H, d, J = 7.7 Hz, H-7), 6.59 (1H, d, J = 2.2 Hz, H-4), 6.58
(1H, dd, J = 2.2, J = 7.7 Hz, H-6), 5.87 (1H, d, J = 5.8 Hz, H-2),
3.82 (3H, s, CH3O); dC (75 MHz, CDCl3) 196.88 (C1), 164.37 (C5),
147.52 (C3), 147.10 (C3a), 128.65 (C2), 124.28 (C7), 122.87 (C7a),
110.97 (C6), 110.36 (C4), 55.53 (CH3O); m/z 160 (M+, 40%), 145


(2), 132 (10), 117 (18), 106 (12), 89 (87), 78 (5), 74 (28), 70 (68), 66
(10), 61 (100).


Methyl-2-(1′-methoxycyclohexa-1′,3′-dienyl)ethanoate (14a) and
methyl-2-(1′-methoxycyclohexa-1′,4′-dienyl)ethanoate (14b)


Liquid ammonia (150 ml) was added to a solution of 2-(4′-
methoxybenzene)ethanoic acid (13) (3.32 g, 20 mmol) in ethanol
(10 ml) and THF (20 ml). Sodium (metal, 3.2 g, 140 mmol, 7 eq.)
was added in small pieces over a period of approximately 1 h until
the blue colour persisted for 4 min. The ammonia was allowed
to evaporate overnight. Ice (200 g) was added to the residue. The
resulting mixture was acidified with 1 M HCl (pH = 5), and then
extracted with ethyl acetate (4 × 80 ml). The combined organic
phase was washed with water (2 × 40 ml), brine (40 ml) and
dried over sodium sulfate. After filtration, the solvent was removed
under reduced pressure and the residue was treated with ethereal
diazomethane at 0 ◦C. After removal of the solvent, the residue
was purified by flash chromatography on silica gel (petroleum ether
40–60 ◦C: ethyl acetate = 100 : 1 → 20 : 1 → 10 : 1) to afford an
inseparable mixture of the methyl esters (14a : 14b = 1.5 : 1; 2.46 g,
67%) as a pale yellow oil.


Methyl-2-(1′-methoxycyclohexa-1′,3′-dienyl)ethanoate (14a).
dH (300 MHz, CDCl3) 5.69 (1H, d, J = 6.0 Hz, H–C=C), 4.85
(1H, d, J = 6.1 Hz, H–C=C–OCH3), 3.62 (3H, s, OCH3), 3.52
(3H, s, OCH3), 3.01 (2H, m), 2.72 (2H, m), 2.25 (2H, s, 2× H-2).


Methyl-2-(1′-methoxycyclohexa-1′,4′-dienyl)ethanoate (14b).
dH (300 MHz, CDCl3) 5.50 (1H, m, H–C=C), 4.55 (1H, m,
H–C=C–OCH3), 3.62 (3H, s, OCH3), 3.49 (3H, s, OCH3), 2.96
(2H, m), 2.72 (1H, m), 2.25 (2H, s, 2× H-2), 1.95 (1H, m).


(1RS,4SR,4aRS,9aSR)-1,6-Dimethoxy-4-methoxycarbonyl-
methyl-9-oxo-4,4a,9,9a-tetrahydro-1,4-ethano-1H-fluorene (15)


The indenone 12 (160 mg, 1 mmol) and a mixture of dienes 14a
and 14b (364 mg, 2 mmol) were dissolved in dichloromethane
(1 ml) under nitrogen. The reaction mixture was then subjected
to high pressure (19 Kbar) for 2.5 h. The resulting mixture was
purified by flash chromatography on silica gel (petroleum ether
40–60 ◦C : ethyl acetate = 10 : 1 → 5 : 1 → 1 : 1) to afford the
cycloadduct 15 (178 mg, 52%, based on indenone) as white needles;
mp 139–140 ◦C (from EtOAc); found: C, 70.18%; H, 6.35%. Calc.
for C20H22O5: C, 70.16%; H, 6.48%; mmax/cm−1 3030 (ArH), 2950
(CH), 1760 (C=O), 1700 (C=O), 1255 (ArOCH3), 1090 (C–O),
1030 (ArOCH3); dH (300 MHz, CDCl3) 7.63 (1H, d, J = 8.5 Hz,
H-8), 7.08 (1H, d, J = 2.1 Hz, H-5), 6.87 (1H, dd, J = 2.2, J =
8.6 Hz, H-7), 6.04 (1H, d, J = 8.7 Hz, H-2), 5.42 (1H, d, J =
8.7 Hz, H-3), 3.85 (3H, s, CH3O-C6), 3.74 (3H, s, COOCH3), 3.55
(1H, d, J = 7.1 Hz, H-4a), 3.52 (3H, s, CH3O-C1), 3.00 (1H, d,
J = 7.1 Hz, H9a), 2.95 (1H, d, J = 15.0 Hz, H-12A), 2.78 (1H, d,
J = 15.0 Hz, H-12B), 1.99–1.84 (2H, m, H-10a, H-11a), 1.62–1.42
(2H, m, H-10b, H-11b); dC (75 MHz, CDCl3) 202.20 (C9), 71.95
(COO), 164.55 (C6), 156.21 (C4b), 133.86 (C2), 132.91 (C8a),
131.76 (C3), 125.27 (C8), 114.98 (C7), 111.07 (C5), 79.28 (C1),
55.59 (CH3O-C6), 52.58 (C9a), 51.64 (COOCH3), 50.84 (CH3O-
C1), 46.62 (C4a), 40.41 (C4), 40.11 (C12), 31.01 (C10), 28.30 (C11);
m/z 342 (M+, 5%), 311 (12), 279 (3), 269 (15), 254 (6), 241 (30),
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227 (4), 195 (4), 182 (100), 161 (8), 149 (27), 134 (7), 123 (69), 109
(20), 91 (17), 77 (13).


(1RS,4SR,4aRS,9aSR)-4-Carboxymethyl-1,6-dimethoxy-9-oxo-
4,4a,9,9a-tetrahydro-1,4-ethano-1H-fluorene (16)


The methyl ester 15 (410 mg, 1.2 mmol) and potassium hydroxide
(1.01 g, 18 mmol, 15 eq.) were dissolved in ethanol (25 ml) and
water (5 ml). The reaction mixture was stirred at room temperature
for 2 h. Ice (100 g) was added, then acidified with 1 M HCl (20 ml)
and extracted with chloroform (5 × 25 ml). The combined organic
phase was dried over sodium sulfate. After filtration, the solvent
was removed under reduced pressure and the residue was purified
by flash chromatography on silica gel (petroleum ether 40–60 ◦C :
ethyl acetate = 2 : 3 → 0 : 1 → DCM : MeOH = 10 : 1 → 5 : 1)
to afford the acid 16 (380 mg, 96.4%), after recrystallisation from
ethyl acetate, as colourless needles; mp 221–222 ◦C (from EtOAc);
found: C, 69.43%; H, 6.15%. Calc. for C19H20O5: C, 69.50%; H,
6.14%; mmax/cm−1 3500 (COOH), 3020 (ArH), 2940 (CH), 1700
(C=O), 1260 (ArOCH3), 1090 (C–O); dH (300 MHz, CDCl3) 7.67
(1H, d, J = 8.5 Hz, H-8), 7.07 (1H, d, J = 2.1 Hz, H-5), 6.90 (1H,
dd, J = 2.1, J = 8.5 Hz, H-7), 6.08 (1H, d, J = 8.7 Hz, H-2), 5.45
(1H, d, J = 8.7 Hz, H-3), 3.87 (3H, s, CH3O-C6), 3.62 (1H, d, J =
7.0 Hz, H-4a), 3.54 (3H, s, CH3O-C1), 3.03 (1H, d, J = 7.0 Hz,
H-9a), 3.02 (1H, d, J = 14.8 Hz, H-12A), 2.86 (1H, d, J = 14.8 Hz,
H-12B), 2.05–1.95 (2H, m, H-10a, H-11a), 1.64–1.56 (2H, m, H-
10b, H-11b); dC (75 MHz, CDCl3) 203.37 (C9), 173.59 (COOH),
164.70 (C6), 156.73 (C4b), 132.85 (C2), 132.32 (C8a), 132.18 (C3),
124.94 (C8), 115.18 (C7), 110.81 (C5), 79.27 (C1), 55.35 (CH3O-
C6), 52.57 (C9a), 50.50 (CH3O-C1), 46.22 (C4a), 40.10 (C4), 39.74
(C12), 30.58 (C10), 28.01 (C11); m/z 328 (M+, 2%), 311 (0.7), 300
(1.2), 269 (5), 255 (4), 240 (35), 168 (100), 134 (7), 123 (65), 109
(18), 91 (12), 77 (9), 63 (6).


(1RS,4SR,4aRS,9RS,9aRS)-1,6-Dimethoxy-9-hydroxy-4-
methoxy-carbonylmethyl-4,4a,9,9a-tetrahydro-1,4-ethano-
1H-fluorene (18)


A solution of the ketone 16 (295 mg, 0.9 mmol) in anhydrous THF
(50 ml) was cooled to 0 ◦C. Lithium triethylborohydride (1 M
in THF, 2.7 ml, 2.7 mmol, 3.0 eq.) was added dropwise. After
addition, the reaction mixture was stirred at room temperature
for 2 h. Water (5 ml) was then added to decompose the excess
of super-hydride. The resulting mixture was diluted with ethyl
acetate (150 ml) and washed with water (50 ml, containing 1 M
HCl 4 ml) and brine (30 ml). The aqueous phase was extracted
with chloroform (2 × 25 ml). The combined organic phase
was dried over sodium sulfate. After filtration, the solvent was
removed and the residue was esterified with an ethereal solution
of diazomethane. After removal of the solvent, the residue was
purified by flash chromatography on silica gel (petroleum ether 40–
60 ◦C : ethyl acetate = 4 : 1 → 2 : 1 → 1 : 1) to afford the methyl ester
18 (278 mg, 90%) as a colourless oil; mmax/cm−1 3640 (OH), 3030
(ArH), 2950 (CH), 1730 (C=O), 1240 (ArOCH3), 1210 (CC=OC),
1130 (C–OH), 1095 (C–O), 1000 (ArOCH3); dH (300 MHz, CDCl3)
7.25 (1H, d, J = 8.4 Hz, H-8), 6.83 (1H, d, J = 2.4 Hz, H-5), 6.78
(1H, dd, J = 2.4, J = 8.4 Hz, H-7), 6.28 (1H, d, J = 8.8 Hz, H-2),
5.53 (1H, d, J = 8.8 Hz, H-3), 5.24 (1H, d, J = 8.4 Hz, H-9), 3.73
(3H, s, CH3O-C6), 3.68 (3H, s, COOCH3), 3.44 (1H, d, J = 8.4 Hz,


H-4a), 3.42 (3H, s, CH3O-C1), 2.99 (1H, dd, J = 8.4, J = 8.5 Hz,
H-9a), 2.92 (1H, d, J = 15.1 Hz, H-12A), 2.84 (1H, d, J = 15.1 Hz,
H-12B), 1.85 (1H, m, H-11b), 1.69 (2H, m, H-10 × 2), 1.40 (1H, m,
H-11a); dC (75 MHz, CDCl3) 171.99 (COO), 159.59 (C6), 143.23
(C4b), 137.54 (C8a), 133.53 (C2), 130.67 (C3), 125.67 (C8), 113.51
(C7), 110.57 (C5), 80.34 (C1), 75.70 (C9), 55.10 (CH3O-C6), 54.32
(C9a), 51.02 (COOCH3), 50.94 (C4a), 50.49 (CH3O-C1), 40.38
(C4), 40.02 (C12), 31.25 (C10), 27.97 (C11); m/z 344 (M+, 10%),
327 (6), 312 (24), 297 (6), 252 (7), 239 (15), 225 (8), 202 (14), 182
(84), 167 (32), 145 (90), 121 (100), 102 (28), 91 (23), 77 (14).


(1SR,2SR,3SR,4RS,4aRS,9RS,9aRS)-1,6-Dimethoxy-2,9-
epoxy-3-iodo-4-methoxycarbonylmethyl-2,3,4,4a,9,9a-
hexahydro-1,4-ethano-1H-fluorene (19)


The alcohol 18 (275 mg, 0.8 mmol) and N-iodosuccinimide
(225 mg, 1 mmol) were dissolved in THF (25 ml). The resulting
solution was stirred at room temperature under darkness overnight
(14 hours), then diluted with ethyl acetate (100 ml) and washed
with 5% sodium thiosulfate (Na2S2O3) aqueous solution (2 ×
30 ml) and brine (30 ml). The aqueous phase was extracted with
ethyl acetate (20 ml). The combined organic phase was dried
over sodium sulfate. After filtration, the solvent was removed
under reduced pressure and the residue was purified by flash
chromatography on silica gel (petroleum ether 40–60 ◦C: ethyl
acetate = 5 : 1 → 2 : 1 → 1 : 1) to afford the product 19 (282 mg,
75.3%) as a colourless oil. Recrystallisation from ethyl acetate
solution afforded white crystals; mp 116–117 ◦C (from EtOAc);
found: C, 51.13%; H, 4.87%; I, 26.92%. Calc. for C20H23O5I: C,
51.08%; H, 4.93%; I, 26.98%; mmax/cm−1 3040 (ArH), 2950 (CH),
1730 (C=O), 1250 (ArOCH3), 1120 (C–O), 1090 (C–O), 1030
(ArOCH3); dH (300 MHz, CDCl3) 7.33 (1H, d, J = 8.2 Hz, H-8),
6.97 (1H, d, J = 2.3 Hz, H-5), 6.81 (1H, dd, J = 2.3, J = 8.3 Hz,
H-7), 5.26 (1H, d, J = 5.0 Hz, H-9), 4.74 (1H, d, J = 1.5 Hz, H-2),
3.93 (1H, d, J = 8.8 Hz, H-4a), 3.78 (3H, s, CH3O-C6), 3.75 (3H, s,
COOCH3), 3.62 (1H, s, H-3), 3.29 (3H, s, CH3O-C1), 3.08 (1H,
ddd, J = 1.5, J = 5.0, J = 8.8 Hz, H-9a), 2.58 (1H, d, J = 15.2 Hz,
H-12A), 2.40 (1H, d, J = 15.2 Hz, H-12B), 2.21–1.98 (4H, m,
H-11 × 2, H-10 × 2); dC (75 MHz, CDCl3) 171.76 (COO), 160.44
(C6), 144.49 (C4b), 136.47 (C8a), 125.98 (C8), 113,75 (C7), 112.14
(C5), 87.53 (C9), 84.73 (C2), 82.97 (C1), 55.31 (CH3O-C6), 51.59
(COOCH3), 50.59 (C4a), 50.29 (CH3O-C1), 46.63 (C9a), 44.50
(C3), 41.06 (C4), 38.30 (C12), 30.93 (C10), 18.62 (C11); m/z 470
(M+, 65%), 439 (8), 411 (3), 343 (37), 325 (50), 283 (12), 251 (10),
223 (13), 209 (25), 183 (6), 169 (27), 145 (100), 123 (13), 102 (11).


Methyl (1′SR,2′RS,4′RS,4a′RS,9′RS,9a′RS)-1′,6′-dimethoxy-
2′,9′-epoxy-2′,3′,4′,4a′,9′,9a′-hexahydro-1′,4′-ethano-1′H-
fluoren-4′-yl-ethanoate (20)


The iodide 19 (262.3 mg, 0.56 mmol) and azobisisobutyronitrile
(AIBN) (5 mg) were dissolved in anhydrous THF (30 ml) under
a flow of nitrogen. The solution was degassed with nitrogen for
5 minutes then treated with n-Bu3SnH (0.3 ml, 1.1 mmol, 2 eq.).
The resulting solution was stirred at reflux with irradiation from a
tungsten lamp for 60 min. After removal of the solvent, the residue
was purified by flash chromatography on silica gel (petroleum
ether 40–60 ◦C : ethyl acetate = 2 : 1 → 1 : 1) to afford the
product 20 (183 mg, 94.8%) as a colourless oil. Recrystallisation
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from ethyl acetate afforded colourless crystals; mp 98–99 ◦C (from
EtOAc); found: C, 69.37%; H, 6.98%. Calc. for C20H24O5: C,
69.75%; H, 7.02%; mmax/cm−1 3005 (ArH), 2950 (CH), 1730 (C=O),
1260 (ArOCH3), 1150 (C–O), 1085 (C–O), 1030 (ArOCH3); dH


(300 MHz, CDCl3) 7.29 (1H, d, J = 8.2 Hz, H-8), 6.88 (1H,
d, J = 2.2 Hz, H-5), 6.75 (1H, dd, J = 2.2, J = 8.3 Hz, H-7),
5.20 (1H, d, J = 5.0 Hz, H-9), 4.09 (1H, d, J = 7.2 Hz, H-2),
3.73 (3H, s, CH3O-C6), 3.65 (3H, s, COOCH3), 3.36 (1H, d, J =
8.8 Hz, H-4a), 3.24 (3H, s, CH3O-C1), 2.98 (1H, dd, J = 5.0, J =
8.7 Hz, H-9a), 2.38 (1H, d, J = 14.4 Hz, H-12A), 2.05 (1H, d,
J = 14.4 Hz, H-12B), 1.94 (2H, m), 1.80 (1H, m), 1.61 (1H, m),
1.59 (1H, dd, J = 7.2, J = 14.7 Hz, H-3a), 1.20 (1H, dd, J = 2.0,
J = 14.7 Hz, H-3b); dC (75 MHz, CDCl3) 171.90 (COO), 159.83
(C6), 145.75 (C4b), 136.80 (C8a), 125.78 (C8), 113.02 (C7), 111.85
(C5), 83.89 (C9), 82.99 (C1), 77.35 (C2), 55.12 (CH3O-C6), 51.31
(C4a), 51.19 (COOCH3), 51.00 (CH3O-C1), 49.86 (C9a), 41.27
(C3), 40.43 (C4), 34.01 (C12), 32.18 (C10), 18.90 (C11); m/z 344
(M+, 100%), 326 (2), 313 (35), 300 (75), 284 (10), 269 (65), 252
(15), 241 (82), 227 (26), 202 (70), 171 (40), 159 (30), 145 (54), 128
(30), 115 (26), 102 (30), 91 (11).


(1′SR,2′RS,4′RS,4a′RS,9′RS,9a′RS)-1′,6′-Dimethoxy-2′,9′-
epoxy-2′,3′,4′,4a′,9′,9a′-hexahydro-1′,4′-ethano-1′H-
fluoren-4′-yl-ethanoic acid (21)


The methyl ester 20 (172 mg, 0.5 mmol) and potassium hydroxide
(560 mg, 10 mmol, 20 eq.) were dissolved in ethanol (12 ml) and
water (3 ml). The reaction mixture was stirred at room temperature
for 6 h. Ice (80 g) was then added and the mixture was acidified
with 1 M HCl (15 ml) and extracted with chloroform (5 × 20 ml).
The organic phase was dried over sodium sulfate. After filtration,
the solvent was removed under reduced pressure and the residue
was purified by flash chromatography on silica gel (ethyl acetate)
to afford the acid 21 (153 mg, 92.7%), after recrystallisation from
ethyl acetate, as colourless needles; mp 189–190 ◦C (from EtOAc);
found: C, 68.65%; H, 6.67%. Calc. for C19H22O5: C, 69.07%; H,
6.71%; mmax/cm−1 3500 (OH), 3000 (ArH), 2950 (CH), 1705 (C=O),
1248 (ArOCH3), 1200 (C–O), 1085 (ArOCH3), 1030 (ArOCH3);
dH (300 MHz, CDCl3) 7.35 (1H, d, J = 8.2 Hz, H-8), 6.92 (1H,
d, J = 2.2 Hz, H-5), 6.79 (1H, dd, J = 2.2, J = 8.2 Hz, H-7),
5.27 (1H, d, J = 5.1 Hz, H-9), 4.17 (1H, d, J = 7.2 Hz, H-2),
3.77 (3H, s, CH3O-C6), 3.65 (3H, s, COOCH3), 3.44 (1H, d, J =
8.8 Hz, H-4a), 3.28 (3H, s, CH3O-C1), 3.03 (1H, dd, J = 5.0, J =
8.8 Hz, H-9a), 2.47 (1H, d, J = 14.5 Hz, H-12A), 2.12 (1H, d,
J = 14.5 Hz, H-12B), 1.98 (3H, m), 1.70 (1H, m), 1.67 (1H, dd,
J = 7.2, J = 15.2 Hz, H-3a), 1.25 (1H, dd, J = 2.5, J = 15.2 Hz,
H-3b); dC (75 MHz, CDCl3) 174.15 (COO), 159.94 (C6), 145.88
(C4b), 136.41 (C8a), 125.83 (C8), 113.17 (C7), 111.96 (C5), 84.06
(C9), 83.23 (C1), 77.51 (C2), 55.14 (CH3O-C6), 51.25 (C4a), 50.95
(CH3O-C1), 49.80 (C9a), 41.13 (C3), 40.46 (C4), 33.77 (C12), 31.98
(C10), 18.86 (C11); m/z 330 (M+, 100%), 312 (2), 298 (4), 286 (60),
270 (14), 255 (50), 241 (60), 227 (12), 211 (16), 202 (74), 171 (18),
158 (34), 145 (24), 128 (10), 102 (11), 79 (5).


(1SR,2RS,4RS,4aRS,9RS,9aRS)-4-(3′-Diazo-2′-oxopropyl)-
1,6-dimethoxy-2,9-epoxy-2,3,4,4a,9,9a-hexahydro-1,
4-ethano-1H-fluorene (10)


Sodium hydride (60% in mineral oil, 80 mg, 2 mmol, 6 eq.) was
washed with anhydrous THF (3 times). The acid 21 (110 mg,


0.33 mmol) in THF (8 ml) was then added via a cannula and
washed with THF (6 ml). The resulting suspension was stirred at
ambient temperature for 20 min. DMF (160 ll, 2 mmol, 6 eq.)
was added, followed by oxalyl chloride (180 ll, 2.1 mmol, 6 eq.)
at 0 ◦C. The reaction mixture was stirred at room temperature
under nitrogen for 20 h, then carefully filtered into an ethereal
diazomethane solution at 0 ◦C. The reaction was allowed to
proceed at room temperature for 30 min. The resulting mixture
was filtered through a short column of silica gel and washed with
ethyl acetate. After removal of the solvent, the residue was purified
by flash chromatography on silica gel (petroleum ether 40–60 ◦C :
ethyl acetate = 2 : 1 → 1 : 1 → 1 : 2 → 0 : 1) to yield the diazo
ketone 10 (88 mg, 74.6%) as a yellow oil; mmax/cm−1 3000 (ArH),
2950 (CH), 2110 (CHN2), 1670 (C=O); dH (300 MHz, CDCl3) 7.34
(1H, d, J = 8.2 Hz, H-8), 6.92 (1H, d, J = 2.4 Hz, H-5), 6.78 (1H,
dd, J = 2.4, J = 8.2 Hz, H-7), 5.24 (1H, d, J = 5.1 Hz, H-9),
5.20 (1H, br s, CHN2), 4.12 (1H, d, J = 7.2 Hz, H-2), 3.77 (3H, s,
CH3O-C6), 3.47 (1H, d, J = 8.8 Hz, H-4a), 3.28 (3H, s, CH3O-
C1), 3.01 (1H, ddd, J = 1.5, J = 5.1, J = 8.8 Hz, H-9a), 2.38
(1H, d, J = 14.4 Hz, H-12A), 2.04 (1H, d, J = 14.4 Hz, H-12B),
1.96 (3H, m), 1.64 (2H, m), 1.20 (1H, dd, J = 2.5, J = 14.7 Hz,
H-3b); dC (75 MHz, CDCl3) 193.45 (CO), 159.94 (C6), 146.12
(C4b), 136.98 (C8a), 125.95 (C8), 113.14 (C7), 112.24 (C5), 84.04
(C9), 83.14 (C1), 77.64 (C2), 55.41 (CH3O-C6), 55.37 (CHN2),
51.83 (CH3O-C1), 51.18 (C4a), 50.02 (C9a), 44.48 (C12), 41.57
(C3), 35.12 (C10), 32.28 (C4), 19.08 (C11); m/z 354 (M+, 4%), 326
(100), 298 (51), 283 (20), 270 (17), 251 (35), 241 (80), 223 (44),
202 (58), 171 (37), 158 (52), 146 (76), 128 (33), 102 (34), 91 (20),
71 (27).


(3aSR,5SR,5aRS,6RS,10bRS,10cRS,10eRS)-5,9-Dimethoxy-
6,11-epoxy-2-oxo-2,3,3a,4,5,5a,6,10b-octahydro-5,10c-ethano-
1H-cyclopenta[c]-fluorene (22)


A solution of diazoketone 10 (3 mg, 0.0085 mmol) in
dichloromethane (2 ml) was added to a suspension of Rh2


(mandelate)4 (0.2 mg) in dichloromethane (2 ml) at reflux. After
the addition, the resulting mixture was stirred at reflux for a further
10 min. One drop of DBU was added and stirring was continued
for another 2 min. After removal of the solvent, the residue was
purified by flash chromatography on silica gel (ethyl acetate) to
afford an inseparable mixture of C–H insertion products (3aa :
3ab = 2 : 1; 1.3 mg, 46.9%) as a colourless oil.


Major isomer. dH (300 MHz, CDCl3) 7.38 (1H, d, J = 8.3 Hz,
H-7), 6.82 (1H, dd, J = 2.3, J = 8.3 Hz, H-8), 6.62 (1H, d, J =
2.3 Hz, H-10), 5.27 (1H, d, J = 5.4 Hz, H-6), 4.34 (1H, d, J =
8.5 Hz, H-11a), 3.79 (3H, s, CH3O-C9), 3.33 (3H, s, CH3O-C5),
3.11 (1H, dd, J = 1.8, J = 8.7 Hz, H-10b), 3.02 (1H, ddd, J = 1.7,
J = 5.4, J = 8.7 Hz, H-5a), 2.70–2.55 (2H, m), 2.45–2.30 (2H, m),
2.25 (1H, m), 1.93–1.60 (3H, m), 1.54 (1H, ddd, J = 2.0, J = 8.5,
J = 13.9 Hz, H-12a).


Minor isomer. dH (300 MHz, CDCl3) 7.38 (1H, d, J = 8.3 Hz,
H-7), 6.82 (1H, dd, J = 2.3, J = 8.3 Hz, H-8), 6.62 (1H, d, J =
2.3 Hz, H-10), 5.36 (1H, d, J = 5.4 Hz, H-6), 4.13 (1H, dd, J = 1.7,
J = 8.5 Hz, H-11a), 3.79 (3H, s, CH3O-C9), 3.32 (3H, s, CH3O-
C5), 3.22 (1H, dd, J = 1.8, J = 8.7 Hz, H-8), 3.16 (1H, ddd, J =
1.7, J = 5.4, J = 8.7 Hz, H-5a), 2.90–1.50 (9H, m).
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(2RS,3RS,3aRS,10aRS,10bRS)-3,7-Dimethoxy-2,4-epoxy-
1,2,3,3a,4,5-hexahydro-10H ,10bH-3,10a-ethanocyclohept[bc]-
acenaphthylen-9-one (23)


A solution of the diazoketone 10 (21 mg, 0.06 mmol) in toluene
(5 ml) was added dropwise to a solution of copper(II) bis(N-tert-
butylsalicylaldiminato) (3 mg) in toluene (3 ml) at reflux. After the
addition, the resulting mixture was stirred at reflux for a further
15 min. The reaction mixture was cooled to room temperature and
one drop of DBU was added. After stirring for 30 min at 40 ◦C
(oil bath), the solvent was removed and the residue was purified
by flash chromatography on silica gel (petroleum ether 40–60 ◦C :
ethyl acetate = 1 : 1 → 1 : 5 → 0 : 1) to afford the product 23
(5.8 mg, 30%) as a yellow oil; mmax/cm−1 2924 (CH), 1730 (C=O),
1660 (C=O), 1245 (CC=OC); dH (300 MHz, CDCl3) 5.91 (1H, s,
H-8), 5.44 (1H, dd, J = 2.6, J = 5.6 Hz, H-6), 4.89 (1H, d, J =
3.7 Hz, H-4), 4.07 (1H, d, J = 5.0 Hz, H-2a), 3.50 (3H, s, CH3O-
C7), 3.30 (3H, s, CH3O-C3), 3.11 (1H, d, J = 10.2 Hz, H-10b), 3.01
(1H, m, H-5a), 2.87 (1H, dd, J = 3.8, J = 9.9 Hz, H-3a), 2.10–1.85
(3H, m), 1.70–1.45 (6H, m); dC (75 MHz, CDCl3) 197.37 (C9,CO),
155.47 (C7), 148.49 (C4a), 143.76 (C10c), 130.04 (C8a), 120.77
(C8), 94.75 (C6), 84.55 (C4), 83.67 (C3), 78.32 (C2), 55.82 (CH3O-
C7), 50.29 (C10b), 49.39 (CH3O-C3), 47.43 (C10a), 45.57 (C3a),
38.69 (C12), 34.16 (C11), 33.99 (C10), 32.00 (C5), 19.18 (C1); m/z
326 (M+, 94%), 325 (100), 310 (7), 295 (8), 281 (14), 265 (20),
249 (44), 237 (20), 224 (65), 211 (24), 178 (10), 167 (7), 158 (23),
139 (9), 128 (11), 115 (18), 91 (5), 71 (10).
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The synthesis and the binding affinity for the putative
adenosine receptor antagonist 6-methyl-7-[1,2,3]triazol-2-yl-
1,6-dihydrobenzo[1,2-d;3,4-d ′]diimidazole (10) and 5-oxazol-
2-yl-1H-pyrazolo[4,3-b]pyridin-3-ylamine (16) are reported.
The title compounds were prepared from commercially
available 1-chloro-2,4-dinitrobenzene (1) and 2-chloro-6-
methoxy-3nitropyridine (11), respectively, but proved devoid
of affinity for the adenosine A1 and A2A receptors.


Introduction


Adenosine modulates a great variety of biological functions both
in the nervous system and peripheral tissues.1 At least four
adenosine receptor subtypes, A1, A2 (A2A, A2B), and A3 have been
identified.2 There is evidence that potent and selective A2A receptor
antagonists can be useful for the treatment of neurodegenerative
disorders, such as Parkinson’s disease.3–5 In this scenario, we
reported the synthesis of 2-n-butyl-9-methyl-8-[1,2,3]triazol-2-
yl-9H-purin-6-ylamine and analogues and their A2A receptor
antagonist properties.6 In connection with our ongoing studies
on a new heterocyclic scaffold for A2A receptor antagonists,
we designed and synthesized 6-methyl-7-[1,2,3]triazol-2-yl-1,6-
dihydrobenzo[1,2-d;3,4-d ′]diimidazole (10) and 5-oxazol-2-yl-1H-
pyrazolo[4,3-b]pyridin-3-ylamine (16) to explore their A2A affinity
and intrinsic activity. The two structures contain the pharma-
cophoric groups required for interaction with the A2A receptor.
The present paper describes the synthesis of 10 and 16 from
cheap, commercially available starting materials, along with their
biological activities.


Results and discussion


Unlike symmetric benzo[1,2-d;3,4-d ′]diimidazoles, which are ad-
equately reported in the literature,7,8 very few examples of unsym-
metric derivatives are known. A limited and non-general synthetic
procedure for the synthesis of unsymmetric dialkyl derivatives
employed 4-nitro-5-amino-2,1,3-benzothiadiazole,9 which, via a
sequence of reduction–cyclization–reduction–cyclization with two
different alkyl carboxylic acids, furnished 2,5-dialkylbenzo[1,2-
d;3,4-d ′]diimidazoles.10 This method cannot be used for compound
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10, because of the leaving group properties of the [1,2,3]triazole
group of the [1,2,3]triazole-2-carboxylic acid or [1,2,3]triazole-
2-carbaldehyde required for the cyclization step. We resorted
therefore to the alternative procedures that are reported here.


The synthesis of 6-methyl-7-[1,2,3]triazol-2-yl-1,6-dihydro-
benzo[1,2-d;3,4-d ′]diimidazole (10) is described in Scheme 1.
N1-Methyl-4-nitrobenzene-1,2-diamine (3) was prepared from
commercially available 1-chloro-2,4-dinitrobenzene according to
the literature.11,12 Annelation of 3 with triethyl orthoformate
produced 1-methyl-5-nitro-1H-benzoimidazole (4).13 Chlorina-
tion of 4 with lithium diisopropylamide–N-chlorosuccinimide and
reduction with tin in hydrochloric acid gave 6.14 Nitration of 6
using sodium nitrate in trifluoroacetic acid15 and reduction with
tin in hydrochloric acid afforded 8. Cyclization of 8 with triethyl
orthoformate gave 9, that was substituted with 1H-1,2,3-triazole.16


The reaction gave a mixture of two regioisomers (1-triazole
and 2-triazole derivatives) with a total yield of 80%. Because
of similar Rf values of these compounds, it was not possible
to purify them by flash chromatography (eluent: ethyl acetate–
methanol 95 : 5). However, under these conditions, fractions
enriched in the 2-triazole derivative were obtained. The fractions
containing the mixture of the two regioisomers were treated with a
solution of hydrobromic acid (48% in water) at room temperature
in chloroform. Under these conditions, the 1-triazole derivative
yielded degradation products, whereas the 2-triazole derivative
(10) was stable. Compounds 9 and 10 exist in two tautomeric
species that can be observed by 1H NMR (DMSO-d6 at ca.
0.0042 M).10,17


Compound 16 is based on a 3-aminopyrazole moiety, a well-
known adenino mimetic pharmacophore present in several classic
inhibitors.18–20 The NH2C=N–NH pattern of the 3-aminopyrazole
moiety was introduced via the single-step procedure where
the amino group was directly converted to aminopyrazole by
sequential diazotation–reduction–annelation, whereas a typical
procedure makes use of hydrazine as a source of dinitrogen.21


Regioselective introduction of the C-2 unsubstituted oxazole
(1,2,3-triazole analogue) was achieved by a palladium(0) catalyzed
cross-coupling reaction.22 All the other reported methods of
construction of the unsubstituted oxazole ring failed on our
substrate.23–25


The synthesis of 5-oxazol-2-yl-1H-pyrazolo[4,3-b]pyridin-3-
ylamine (16) is described in Scheme 2. The 6-methoxy-3-
nitropyridine-2-carbonitrile (12), obtained from commercially
available 2-chloro-6-methoxy-3-nitropyridine (11) and copper(I)
cyanide,26 gave 6-chloro-3-nitropyridine-2-carbonitrile (13) under
Vilsmeier–Haack conditions.27 Reaction of 13 with oxazol-2-yl-
zinc chloride, prepared in situ by addition of excess zinc chloride
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Scheme 1 Reagents and conditions: (i) EtOH, CH3NH2, rt, 15 h; (ii) CH3CN, TEA, Pd/C, HCOOH, 80 ◦C, 3 h; (iii) DMF, CH(OEt)3, HCl 12 N, rt, 1 h;
(iv) (1) THF, LDA, −78 ◦C, 1 h, (2) NCS, rt, 10 min; (v) HCl 12 N, Sn, 90 ◦C, 1 h; (vi) CF3COOH, NaNO3, 0 ◦C, 3 h, rt, 6 h; (vii) HCl 12 N, Sn, 90 ◦C,
1 h; (viii) DMF, CH(OEt)3, HCl 12 N, 0 ◦C, 1 h, rt, 3 h; (ix) DMF, NaH, 1H-1,2,3-triazole, 100 ◦C, 20 h.


Scheme 2 Reagents and conditions: (i) DMF, CuCN, 90 ◦C, 5 h; (ii) DMF, POCl3, 95–99 ◦C, 42 h; (iii) THF, oxazole, BuLi, ZnCl2, Pd(PPh3)4, 90 ◦C,
4 h; (iv) MeOH, Fe, HCl 1 M, 60 ◦C, 1 h; (v) (1) HCl 37%, 0 ◦C, 2 min; (2) NaNO2, 0 ◦C, 15 min; (3) SnCl2·2H2O–HCl 37%, 80 ◦C, 2 h.


to oxazol-2-lithium, in the presence of palladium(0) catalyst, gave
3-nitro-6-oxazol-2-pyridine-2-carbonitrile (14). Reduction of 14
with Fe powder in hydrochloric acid afforded 15. Compound 16
was obtained by sequential treatment of 15 with sodium nitrite in
aqueous hydrochloric acid and reduction with tin(II) chloride.28


Table 1 reports the affinity [Ki (nM)] values of compounds
10 and 16 for the A1, and cloned human A2A receptors (h-
A2A), expressed in CHO-K1 (A1) and HEK-293 (A2A) cells
(human embryo kidney cells). Radioligand [3H]-DPCPX was used
for competition binding assays on A1 receptors whereas [3H]-
CGS21680 was used for h-A2A.6 Compounds 10 and 16 displayed
unsatisfactory affinity for the adenosine A2A receptor.


Conclusions


In summary, we have designed, synthesized and biologically
evaluated compounds 10 and 16. Even though low affinity bind-
ings resulted for these compounds, a new and reliable synthetic


Table 1 Affinity K i (nM) and selectivity for the adenosine receptors


Compounds A2A A1 A1–A2a


10 3374.7 2445 0.72
16 >10 000 >10 000


K i values represent replicate determinations and SEM are within ±20%.


procedure for the preparation of a new and interesting heterocyclic
scaffold was reported.


Experimental


General comments


1H NMR and 13C NMR spectra were recorded on a Bruker AC
200 spectrometer; chemical shifts (d scale) are reported in parts
per million (ppm) relative to the central peak of the solvent.
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Coupling constants (J values) are given in Hertz (Hz). EI-MS
spectra (70 eV) were taken on a Fisons Trio 1000. Molecular
ions (M+) and base peaks only are given. Melting points were
determined on a Büchi SMP-510 capillary melting point apparatus
and are uncorrected. Column chromatography purifications were
performed in flash conditions using Merck 230–400 mesh silica gel.
Thin-layer chromatography (TLC) was carried out with silica gel
plates. Elemental analyses were performed by REDOX, Milan,
Italy, and were within ±0.4 of the theoretical values (C,H,N).
The solvents used for purification were purchased from Carlo
Erba (Italy) with the exception of N,N-dimethylformamide and
dichloromethane that were purchased from Fluka. The reactants
were purchased from Aldrich, Fluka and Lancaster. Binding
experiments were carried out as previously reported.6


(2,4-Dinitrophenyl)methylamine (2). Methylamine (40% w/w
solution; 34 mL) was added to a solution of 1-chloro-2,4-
dinitrobenzene (1) (12.3 g, 61 mmol) in ethanol (120 mL), at
0 ◦C. The mixture was stirred at room temperature for 15 h. The
solvent was evaporated under reduced pressure and the brown oil
residue was treated with hot water. The precipitate was filtered and
dried on a stove to yield 12.1 g (100%) of 2, mp 171 ◦C; 1H NMR
(CDCl3) d 3.17 (d, 3H, J = 5.2 Hz), 6.94 (d, 1H, J = 9.5 Hz), 8.32
(dd, 1H, J = 2.7 and 9.5 Hz), 8.56 (br s, 1H), 9.16 (d, 1H, J = 2.7
Hz); ms: m/e 197 (M+), 167, 105. Anal. Calcd. for C7H7N3O4: C,
42.72; H, 3.58; N, 21.31. Found: C, 42.72; H, 3.27; N, 21.22%.


N1-Methyl-4-nitrobenzene-1,2-diamine (3). Pd/C (10%;
0.67 g) was added to a solution of (2,4-dinitrophenyl)methylamine
(2) (12.14 g, 60.9 mmol) in acetonitrile (35 mL) and triethylamine
(36.4 mL). The mixture was cooled to −15 ◦C and then formic
acid (11.1 mL) in acetonitrile (35 mL) was added. The mixture
was refluxed for 3 h and then the solvent was evaporated under
reduced pressure to yield 10 g (99%) of 3 as a red liquid, 1H NMR
(CDCl3) d 2.96 (s, 3H), 6.51 (d, 1H, J = 8.8 Hz), 7.59 (d, 1H, J =
2.6 Hz), 7.83 (dd, 1H, J = 2.6 and 8.8 Hz); ms: m/e 167 (M+),
137, 121, 105, 94.


General procedure for the annelation of 3 and 8 to give 4 and
9. Hydrochloric acid (12 N solution, 1.7 mL) was added to a
solution of 3 or 8 (15.2 mmol) in triethyl orthoformate (97 mL) and
N,N-dimethylformamide (added with stirring until the turbidity
disappeared). The mixture was stirred at room temperature for
12 h, under a nitrogen atmosphere. The solvent was evaporated
under reduced pressure and the brown oily residue was purified by
flash chromatography on silica gel (cyclohexane–ethyl acetate 2 :
8) to give 4 and 9 in 85% and 100% yield, respectively.


1-Methyl-5-nitro-1H-benzoimidazole (4). The compound was
obtained as a white solid, mp 211–215 ◦C; 1H NMR (CDCl3): d
3.94 (s, 3H), 7.47 (d, 1H, J = 8.9 Hz), 8.07 (s, 1H), 8.28 (d, 1H, J
= 8.9 Hz), 8.74 (s, 1H); ms: m/e 177 (M+), 147, 131, 116. Anal.
Calcd. for C8H7N3O2: C, 54.24; H, 3.98; N, 23.72. Found: C, 54.02;
H, 4.03; N, 23.98%.


7-Chloro-6-methyl-1,6-dihydrobenzo[1,2-d;3,4-d ′]diimidazole (9).
The compound was obtained as a white solid, mp 224–230 ◦C;
1H NMR (CDCl3) d 3.86 (s, 3H), 7.20 (d, 1H, J = 8.7 Hz), 7.71
(d, 1H, J = 8.7 Hz), 7.96 (br, 1H), 8.04 (s, 1H); ms: m/e 208–206
(M+), 193–191. Anal. Calcd. for C9H7ClN4: C, 52.31; H, 3.41; N,
27.11. Found: C, 52.11; H, 3.72; N, 26.85%.


2-Chloro-1-methyl-5-nitro-1H-benzoimidazole (5). 2 M lithium
diisopropylamide in THF–heptane–ethylbenzene (1.2 mL, 2.4
mmol) was added dropwise to a solution of 4 (1.33 mmol, 235
mg) in anhydrous THF (3.3 mL), under a nitrogen atmosphere
at −78 ◦C. The solution was stirred at this temperature for
60 min, and then N-chlorosuccinimide (2.65 mmol, 353 mg) was
added. This solution was stirred at room temperature for 10 min
and then a saturated ammonium chloride solution was added.
The mixture was extracted with dichloromethane, the organic
phase was washed with brine and dried over anhydrous sodium
sulfate. The solvent was evaporated under reduced pressure and
the residue was purified by flash chromatography on silica gel
(cyclohexane–ethyl acetate 1 : 1) to yield 210 mg (75%) of 5, mp:
undeterminable—rubber-like substance; 1H NMR (CDCl3) d 3.88
(s, 3H), 7.40 (d, 1H, J = 8.9 Hz), 8.28 (dd, 1H, J = 2.0 and 8.9
Hz), 8.61 (d, 1H, J = 2.0 Hz); ms: m/e 213–211 (M+), 183–181,
167–165, 155–153, 130.


General procedure for the reduction of 5 and 7 to give 6 and
8. A solution of 5 or 7 (8.51 mmol) in hydrochloric acid (12 N
solution, 7 mL) was heated to 90 ◦C. Tin powder (3 g, 25.3 mmol)
was added in five portions over a period of one minute. This
solution was stirred at 90 ◦C for 15 min, cooled at 0 ◦C, diluted
with water (100 mL) and basified with 30% sodium hydroxide
solution. The aqueous phase was extracted with ethyl acetate and
the combined organic layers were washed with brine, dried over
anhydrous sodium sulfate and evaporated under reduced pressure.


2-Chloro-1-methyl-1H-benzoimidazol-5-ylamine (6). The
crude product obtained from the reduction of 5 was purified by
flash chromatography on silica gel (ethyl acetate) to yield 1.4 g
(93%) of 6, mp 145–147 ◦C; 1H NMR (CDCl3): d 3.74 (s, 3H),
6.72 (dd, 1H, J = 2.1 and 8.5 Hz), 6.99 (d, 1H, J = 2.1 Hz), 7.08
(d, 1H, J = 8.5 Hz); ms: m/e 183–181 (M+), 168–166, 131. Anal.
Calcd. for C8H8ClN3: C, 52.90; H, 4.44; N, 23.14. Found C, 52.73;
H, 4.22; N, 22.95%.


2-Chloro-1-methyl-1H-benzoimidazole-4,5-diamine (8). The
crude product obtained from the reduction of 7 was used in the
following reaction without further purification, to yield a rubber
like substance of undeterminable mp; ms: m/e 198–196 (M+),
183–181, 154.


2-Chloro-1-methyl-4-nitro-1H-benzoimidazol-5-ylamine (7).
A mixture of 2-chloro-1-methyl-1H-benzoimidazol-5-ylamine
(6) (100 mg, 0.552 mmol), sodium nitrate (52 mg, 0.60 mmol)
and trifluoroacetic acid (2 mL) was stirred at 0 ◦C for 3 h and
room temperature for 6 h. The mixture was poured into ice water
and basified (pH 10) with 30% sodium hydroxide solution. The
aqueous phase was extracted with ethyl acetate, and the organic
layers were washed with brine, dried over anhydrous sodium
sulfate and evaporated under reduced pressure. The residue was
purified by flash chromatography on silica gel (cyclohexane–ethyl
acetate 1 : 1) to yield 80 mg (67%) of 7, mp 237–241 ◦C; 1H NMR
(CDCl3): d 3.79 (s, 3H), 6.2 (br, 2H), 6.75 (d, 1H, J = 8.9 Hz), 7.3
(d, 1H, J = 8.8 Hz); ms: m/e 228–226 (M+), 211–209, 198–196,
180. Anal. Calcd. for C8H7ClN4O2: C, 42.40; H, 3.11; N, 24.72.
Found C, 42.65; H, 3.27; N, 24.48%.


6(3)-Methyl-7(2)-[1,2,3]triazol-2-yl-1(3),6-dihydrobenzo[1,2-d;
3,4-d ′]diimidazole (10). 1H-1,2,3-triazole (0.18 mL, 2.5 mmol)
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was added dropwise to a suspension of anhydrous N,N-
dimethylformamide (2 mL) and sodium hydride (80% in paraffin,
92 mg, 2.5 mmol) under a nitrogen atmosphere. The mixture was
stirred for 1 h. A solution of 9 (1.7 mmol, 350 mg) in anhydrous
N,N-dimethylformamide (5 mL) was added, dropwise, and the
resulting mixture stirred at 100 ◦C for 20 h.


The solvent was removed under reduced pressure, and water
was added to the residue. The aqueous phase was extracted with
dichloromethane, and the collected organic layers were dried over
anhydrous sodium sulfate and evaporated under reduced pressure.
Based on HPLC analysis, the ratio between the two triazole
regioisomers was 30 : 70 (10–10′). The residue was purified by
flash chromatography on silica gel (ethyl acetate–methanol 95 :
5) (under these conditions, it was possible to obtain a fraction
enriched in the 2-triazole derivative). The fractions containing
the mixture of the two regioisomers were dissolved in chloroform
and then 6 drops of a solution of hydrobromic acid (48% w/w in
water) were added. The mixture was stirred at room temperature
for 5 min (under these conditions, the 1-triazole derivative yielded
degradation products). The solution was diluted with water and
rendered alkaline (pH 10) with 30% sodium hydroxide solution
at 0 ◦C. The aqueous phase was extracted with ethyl acetate, and
the organic layers were dried over anhydrous sodium sulfate and
evaporated under reduced pressure. The residue was purified by
flash chromatography on silica gel (dichloromethane–acetone 98 :
2) to give 83 mg (25%) of 10, mp 280–282 ◦C; 1H NMR (CDCl3):
d 4.15 (s, 3H), 7.37 (d, 1H, J = 8.9 Hz), 7.87 (d, 1H, J = 8.9 Hz),
8.03 (s, 2H), 8.10 (s, 1H); 1H NMR (DMSO-d6, 0.0042 M, 298
K): d 3.91 (s, 3H), 3.95 (s, 3H), 7.4–7.7 (m, 4H), 8.20 (s, 1H), 8.25
(s, 1H), 8.35 (s, 4H), 12.71 (br, 1H), 13.26 (br, 1H); ms: m/e 239
(M+), 184, 158.


Anal. Calcd. for C11H9N7: C, 55.22; H, 3.79; N, 40.98. Found
C, 54.89; H, 4.02; N, 41.17%.


6-Methoxy-3-nitropyridine-2-carbonitrile (12). Copper(I)
cyanide (5.7 g, 63.49 mmol) was added to a solution of 2-
chloro-6-methoxy-3-nitropyridine (11) (4 g, 21.16 mmol) in
N,N-dimethylformamide (40 mL). The mixture was stirred at
90 ◦C for 5 h. The solution was poured into a water–ethyl acetate
(100 : 100) mixture and stirred for 5 min. The solution was filtered
over Celite. The layers were separated, the organic phase washed
with water and brine, dried over anhydrous sodium sulfate and
evaporated under reduced pressure. The residue was purified by
flash chromatography on silica gel (cyclohexane–ethyl acetate 8 :
2) to yield 3.2 g (84%) of 12, mp 85–87 ◦C; 1H NMR (CDCl3): d
4.12 (s, 3H), 7.10 (d, 1H, J = 9.2 Hz), 8.45 (d, 1H, J = 9.2 Hz);
ms: m/e 179 (M+), 149, 133, 118. Anal. Calcd. for C7H5N3O3: C,
46.93; H, 2.81; N, 23.46. Found C, 47.07; H, 2.69; N, 23.07%.


6-Chloro-3-nitropyridine-2-carbonitrile (13). Phosphoryl chlo-
ride (338 mg, 2.2 mmol) was added to a solution of 12 (179 mg,
1 mmol) in dry N,N-dimethylformamide (16 mL) at 0 ◦C. The
mixture was stirred at this temperature for 1 h and then heated
at 95–99 ◦C for 42 h; 1 mmol of phosphoryl chloride was added
every 14 h. The solution was cooled to 0 ◦C, quenched by adding
saturated sodium acetate solution and warmed in a water bath
for 3 min. After cooling, the mixture was extracted with ethyl
acetate and the organic phases were washed with water, dried over
anhydrous sodium sulfate and evaporated under reduced pressure.
The residue was purified by flash chromatography on silica gel


(cyclohexane–dichloromethane 4 : 6) to yield 110 mg (60%) of 13,
mp 118–120 ◦C; 1H NMR (CDCl3): d 7.80 (d, 1H, J = 7.2 Hz),
8.58 (d, 1H, J = 7.2 Hz); ms: m/e 185–183 (M+), 139–137, 125,
101. Anal. Calcd. for C6H2ClN3O2: C, 39.26; H, 1.10; N, 22.89.
Found C, 39.64; H, 1.32; N, 22.74%.


3-Nitro-6-oxazol-2-ylpyridine-2-carbonitrile (14). 2.5 M n-
butyl lithium in hexane (0.15 mL, 0.38 mmol) was added to
a deoxygenated, cooled (−70 ◦C) solution of oxazole (25 lL,
0.38 mmol) in THF (2 mL). The mixture was stirred at −70 ◦C
for 30 min and then 1 M zinc chloride in ether (1.14 mL,
1.14 mmol) was added. The reaction was warmed to 0 ◦C and
maintained at this temperature for 1 h. To this mixture was
added a solution of 13 (70 mg, 0.38 mmol) in deoxygenated THF
(2 mL) and tetrakis(triphenylposphine)palladium(0) [Pd(PPh3)4]
(44 mg, 0.038 mmol). The resulting mixture was refluxed for
4 h. The mixture was then cooled, diluted with ethyl acetate and
washed with water and brine. The organic phase was dried over
anhydrous sodium sulfate and evaporated under reduced pressure.
The residue was purified by flash chromatography on silica gel
(cyclohexane–ethyl acetate 6 : 4) to give 16 mg (20%) of 14, mp
116–118 ◦C; 1H NMR (CDCl3) d 7.47 (s, 1H), 7.98 (s, 1H), 8.59
(d, 1H, J = 8.8 Hz), 8.74 (d, 1H, J = 8.8 Hz); ms: m/e 216 (M+),
186, 170. Anal. Calcd. for C9H4N4O3: C, 50.01; H, 1.87; N, 25.92.
Found C, 49.87; H, 2.03; N, 26.13%.


3-Amino-6-oxazol-2-ylpyridine-2-carbonitrile (15). Powdered
iron (1 mmol, 56 mg) was added to a solution of 14 (0.5 mmol,
108 mg) in methanol (2 mL) and hydrochloric acid (1 N solution,
9.8 mL). The mixture was stirred at 60 ◦C for 1 h and then basified
(pH 10) with 1 N sodium hydroxide solution and filtered through
a Celite cake, which was washed with several portions of ethyl
acetate and methanol. The layers were separated, and the aqueous
phase was extracted with additional ethyl acetate. The combined
organic phases were washed with brine, dried over anhydrous
sodium sulfate and evaporated under reduced pressure, to give
a residue that was used for the following reaction without further
purification, 1H NMR (CDCl3): d 4.74 (br, 2H), 7.23 (d, 1H, J =
8.6 Hz), 7.25 (s, 1H), 7.78 (s, 1H), 8.12 (d, 1H, J = 8.6 Hz); ms:
m/e 186 (M+), 158, 105.


5-Oxazol-2-yl-1H-pyrazolo[4,3-b]pyridin-3-ylamine (16). A
mixture of 15, hydrochloric acid (12 N solution, 2 mL) and
water (1 mL) was stirred until a complete solution was obtained.
The solution was cooled to 0 ◦C and then a pre-chilled (0 ◦C)
solution of sodium nitrate (40 mg, 0.57 mmol) in water (1 mL)
was added dropwise. After 15 min, a pre-chilled solution of tin(II)
chloride dihydrate (283 mg, 1.25 mmol) in hydrochloric acid (12
N solution, 2 mL) was added dropwise. The resulting mixture was
stirred at room temperature for 1 h and then heated at 80 ◦C for
2 h. The mixture was cooled, basified with 30% sodium hydroxide
solution and extracted with ethyl acetate. The combined organic
layers were washed with brine, dried over anhydrous sodium
sulfate and evaporated under reduced pressure. The residue was
purified by flash chromatography on silica gel (ethyl acetate) to
yield 20 mg (26%) of 16, mp > 250 ◦C degradation (ethyl acetate);
1H NMR (CDCl3): d 4.69 (br, 2H), 6.99 (s, 1H), 7.33 (s, 1H), 7.76
(d, 1H, J = 8.9 Hz), 7.83 (s, 1H), 8.18 (d, 1H, J = 8.9 Hz); ms:
m/e 201 (M+), 172. Anal. Calcd. for C9H7N5O: C, 53.73; H, 3.51;
N, 34.81. Found C, 53.89; H, 3.64; N, 35.03%.
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Knowledge of the local polarity of specific cavities in biopolymers can facilitate the design of selective
low MW ligands that impact the structure and function of macromolecules. The most common tools
for interrogating local polarity are fluorescent probes that are sensitive to their microenvironment.
Researchers often evaluate and express this local polarity using dielectric constants, a parameter that
reflects an inherent bulk property. A more appropriate expression should take into account
solvent–solute interactions at the molecular level. Reevaluation of commonly used fluorophores
illustrates the improved correlation between observed Stokes shift changes and ET(30) values as
compared to the corresponding dielectric constants.


Introduction


Experimentalists as well as theoreticians
have struggled, for a while, with the
proper description of the polarity within
confined spaces inside biopolymers. The
notion of microenvironment polarity is,
of course, of key importance, since intra-
and intermolecular forces (such as H-
bonding) are critically dependent on their
surroundings, and particularly, on the
attenuating (or strengthening) power of
solvent molecules.1 In recent years, ele-
gant approaches utilizing environmentally
sensitive fluorescent probes, have been
employed in an attempt to quantify the
polarity of biological cavities, both in
proteins and nucleic acids. These attempts
are telling and informative, but suffer from
two major predicaments: (a) any probe
placed within the cavity to be assessed
inherently modifies the molecular archi-
tecture of the native environment, and
(b) many studies have utilized dielectric
constants as their gauge, a parameter that
defines bulk solvent property and not an
anisotropic medium. It is the latter aspect
that is discussed here.


Department of Chemistry and Biochemistry, Uni-
versity of California, San Diego, La Jolla, CA
92093, USA
† Electronic supplementary information (ESI)
available: Synthesis and spectroscopic details.
See DOI: 10.1039/b707719j


Expression of polarity


Medium effects on the structure, confor-
mation and reactivity of small and large
molecules have been at the foundation of
physical chemistry. Early studies utilized
dielectric constants, or relative permittiv-
ity, as a measure of polarity, expressed
in units of Debye (D). Such values rep-
resent a molecule’s ability to attenuate an
electric field generated between macro-
scopically distant electrodes relative to
vacuum (e = 1 by definition). It can be
viewed as a measure of bulk polarizability,
the capability of molecules to respond
to the applied field and reorganize to
minimize the generated potential. Polar
solvents, such as water and low MW alco-
hols, are capable of effectively attenuating
the generated field, and therefore have
relatively high dielectric constants, while
apolar solvents, such as hydrocarbons,
with little or no ability to respond to an
applied field, are characterized by very low
dielectric constants. It is intuitively clear
that such values, representing bulk order
or disorder, do not faithfully represent the
first or second solvation spheres surround-
ing a solute molecule, or the environment
within a small molecular cavity.2


Experimental support for such di-
chotomy has emerged in early physical
organic studies where, for example, rates
of solvolysis reactions were measured in
diverse media and showed no correlation
with dielectric constants. Early attempts


to develop reliable microscopic solvent
polarity scales evaluated the impact of
solvents on the chemical reactivity of
alkyl halides and fundamentally relied on
linear free energy relationships (LFER).3


The Y scale, developed by Grunwald and
Weinstein,3 yielded a quantitative measure
for solvents′ ionization power, but was
limited in terms of its general applica-
bility, range of solvents and cumbersome
determination.4 The turning point came
when spectroscopic approaches were con-
ceived. The use of chromophoric charge
transfer complexes to energetically de-
fine solvent polarity was pioneered by
Kosower.5 The Z value solvent polarity
scale relied on a simple measurement of the
absorption maximum of a charge transfer
complex. A related scale, that has gained
popularity due to its ease of use and
coverage of a wide range of solvents and
solvent mixtures, was developed by Dim-
roth and Reichardt. An ET(30) value (given
in kcal mol−1) is similarly determined by
measuring a charge transfer band of a
pyridinium betaine dye (1) (Fig. 1).6,7 Val-
ues for the dielectric constant and ET(30)
values for selected solvents are depicted in
Table 1.


Although a number of other ways to
express polarity have been explored,7,8 this
article focuses on the comparison between
the commonly used dielectric constant and
ET(30) values in the expression of polarity
as derived from changes in the Stokes shift
of polarity sensitive probes.
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Table 1 Polarity parameters of common solventsa


Solvents e/D n Df ET(30)/kcal mol−1


Hexane 1.889 1.375 0.000 31.0
1,4-Dioxane 2.219 1.422 0.022 36.0
2-Propanol 20.190 1.377 0.277 48.4
1-Propanol 20.800 1.384 0.275 50.7
Ethanol 25.290 1.360 0.290 51.9
Methanol 33.520 1.329 0.309 55.4
Water 80.180 1.333 0.320 63.1


a See ESI for references.


Fig. 1 Reichardt’s dye (1), polarity sensitive fluorophores (2, 5, 6, 10, 11, 12, 13), fluorophore modified nucleosides (3, 4, 7, 8, 14) and fluorophore
modified alanine (9).


How is the polarity of
biomolecular cavities probed?


Inherent limitations of the natural building
blocks found in nucleic acids and proteins
have triggered the synthesis and implemen-
tation of designer, environmentally sensi-
tive, fluorescent probes. Regardless of the
probe’s structure and its placement within
a biomolecule, probing the biopolymer’s
polarity under native conditions is always
referenced to values determined for the iso-
lated probe in solvents or solvent mixtures
of known polarity. This section outlines
a typical procedure for correlating ex-
perimental observables with an unknown
environmental polarity.


The solvent molecules′ ability to ac-
commodate a photoinduced dipole has a
pronounced influence on the fluorescence
properties of polarity sensitive fluoro-
phores. Typically, the observed changes in
emission are correlated to the orientational
polarizability, Df , of a solvent mixture.
This parameter expresses the electronic
and motional polarizability of solvent
molecules surrounding the fluorophore in


the ground and excited state, with e and
n representing the dielectric constant and
the refractive index, respectively (eqn (1)).


D f = e − 1
2e + 1


− n2 − 1
2n2 + 1


(1)


The orientational polarizability param-
eter is part of an equation that describes
the solvent’s influence on the energy dif-
ference between the ground and excited
state, derived by Lippert9 and Mataga et al.
(eqn (2)).10,11 In this equation, mabs − mem is
the difference in absorption maximum and
the emission maximum in cm−1 (the Stokes
shift), h represents Planck’s constant and c
is the speed of light. The lE and lG param-
eters represent the dipole moment of the
excited and ground state, respectively, and
a is the radius of the cavity occupied by the
fluorophore that is assumed to reside in a
continuum of unified dielectric constant.


mabs − mem = 2
hc


(
e − 1
2e + 1


− n2 − 1
2n2 + 1


)


× (lE − lG)2


a3
+ const (2)


If only general solvent effects play a
role, the Stokes shift is linearly dependent
on the polarizability (Df ) of the solvent.
Deviation from linearity implies the con-
tribution of solvent specific effects such
as hydrogen bonding, acid–base interac-
tions or charge transfer interactions for
which the approximations used in deriv-
ing the Lippert–Mataga equation cannot
account.12,13 As a result, investigators tend
to utilize a limited window of linearly cor-
related orientational polarizability values,
which typically translates into a narrow
range of solvents or solvent mixtures. The
final step in creating a polarity reference
scale, is correlating the solvent’s or solvent
mixture’s orientational polarizability (Df )
to its dielectric constant (e).


To estimate the polarity of a bio-
molecular cavity, one then experimen-
tally determines the Stokes shift for the
biomolecule-probe conjugate. Using the
reference scale generated by the Lipper–
Mataga equation, one can correlate mabs −
mem to a specific Df value (Fig. 2 path a).
This Df value is then subsequently
correlated to a corresponding e using
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Fig. 2 A schematic illustration showing how to
correlate an experimentally determined Stokes
shift to the corresponding dielectric constant, e,
via the orientational polarizability, Df .


a second correlation (Fig. 2 paths b
and c).


Despite the fact that the Lippert–
Mataga theory does not take solvent spe-
cific interactions into account, it does
provide an easy tool to correlate changes
in Stokes shift with polarity. To illustrate
the features and caveats associated with
the parameters discussed above and their
applicability for estimating polarity, three
different fluorescent molecules are ana-
lyzed below.


Probing polarity in biomolecules
using dansyl and DAN fluorophores


The probing of DNA groove polarity was
pioneered by Breslauer and Jin using non-
covalently bound bisbenzimide (Hoechst
33258).14 More recent approaches have
involved the use of covalently-linked
fluorophores. A popular probe, used
to locate base mismatches in DNA,15


identify adenosine–adenosine deaminase
complexes,16 and to estimate DNA groove


Fig. 3 Plots of the stokes shifts of dansyl 5 in various solvents against (a) e, (b) Df and (c) ET(30).


polarity17 and its sequence dependency,18


is the dansyl [1-(dimethylamino)-naphth-
alene-5-sulfonyl] fluorophore (2). It has
been connected to either the ribose unit
(3)15 or the nucleobase moiety of a
nucleoside17,18 (4). Despite its popularity,
spectroscopic data on minimally modified
sulfonamide chromophores are lacking.
The N-methyl sulfonamide derivative 5
was therefore synthesized and its absorp-
tion and emission spectra were taken in
various solvents.19 Dansylamide 5 is char-
acterized by minor changes in the absorp-
tion spectra but large wavelength shifts and
intensity variations in the emission spectra
(see ESI†).20


To examine the correlation between
solvent polarity and the changes in ab-
sorption and emission maxima of 5, the
observed Stokes shifts are plotted against
dielectric constants, the orientational po-
larizability and ET(30) values (Fig. 3).
Plotting the Stokes shifts against dielectric
constants yields a scattered relationship
(Fig. 3a). A more exponential relation is
observed between the Stokes shift and
Df (Fig. 3b). In contrast, a respectable
linear relationship is obtained between the
Stokes shift and the ET(30) indicating that
this polarity scale describes the solvent-
induced changes in Stokes shifts more
accurately than the dielectric constant or
the orientational polarizability.


The example discussed above illus-
trates the superior performance of micro-
scopic solvent polarity scales, such as
Reichardts’s ET(30), in portraying the
immediate environment of a chromophore.
In studying DNA groove polarity, Majima
et al. implicitly addressed this issue by re-
porting values not only in Debye, but also
in the more appropriate ET(30) value.21


Their studies were conducted with DAN
(6-dimethylamino-2-acylnaphthalene) (6),
another popular fluorophore, which is


structurally related to dansyl. Both fluo-
rophores share the naphthalene core sub-
stituted with a dimethylamine electron
donating functionality in conjugation with
an electron withdrawing moiety leading
to strong charge transfer bands. With
DAN connected to a natural nucleobase
via either a rigid (7)22 or flexible (8)20,21


amide linker, the polarity of the minor
and major groove of B-DNA as well as
A-DNA,21 Z-DNA22 and the interior of a
DNA-binding protein–protein complex23


have been estimated.
In the past, polarity sensitive fluoro-


phores attached to long hydrocarbons
have been used to probe biological mem-
branes.24 A related approach, where amino
acids are substituted with chromophoric
residues, is typically undertaken in
exploring local polarity in proteins.25 One
of the most elegant and recent examples
describes the synthesis and incorporation
of Aladan, a chromophoric amino acid
obtained by conjugating DAN to alanine
(9, Fig. 1). Incorporation of this unnatu-
ral building block into a polypeptide, faci-
litates the estimation of local polarity by
means of steady state and time-resolved
fluorescence.26,27 The useful properties of
such chromophores have inspired the deve-
lopment of related fluorophores, including
6DMN (6-N,N-dimethylamino-2,3-naph-
thalimide) (10)28 and the smaller 4-DMAP
(4-(N,N-dimethylamino)-phthalimide)
(11),29 by Imperiali and coworkers (Fig. 1).


The remarkable sensitivity of DAN for
its environmental polarity has been estab-
lished in 1979 with Prodan (6-propionyl-
2-(dimethylamino)-naphthalene, 12), by
Weber and Farris.30 The Stokes shift data
for Prodan, as reported by the authors, are
plotted against the corresponding dielec-
tric constants (Fig. 4a), the orientational
polarizability (as in the original paper,
Fig. 4b), and ET(30) values (Fig. 4c) of the


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2523–2528 | 2525







Fig. 4 Plot of the Stokes shift of Prodan (12)30 against (a) e, (b) Df , additional frame displays the more linear part of the curve used for polarity
determination in biocavities, and (c) ET(30).


solvents used.31 The lack of correlation
between the Stokes shifts and dielectric
constants suggests that a solvent bulk
polarity parameter does not adequately
describe the immediate microenvironment
of the chromophore. Although not linear,
a seemingly exponential trend is revealed
upon correlating the Stokes shifts with ori-
entational polarizability similar to dansyl
(5). This better correlation is intriguing
since this polarity scale still relies on
dielectric constants and refractive indexes,
both bulk solvent parameters (eqn (1)).
Note that to overcome this challenge,
researchers often use a narrow range of this
correlation where a semi-linear correlation
can be deduced (see Fig. 4b).


In contrast to the questionable correla-
tions illustrated above, a very good linear
relationship between the Stokes shifts and
ET(30) values is observed (Fig. 4c). It is
reassuring that, in spite of the large vari-
ation of the solvents used, the best corre-
lation is indeed observed when the Stokes
shifts are correlated to a parameter that
inherently reflects specific solvent–solute
interactions. This observation underlines
the wide applicability of Reichardt’s dye
(1) and the resulting polarity scale that
allows for parameterization of virtually all


Fig. 5 Plots of the Stokes shifts of 2-phenylethynylfluorenone (13) in pure solvents (filled circles) and water–dioxane mixtures (open circles) against:
(a) dielectric constant, (b) orientational polarizability, and (c) ET(30) value.


solvents and solvent mixtures, regard-
less of their solvent specific interactions.
For this reason, cyclohexane and water,
two solvents with obviously very different
characteristics, are found on the same
linear fit (Fig. 4c and ESI). Thus, where
the dansyl probe only indicates the more
appropriate use of the ET(30) value, the re-
sults obtained with the DAN fluorophore
strongly support the use of the ET(30) scale
over the use of dielectric constants.


An extremely water sensitive
fluorophore


Certain fluorophores display considerable
sensitivity to the presence of H-bonding
solvents. In certain cases, such solvents are
excluded from the evaluation due to their
“specific solvent–solute interactions”, as
the approximated Lippert–Mataga corre-
lation does not handle such interactions
properly.32 To illustrate an extreme case of
such a sensitive fluorophore, we describe
the photophysical features of 2-phenyl-
ethynylfluorenone (13).33 This emissive
fluorenone derivative represents the chro-
mophoric portion of a modified nucleoside
(14) we have recently synthesized and
examined.


Spectroscopic characterization of 13 in
common solvents reveals almost identical
absorption spectra, but displays a remark-
able drop in fluorescence intensity with
concomitant red shift of the emission max-
imum (see ESI†).20 This finding prompted
us to study 13 in a binary mixture of
dioxane–water (Fig. 5b). With this binary
system, in which the two components are
miscible in all ratios, a wide polarity range
from 2.2 D (ET(30) = 36.0 kcal mol−1) to
80.2 D (ET(30) = 63.1 kcal mol−1) was
obtained. The stark decrease in emission
with concomitant red-shift upon increas-
ing water content established the acute
sensitivity of the probe for water or better,
hydrogen bond donating solvents.


To unveil the apparent relationship be-
tween solvent polarity and the minimal
changes in the absorption characteristics
but large shifts in the emission maxi-
mum, the Stokes shifts are plotted against
three solvent polarity parameters: e, Df
and ET(30), for both pure solvents (filled
circles) and water–dioxane mixtures (open
circles) (Fig. 5). Notably, the relation be-
tween the e and the Stokes shift seems
to be of a different nature for the pure
solvents than the water–dioxane mixtures.
In the case of the pure solvents, there
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is no clear correlation, while the solvent
mixture displays an exponential correla-
tion. A similar behavior is seen for the
correlation of the Stokes shifts with Df .34


By using ET(30) values, however, both
pure solvents and solvent mixtures show
a similar linear trend, illustrating again
the benefit of using a microscopic solvent
polarity scale that inherently accounts for
solvent–solutes interactions.


An improved Stokes shift–polarity
correlation


The preferred use of ET(30) values over di-
electric constants to express changes in po-
larity has been demonstrated by Radhakr-
ishnan and Samanta et al. in determining
excited state dipole moments of coumarine
dyes.35 In a modified Lippert equation
(eqn (3)), the orientational polarizability
term (eqn (1)) has been substituted by the
unitless EN


T scale,7 a normalized ET(30)
scale.36


mabs − mem =


11307.6


[(
Dl


DlD


)2 (aD


a


)3
]


EN
T + C (3)


Eqn (3) illustrates the linearity between
changes in the Stokes shift (mabs − mem)
and the solvent polarity parameter EN


T .
The DlD and aD represent the changes of
the dipole moment and Onsager radius
of Reichardt’s dye (1), 9 D and 6.2 Å,
respectively.37 The Dl and a are the corre-
sponding quantities of the molecule under
study and c represents a constant. The
EN


T value for any given solvent or solvent
combination can be calculated based on its
ET(30) value according eqn (4).7


EN
T = ET (30)solvent − ET (30)TMS


ET (30)water − ET (30)TMS


(4)


The better linear correlation to the
Stokes shift can be attributed to the sub-
stitution of bulk solvent parameters e and
n by EN


T , a microscopic solvent polarity
parameter. Moreover, this approach allows
one to use virtually any solvent, including
solvents for which the e and n param-
eter are outdated, unreliable or simply
unknown, since the needed ET(30) value
can be easily determined experimentally.
This advantage is of particular interest if
solvent mixtures are used. It is somewhat
surprising that this improved correlation,
introduced more than a decade ago, has
not been more widely adopted.


Conclusions, contemplations and
prospects


Fluorescence spectroscopy with cus-
tomized polarity sensitive probes could
be a powerful technique in estimating
the local polarity of biomolecular cavi-
ties. The three fluorophores surveyed here
demonstrate that the use of dielectric
constants, a bulk solvent property, while
not necessarily unacceptable, is signifi-
cantly inferior to employing microscopic,
spectroscopy-based, solvent parameters,
such as ET(30). The experimentally deter-
mined Stokes shifts are likely to continue
and serve as the observable of choice in
probing biomolecular cavities, since this
quantity represents a simple measurable
entity that probes both the ground and
excited states. Correlating Stokes shifts to
Df , as shown, suffers from some serious
deficiencies, particularly due to the limited
linearity of this relationship, inherently
resulting from the use of bulk solvent
parameters in calculating Df . The commu-
nity is encouraged to consider using the
modified Lippert–Mataga equation that
incorporates microscopic solvent polarity
parameters. In addition, probing the polar-
ity of a biomolecular cavity by referencing
it to a binary solvent mixture remains
questionable. Is such a limited reference
scale capable of mimicking the plethora of
interactions a probe experiences inside a
confined cavity?


In light of the predicaments described
in the introduction, as well as the probe-
dependent correlations and the ambigu-
ity introduced when pure solvents are
compared to solvent mixtures of “identi-
cal” polarity illustrated above, a critical
question surfaces: do the polarity values
previously estimated faithfully reflect the
microenvironments probed? This is, of
course, impossible to universally answer.
It is intriguing to mention, however, that
values determined for the polarity of the
major groove of B-DNA using the general
techniques described here range from 55 D
to 70 D.17,23


Although seemingly straightforward,
the experimentally measured polarity, re-
gardless of the type of biomolecular cav-
ity probed, is a reflection of the inher-
ent alterations of the environment under
study, and probably, to a lesser extent,
the polarity of the immaculate biomolec-
ular cavity. Infinitesimally small probes
are obviously non-existent. The probe’s


size, shape and its intrinsic polarizability
profile will inevitably evoke changes within
the biomolecular cavity and its molecular
constitution (e.g., water and ions) that
will taint the readout. The significance
of the problem, coupled to the intriguing
multi-faceted challenges exemplified here,
are likely to accelerate the design and
implementation of smaller and possibly
less intrusive fluorescent probes.
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This study describes the synthesis of the a- and b-linked N-acetyllactosamine (Galp-b-1,4-GlcNAc;
LacNAc) glycosides of threonine (LacNAc-Thr). LacNAc-a-Thr was prepared by direct chemical
coupling of a 2-azido-2-deoxy-lactose disaccharide donor to a suitable partially protected
threonine unit. In contrast, stepwise chemical generation of b-linked N-acetylglucosamine followed by
enzymatic galactosylation to give LacNAc-b-Thr proved effective, whereas use of a
2-azido-2-deoxy-lactose donor in acetonitrile failed to give the desired b-linked disaccharyl glycoside.
This study illustrates that it is possible to overcome the inherent stereoselection for 1,2-trans chemical
glycosylation with a GlcNAc donor, and that the well-established preference of bovine
b-1,4-galactosyltransferase for b-linked acceptor substrates can also be overcome. Using this
knowledge, short glycopeptide fragments based on T. cruzi mucin sequences,
Thr-Thr-[LacNAcThr]-Thr-Thr-Gly, were synthesised. All LacNAc-based compounds outlined were
shown to serve as acceptor substrates for sialylation by T. cruzi trans-sialidase.


Introduction


Parasitic infections remain a major cause of mortality in the de-
veloping world. However, commercial and socioeconomic factors
mean that very few new drugs reach the clinic.1 Identification
of new leads and drug-able targets would enable the design of
inhibitors of parasite-specific metabolic processes and help in the
search for affordable new medicines.2 Chagas′ disease, caused by
the protozoan parasite Trypanosoma cruzi, is endemic in South
and Central America, Mexico and the southern United States. It
has been classified after malaria and schistosomiasis as one of
the most serious parasite diseases in tropical regions: there are
currently 18 million people infected and a further 100 million,
mainly in Latin America, are at risk of infection. Typically 2–3
million individuals show clinical symptoms of the chronic phase
of the disease at any one time, and 45000 die every year.3 There is
a clear need for new therapeutics.4–6


Recent sequencing shows that over 50% of the genome of
Trypanosoma cruzi (strain CL Brener) is composed of repeated
sequences.7 These sequences included genes for large families
of surface molecules, including trans-sialidases, mucins, gp63
proteases and novel mucin-associated surface proteins. As with
many other pathogenic microorganisms, the nature and extent
of cell surface glycosylation can have a profound impact on cell
surface protein structure and biological function.8 T. cruzi mucins
are highly glycosylated (about 60% carbohydrate by weight),
polyanionic glycoproteins that are rich in Thr, Ser and Pro residues,
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but contain few hydrophobic amino acids.9,10 The tightly regulated
expression of a large repertoire of mucin structures helps the
parasite to interact with the infected host on one hand, whilst
on the other it also serves to mask the presence of the parasite
from the host immune response.


The O-glycans of T. cruzi mucins resemble those of mam-
malian mucins, although the oligosaccharides are linked to the
threonine or serine of the parasite protein via an a-linked N-
acetyl-glucosamine (GlcNAc) rather than an a-linked N-acetyl-
galactosamine (GalNAc), as in vertebrate mucins.9–11 The a-
GlcNAc is substituted by galactose (Gal) on O-4 and O-6, with
further galactosylation leading to complex branched structures.
In the more infective Y and CL strains of T. cruzi, Gal residues are
only present in the b-pyranose form (b-Galp),12–14 whereas in the
less infective G strain the mucins also contain b-galactofuranose
(b-Galf ).15 The mucin glycans are also significant in being the
major substrate for trans-sialidase which catalyzes transfer of
sialic acid on the parasite cell surface.16 Decoration of cell surface
architecture with this negatively charged sugar is common practice
for microbial pathogens.17 In this case, T. cruzi is unable to
synthesize sialic acid de novo and so uses a cell surface trans-
sialidase enzyme (TcTS)18 to scavenge this monosaccharide from
host glycoconjugates in order to generate a-2,3-linked sialylated-b-
galactopyranose units on the parasite mucins. The similarity19 of
the parasite trans-sialidase to the numerous microbial sialidases
(neuraminidases) that have been investigated suggests potential
for this enzyme as a therapeutic target. In addition, any of the
other enzymes involved in mucin glycan biosynthesis might also
be suitable targets for chemotherapeutic intervention: a-GlcNAc
transferase activity has been characterised in T. cruzi microsomal
membranes20 and b-Galp transferase activities have been detected
in Golgi preparations.21,22


Given the heterogeneity of T. cruzi mucins, there are no suitable
natural sources of homogeneous mucin glycopeptides with which
to investigate mucin biosynthesis. The purpose of the study
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reported herein was to synthesise simple glycosylated amino acid
and glycopeptide acceptor substrate analogues (Fig. 1) with which
to study T. cruzi mucin glycosyltransferase and trans-sialidase
activities.20–22 In the latter case, we set out to complement the
work of de Lederkremer and co-workers, who have synthesised
and assessed various glycans from T. cruzi G strain mucins, with
the preparation of fragments of the mucin glycopeptides found in
the pathogenic T. cruzi Y strain.23–25


Fig. 1 (a) Structure of a T. cruzi CL/Y strain mucin glycopeptide
fragment, and (b) the corresponding mucin tandem repeat peptide
sequence.


We previously reported the a-selective iodine-promoted gly-
cosylation of serine and threonine (Thr) with 2-azido-2-deoxy-
glycosyl iodides, but sought a shorter route to a-linked GlcNAc-


amino acids and galactosylated versions thereof.26 Here we
report chemical and chemoenzymatic syntheses of GlcNAc-
a-Thr (1), GlcNAc-b-Thr (3) and the corresponding a- and
b-linked N-acetyllactosamine (Galp-b-1,4-GlcNAc; LacNAc)
derivatives, (2) and (4) respectively, along with mucin-related N-
acetyllactosamine-based glycopeptides, (5) and (6) (Fig. 2). Each
of these structures was assessed for their ability to be glycosylated
by recombinant T. cruzi trans-sialidase.


Results and discussion


In the context of the preparation of LacNAc-a-Thr (2) and
diastereomeric LacNAc-b-Thr (4), linear glycosylation disconnec-
tions require the sequential glycosylation of suitably protected
threonine with glucosamine and then galactose units, or a conver-
gent approach would utilize direct introduction of an intact lac-
tosamine disaccharide. Both strategies allow scope for enzymatic
glycosylation steps, particularly the use of readily available, and
well studied, bovine b-1,4-galactosyltransferase (b-1,4-GalT)27 to
effect the sequential galactosylation. Hence, this study exploited
chemical methods for the synthesis of monosaccharyl-amino
acids (1) and (3), and compared chemical and chemoenzymatic
approaches to prepare disaccharyl-amino acids (2) and (4). Results
from these studies informed the choice of methods for preparation
of glycopeptides (5) and (6).


Chemical synthesis of glyco-amino acids GlcNAc-a-Thr (1) and
GlcNAc-b-Thr (3)


Although it is counter intuitive to use a glycosyl donor possessing
a C-2 participating group (in this case an acetamide) when
attempting to synthesise a 1,2-cis-linked glycoside, 3,4,6-tri-O-
acetyl-2-acetamido-2-deoxy-a-D-glucopyranosyl chloride (7) is


Fig. 2 (a) Structure of target a-linked glyco-amino acid fragments and the corresponding b-linked controls; (b) target mucin-related glycopeptides,
prospective trans-sialidase substrates.
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a shelf-stable crystalline solid that is readily accessible on a
gram scale from cheap glucosamine.28,29 We previously reported
the glycosylation of suitably protected serine and threonine
derivatives with glycosyl chloride (7) in the presence of mercuric
bromide, isolating the expected b-linked glyco-amino acids in
respectable yield (∼60–65%).29 Whilst these were practical yields
for preparative purposes, it raised the question of mass balance:
what happened to the remaining 35–40% of the material? On
closer inspection, we were able to identify quantities of the
unexpected a-linked glycoside from these reactions. On tweaking
the reaction conditions (reaction at room temperature for 10 h,
followed by reflux for 9 h, in contrast to just refluxing the
reaction mixture for 9 h), glycosylation of N-Fmoc-Thr benzyl
ester (8) with glycosyl chloride (7) in 1,2-dichloroethane in the
presence of HgBr2 gave the expected b-glycoside (10)29 in 52%
yield, accompanied by the corresponding a-linked isomer (9)
in a low but reproducible 20% yield.† This method provided a


† The a-glycoside appears to be formed directly, not through equilibration
of the b-glycoside. Addition of pure b-glycoside to the reaction mixture
did not result in additional a-glycoside formation.


straightforward and direct approach to the a-linked GlcNAc-
Thr system that, given that there is no need to manipulate C-
2 functionality, is competitive with other approaches to such
a-linked 2-amino-2-deoxy-glucosides.30,31 Removal of the benzyl
ester and Fmoc groups from protected glyco-amino acids (9)
and (10) was performed by standard hydrogenation (10% Pd-
C/H2); subsequent removal of the acetate groups was realised
in the presence of 1 M NaOMe in MeOH. In this way, 20–30 mg
quantities of the completely deprotected glyco-amino acids (1) and
(3) were obtained (Scheme 1).


Preparation of disaccharide glycosides LacNAc-a-Thr (2) and
LacNAc-b-Thr (4)


The chemical synthesis of the protected a-linked disaccharyl
amino acid (12) was achieved by convergent glycosylation of N-
Fmoc-Thr benzyl ester (8) with known a-linked glycosyl chloride
(11)32,33 under the same conditions described for synthesis of (9)
and (10) (Scheme 2).29 The only isolable glycosyl amino acid
product obtained was the a-isomer, aLacN3-FmocThrOBn (12), in


Scheme 1 Reagents and conditions: (a) HgBr2, ClCH2CH2Cl, rt 10 h then reflux 9 h; (b) i. H2-Pd/C, MeOH–AcOH (10 : 1), 10 h, ii. NaOMe, MeOH.


Scheme 2 Reagents and conditions: (a) HgBr2, ClCH2CH2Cl, rt 10 h then reflux 9 h; (b) Zn powder, AcOH, Ac2O, THF; (c) i. H2-Pd/C, MeOH–AcOH
(10 : 1), 10 h, ii. NaOMe, MeOH.
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60% yield.‡ The configuration of the newly-formed sugar-amino
acid glycosidic centre was confirmed by 1H NMR spectroscopy (d
4.50 ppm, d, J1,2 3.7 Hz, H-1). Subsequently, the sugar azido group
in (12) was reductively acetylated using zinc powder in THF–acetic
anhydride–acetic acid,34 affording a-LacNAc-FmocThrOBn (13)
in 65% yield. Complete deprotection, giving a-linked disaccharyl
amino acid glycoside (2) in 90% yield, was realized by standard
hydrogenation (to remove the O-Bn and N-Fmoc groups) followed
by Zemplen deacetylation.


In an attempt to obtain the b-linked isomer of protected
LacNAc-a-Thr (13) whilst limiting the number of building blocks
in use, the glycosylation of (8) and (11) was performed in the
presence of the participating solvent acetonitrile.35–37,§ However,
repeated attempts at this reaction gave, at best, only poor yields
on the unwanted a-glycoside (12) (up to 10% yield), none of the
desired b-glycoside and much hemiacetal. Hence we resorted to a
chemo-enzymatic approach.


Whilst its natural preference is for glycosylation of b-linked
acceptor substrates,27 the relatively loose acceptor substrate
tolerance of bovine b-1,4-galactosyltransferase (b-1,4-GalT) has
previously been exploited in the 4-O-galactosylation of a-
linked acceptors, such as maltose (Glc-a-1,4-Glc)39 and uridine-
diphospho-N-acetylglucosamine (GlcNAc-a-UDP).40 We were
therefore prompted to consider the enzymatic galactosylation of
the glycosylated amino acids (1) and (2). These reactions was


‡ Paulsen and Holck described the use of the corresponding b-linked glyco-
syl chloride donor, which gave excellent yields (>80%) of a-glycosyl amino
acid as the sole glycoside product. Clearly the anomeric configuration
of the glycosyl chloride plays little role in determining the stereochemical
outcome of the glycosylation reaction with these particular sugar donors.33


§ Recent studies exploiting acetonitrile to influence glycosylation stereo-
chemistry show that use in limited quantity can significantly outperform
its use as a solvent.38


performed on a 5 mg acceptor scale using commercial UDP-
galactose as the donor substrate in the presence of bovine b-
1,4-GalT (0.5 U) and alkaline phosphatase, the latter to remove
potentially inhibitory UDP (Scheme 3). In relation to the b-linked
acceptor (3), complete conversion to the desired galactosylated
product, LacNAc-b-Thr (4), was observed after 24 h reaction.
In contrast, for a-linked acceptor (1), conversion to LacNAc-a-
Thr (2) is much slower and product was not observable at this
time point. This result shows the substantially lower reactivity
of the b-1,4-GalT enzyme towards the a-linked acceptor. Hence,
enzymatic galactosylation of (1) was repeated with high b-1,4-
GalT concentration (2 U) for longer (96 h), at which point TLC
indicated that conversion to galactoside (2) had progressed to
>60%. The disaccharyl amino acids (2) and (4) were subsequently
isolated by gel filtration chromatography in 57% and 85%
yields, respectively, and their structures were confirmed by NMR
spectroscopy and mass spectrometry. 1H NMR spectra showed
doublets at d 4.77 ppm (J1,2 3.8 Hz) or 4.39 ppm (J1,2 8.1 Hz),
corresponding to GlcNAc H-1 of (2) and (4), respectively. ESI-
MS analysis showed characteristic adducts for the a-glycoside (2)
(m/z [M + Na]+ 507.17) and the corresponding b isomer (4) (m/z
[M + H]+ 485.19).


Solid-phase and chemo-enzymatic glycopeptide synthesis


Moving towards more complex mimetics of the mucin glycopep-
tides present on the T. cruzi parasite cell surface we next em-
ployed solid-phase glycopeptide synthesis, coupled with enzymatic
glycosylation. Commercial Wang resin pre-loaded with Fmoc-
Gly (0.65 mmol/g resin) was employed as the solid support
for the synthesis of glycopeptides (5) and (6). Syntheses were
performed manually in a fritted glass vessel fitted with a three-
way tap so that argon purging could be used to effect mixing.41


Scheme 3 Reagents and conditions: (a) bovine b-1,4-GalT (2 U), UDP-galactose, alkaline phosphatase, 30 ◦C, 96 h; (b) bovine b-1,4-GalT (0.5 U),
UDP-galactose, alkaline phosphatase, 30 ◦C, 24 h.
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After removal of N-Fmoc groups with 20% piperidine in DMF,
the amino acid building blocks were coupled in DMF in the
presence of the coupling reagents PyBOP–HOBt and N,N-
diisopropylethylamine (DIPEA). The progress of amide coupling
was monitored spectrophotometrically, based on quantitation of
dibenzofulvene released (with piperidine) from a dried sample of
resin-bound (glyco)peptide. Optimal coupling times ranged from
3 h to 24 h for the incorporation of Fmoc-Thr, depending on
the preceding peptide sequence. For incorporation of the more
sterically and electronically demanding glycosylated amino acids
(14) (Scheme 4) and (15) (Scheme 5) the coupling times typically
ranged from 24 h to 72 h.


Synthesis of the glycopeptide
H2N-(Thr)2-(LacNAc-a-Thr)-(Thr)2-Gly-OH (5)


The synthesis of a-LacNAc-based glycopeptide (5) was initiated
by cleavage of the Fmoc group from Fmoc-Gly-Wang resin,
followed by two rounds of coupling–deprotection with Fmoc-Thr.
Subsequent coupling employed glyco-amino acid building block
aLacNAc-FmocThrOH (14), which was successfully prepared by


careful hydrogenation of benzyl ester (13) without competing
removal of the Fmoc group. Introduction of two further threonine
residues completed preparation of the protected, resin-bound gly-
copeptide (Scheme 4). The peptide coupling efficiencies obtained,
as judged by measuring released dibenzofulvene from the product,
varied with the position in the peptide chain: Thr1 (90%), Thr2
(90%), LacNAc-a-Thr3 (54%), Thr4 (55%) and Thr5 (80%).


Cleavage from the resin with aqueous TFA, concentration in
vacuo and trituration with cold ether gave crude glycopeptide. Fi-
nally, removal of the sugar acetate protecting groups with catalytic
NaOMe in MeOH and purification by reverse-phase HPLC gave
glycopeptide (5) in 22% overall yield. The structure of compound
(5) was confirmed by NMR spectroscopy [characteristic 1H signals
for sugar H-1 at d 4.71 ppm (J1,2 3.7 Hz), 1 × NHAc and
5 × CH3Thr units] and ESI-MS analysis (observed [M + H]+


946.4).


Chemoenzymatic synthesis of
H2N-(Thr)2-(LacNAc-b-Thr)-(Thr)2-Gly-OH (6)


Following on from our observations on chemical and chemoen-
zymatic approaches to LacNAc-b-Thr (4), a chemoenzymatic


Scheme 4 Reagents and conditions: (a) H2–Pd/C, MeOH–AcOH (10 : 1), 1 h; (b) 20% piperidine in DMF; (c) Fmoc-Thr, PyBOP, HOBt, DIPEA;
(d) Glyco-amino acid 14, PyBOP, HOBt, DIPEA; (e) TFA; (f) NaOMe, MeOH.
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Scheme 5 Reagents and conditions: (a) H2–Pd/C, MeOH–AcOH (10 : 1), 1 h; (b) 20% piperidine in DMF; (c) Fmoc-Thr, PyBOP, HOBt, DIPEA; (d)
Glyco-amino acid 15, PyBOP, HOBt, DIPEA; (e) TFA; (f) NaOMe, MeOH; (g) bovine b-1,4-GalT, UDP-galactose, alkaline phosphatase, 30 ◦C, 24 h.


approach to glycopeptide (6) was explored. That is, GlcNAc-b-
Thr-containing glycopeptide (16) was prepared first in a similar
manner to glycopeptide (2). The peptide coupling efficiencies ob-
tained, as judged by measuring released dibenzofulvene from the


product, varied with the position in the peptide chain: Thr1 (90%),
Thr2 (90%), GlcNAc-b-Thr3 (61%), Thr4 (58%) and Thr5 (85%).
Cleavage from resin with aqueous TFA, concentration in vacuo and
trituration with cold ether gave crude glycopeptide. Removal of the
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sugar acetate protecting groups with catalytic NaOMe in MeOH
and purification by reverse-phase HPLC gave the glycopeptide
(16) in 14% overall yield. The structure of compound (16) was
confirmed by NMR spectroscopy [characteristic 1H signals for
sugar H-1 at d 4.41 ppm (J1,2 8.1 Hz), 1 × NHAc and 5 × CH3Thr
units] and ESI-MS analysis (observed [M + H]+ 847.1).


Subsequent solution-phase enzymatic b-galactosylation of
GlcNAc-glycopeptide (16) with bovine b-1,4-GalT and UDP-
galactose gave the crude LacNAc-glycopeptide which, following
purification by Toyopearl HW-40S gel filtration chromatogra-
phy with 0.1% aqueous TFA, gave glycopeptide (6) in 80%
yield from the corresponding b-GlcNAc-based glycopeptide (16).
The structure of compound (6) was confirmed by NMR spec-
troscopy [characteristic 1H signals for sugar H-1′ at d 4.43 ppm
(J1,2 7.5 Hz)] and ESI-MS analysis (observed [M + Na]+


968.4).


Enzymatic sialylation of glycopeptides with Trypanosoma cruzi
trans-sialidase (TcTS)


Each of the LacNAc-containing glyco-amino acids (2 and 4) and
glycopeptides (5 and 6) prepared in this study were subjected to the
action of recombinant Trypanosoma cruzi trans-sialidase (TcTS)
in the presence of a sialic acid donor substrate. In contrast to
the use of sialidases, which require long incubation times and/or
excess of donor substrate,42 trans-glycosylation with TcTS takes
place with equimolar amounts of substrates and much shorter
reaction times.18,43 It is therefore a very useful biocatalyst for
this difficult glycosylation. Although a variety of TcTS sialyl
donor substrates have been reported in the literature,43–45 including
sialic acid para-nitrophenyl and methylumbelliferyl glycosides and
a-2,3-sialyl-lactose, amongst several others, the TcTS transfer
activity depends strongly on reaction conditions, including pH,
temperature and time. Each of the a-sialosides has its own
problems, with cost, rate of reaction and complications with by-
product separation limiting utility. Considering the disadvantages
of the cited donors, and following the work of Kim et al.,46


the glycoprotein fetuin from calf serum was chosen as a sialic
acid donor for the experiments reported in this study. This
glycoprotein contains ∼8% a-2,3-linked sialic acid by weight
and the glycoprotein by-product of the sialyl transfer reaction
is easily removed by precipitation with ethanol or with the aid
of a 10 kDa cut-off spin filter.46 It therefore provides a highly
competitive source of sialic acid in terms of availability and ease
of use.


All of the LacNAc glycosides synthesized in this study (2, 4,
5 and 6) proved to be effective acceptor substrates for TcTS,
giving complete conversion to the corresponding a-2,3-sialylated
structures in the presence of a three fold excess of fetuin. Careful
monitoring proved essential as in all cases prolonged incubation
resulted in hydrolysis of the sialylated products, regenerating the
LacNAc acceptors. From milligram scale reactions, the sialylated
products (17–20) were readily isolated by removal of protein
using a spin filter, followed by gel filtration (Toyopearl HW-
40S column) in 5 mM NH4HCO3 buffer. Using this approach,
the sialylated products were obtained in >80% isolated yield.
NMR spectroscopy and mass spectrometry confirmed the product
structures (Table 1).


Conclusion


In summary, we have developed chemical and chemoenzymatic
routes to glyco-amino acids and glycopeptides related to T.
cruzi mucin structures. The early phase of the study highlights
the difficulty in predicting the outcome of both chemical and
enzymatic glycosylation reactions, particularly in relation to
stereochemistry. The latter part of the study shows that T. cruzi
trans-sialidase has relaxed acceptor substrate specificity, acting
efficiently on both its natural LacNAc-a-Thr-based substrates but
also on the diastereomeric b-linked compounds.


Experimental


General


All chemicals were purchased as reagent grade and used without
further purification. Solvents were dried according to standard
methods.47 Reagents for glycopeptide synthesis, including FmocG-
lyWang resin (loading 0.65 mmol/g), FmocThrOH and PyBOP,
were purchased from Novabiochem. HOBt was purchased from
Acros. Bovine b-1,4-galactosyltransferase (EC 2.4.1.90), UDP-
galactose and calf intestinal alkaline phosphatase (EC 3.1.3.1)
were purchased from Sigma Chemical Co. Fetuin (calf serum) was
purchased from Sigma Chemical Co or Quest Biomedical.


Reactions were monitored by thin layer chromatography (TLC)
on 0.25 nm precoated silica gel plates (Whatman, AL SIL G/UV,
aluminium backing) with the indicated eluents. Compounds were
visualized under UV light (k = 254 nm) and/or dipping in ethanol–
sulfuric acid (95 : 5, v/v) or orcinol (2%) in aqueous sulfuric acid
(10%), followed by heating the plate for a few minutes. Column
chromatography was performed on silica gel 60 (Fluorochem, 35–
70 mesh) or on a Biotage Horizon High-Performance FLASH
Chromatography system using 12 mm or 25mm flash cartridges
with the eluents indicated.


Nuclear magnetic resonance spectra were recorded on a Varian
Gemini spectrometer. 1H NMR spectra recorded at 400 MHz were
referenced to dH 7.27 for CDCl3, dH 3.35 for CD3OD, dH 4.63 ppm
for D2O, and 13C NMR spectra recorded at 100 MHz were
referenced to dC 77.0 for CDCl3 and dC 49.15 for CD3OD. Chemical
shifts of NMR signals recorded in D2O are reported with respect
to the methyl resonance of internal acetone at dH 2.22 ppm and
dC 30.89 ppm. Assignments were made with the aid of HSQC
and COSY experiments. Optical rotations were measured at
ambient temperature on a Perkin-Elmer model 141 polarimeter
using a sodium lamp. Accurate mass electrospray ionization mass
spectra (ESI-MS) were obtained from the EPSRC National Mass
Spectrometry Service Centre, Swansea using positive ionization
mode on a Finningan MAT 900 XLT mass spectrometer or from
the John Innes Centre metabolite analysis service on a Thermo
Finningan DecaXPplus mass spectrometer.


N-(Fluoren-9-ylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-
O-acetyl-a-D-glucopyranosyl)-L-threonine benzyl ester (9) and
N-(fluoren-9-ylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-
O-acetyl-b-D-glucopyranosyl)-L-threonine benzyl ester (10)29


A mixture of 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-a-D-
glucopyranosyl chloride (7)29 (400 mg, 1.09 mmol) and
N-(fluoren-9-ylmethoxycarbonyl)-L-threonine benzyl ester (8)
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Table 1 Data for TcTS-catalyzed sialylation of LacNAc-based acceptors


LacNAc
acceptor


Glyco-amino
acid linkage Sialylated product


Isolated
yield Characteristic 1H NMR data (D2O) ESI-HRMS data


(2) a Neu5Ac-a-2,3-LacNAc-
a-Thr (17)


92% d 4.77 (1H, d, J1,2 = 3.7 Hz, H-1 GlcNAc), 4.30
(1H, d, J1,2 = 7.8 Hz, H-1 Gal), 4.28 (1H, m,
bCHThr), 2.60 (1H, dd, J3eq,3ax = 12.0 Hz, J3eq,4 =
4.4 Hz, H-3eq Neu5Ac), 1.92, 1.90 (6H, 2 × s, 2 ×
NHAc), 1.60 (1H, t, J3eq,3ax = J3ax,4 12.0 Hz, H-3ax


Neu5Ac), 1.24 (3H, d, J = 6.5 Hz, CH3 Thr)


Calcd. for
C29H48N3O20Na+ [M +
Na]+: 798.2756, found:
798.2756.


(4) b Neu5Ac-a-2,3-LacNAc-
b-Thr (18)


90% d 4.42 (1H, d, J1,2 = 8.1 Hz, H-1 GlcNAc), 4.36
(1H, d, J1,2 = 7.8 Hz, H-1 Gal), 4.20 (1H, m,
bCHThr), 2.60 (1H, dd, J3eq,3ax = 12.1 Hz, J3eq,4 =
4.4 Hz, H-3eq Neu5Ac), 1.92, 1.90 (6H, 2s,
NHAc), 1.60 (1H, t, J3eq,3ax = J3ax,4 12.0 Hz, H-3ax


Neu5Ac), 1.24 (3H, d, J = 6.5 Hz, CH3 Thr).


Calcd. for
C29H48N3O20Na+ [M +
Na]+: 798.2756, found:
798.2756.


(5) a H2N-(Thr)2-[Neu5Ac-a-
2,3-LacNAc-a-Thr]-
(Thr)2-Gly-OH (19)


85% d 4.68 (1H, d, J1,2 = 3.7 Hz, H-1 GlcNAc), 4.36
(1H, d, J1,2 = 8.1 Hz, H-1 Gal), 4.40–3.80 (10H,
m, aCHThr, bCHThr), 2.62 (1H, dd, J3eq,3ax =
12.0 Hz, J3eq,4 = 4.4 Hz, H-3eq Neu5Ac), 1.92, 1.90
(6H, 2 × s, 2 × NHAc), 1.65 (1H, t, J3eq,3ax =
J3ax,4 = 12.0 Hz, H-3ax Neu5Ac), 1.20–1.00 (15H,
m, 5 × CH3 Thr)


Calcd. for C47H80N8O30


[M + H]+: 1237.38,
found: 1237.38.


(6) b H2N-(Thr)2-[Neu5Ac-a-
2,3-LacNAc-b-Thr]-
(Thr)2-Gly-OH (20)


82% d 4.42 (1H, d, J1,2 = 8.1 Hz, H-1 GlcNAc), 4.35
(1H, d, J1,2 = 7.8 Hz, H-1 Gal), 4.40–3.90 (10H,
m, aCHThr, bCHThr), 2.62 (1H, dd, J3eq,3ax =
12.1 Hz, J3eq,4 = 4.4 Hz, H-3eq Neu5Ac), 1.93, 1.90
(6H, 2 × s, 2 × NHAc), 1.65 (1H, t, J3eq,3ax =
J3ax,4 = 12.0 Hz, H-3ax Neu5Ac), 1.20–1.00 (15H,
m, 5 × CH3 Thr)


Calcd. for C47H80N8O30


[M + H]+: 1237.39,
found: 1237.39.


(235 mg, 0.54 mmol) (prepared from commercially available
amino acid Fmoc-threonine by treatment with caesium carbonate
and benzyl bromide in DMF)48 in 1,2-dichloroethane (4 cm3)
was stirred for 10 h at room temperature with mercuric bromide
(430 mg, 1.17 mmol) and then refluxed for 9 h,29 at which point
TLC (hexane–EtOAc, 3 : 7 v/v) showed the disappearance of the
donor (7). The resulting amber mixture was concentrated in vacuo
and the residue was purified by silica gel column chromatography
(eluent: hexane–EtOAc, 3 : 7 v/v). The a-glycoside (9) eluted
first, followed by the b-glycoside (10): both were obtained as
amorphous solids.


a-Glycoside (9). (77 mg, 20%); Rf 0.31 [EtOAc–Hex (7 : 3)];
[a]D


25 +30.4 (c 1.0 CHCl3); dH (CDCl3) 7.77 (2 H, d, J = 7.5 Hz,
CH Fmoc Ph), 7.64 (2 H, d, J = 6.0 Hz, CH Fmoc Ph), 7.49–
7.26 (9H, m, Fmoc Ph, OCH2Ph), 5.94 (1 H, d, J = 9.3 Hz,
NHAc), 5.73 (1 H, d, J = 9.5 Hz, NHThr), 5.20–5.14 (1 H, m,
H-3), 5.19, 5.09 (2 H, AB, JAB = 12.2 Hz, OCH2Ph), 5.08 (1 H,
t, J3,4 = 9.4 Hz, J4,5 = 9.4 Hz, H-4), 4.70 (1 H, d, J1,2 = 3.6 Hz,
H-1), 4.55–4.44 (3 H, m, CH2 Fmoc, aCHThr), 4.31–4.07 (5 H,
m, bCHThr, CHFmoc, H-2, H-6, H-6′), 4.01–3.97 (1 H, m, H-5),
2.06, 2.04, 2.03, 1.96 (12H, 4s, COCH3), 1.28 (3 H, d, J = 6.2,
CH3 Thr); dC (CDCl3) 171.5, 170.9, 170.8, 170.6 (COCH3), 169.5
(COCH2Ph), 156.7 (CO Fmoc), 144.0, 143.8, 141.5 (Cquat Fmoc
Ph), 134.5 (Cquat. OCH2Ph), 129.2, 129.1, 128.8, 128.0, 127.3,


125.3, 120.2 (CH Ph), 99.5 (C-1), 77.6 (bCHThr), 71.4 (C-3), 68.5,
68.4 (C-5, C-4), 68.0 (OCH2Ph), 67.7 (CH2 Fmoc), 62.2 (C-6),
58.7 (aCHThr), 51.8 (C-2), 47.3 (CH Fmoc), 23.3, 21.0, 20.9, 20.8
(COCH3), 18.5 (CH3 Thr). ESI-HRMS: calcd. for C40H45N2O13.


[M + H]+: 761.2916, found 761.2918.


b-Glycoside (10). (200 mg, 52%); Rf 0.26 [EtOAc–Hex (7 : 3)];
[a]D −15.6 (c 1.0, CHCl3); dH (CDCl3) 7.76 (2H, d, J = 7.6 Hz,
CH Fmoc Ph), 7.64 (2H, d, J = 7.8 Hz, CH Fmoc Ph), 7.41–7.26
(9H, m, Fmoc Ph, OCH2Ph), 5.83 (1H, d, J = 9.1 Hz, NHThr),
5.54 (1H, d, J = 8.4 Hz, NHAc), 5.25 (1H, t, J2,3 = 9.9 Hz, J3,4 =
9.9 Hz, H-3), 5.21, 5.14 (2H, AB, JAB = 12.2 Hz, OCH2Ph), 5.00
(1H, t, J3,4, J4,5 = 9.9 Hz, H-4), 4.65 (1H, d, J1,2 = 8.1 Hz, H-1),
4.47–4.40 (3H, m, CH2 Fmoc, bCHThr), 4.35 (1H, dd, J = 7.3 Hz,
J = 10.7 Hz, aCHThr), 4.24 (1H, t, J = 7.3 Hz, CHFmoc), 4.19
(1 H, dd, J5,6 = 4.4 Hz, J6,6′ = 12.3 Hz, H-6), 4.02 (1H, dd, J6,6′ ,
J5,6′ = 2.2 Hz, H-6′), 3.67 (1H, dd, J1,2, J2,3, H-2), 3.51–3.47 (1H,
m, H-5), 2.03, 2.02, 1.99, 1.93 (12H, s, COCH3), 1.20 (3H, d,
J = 6.3 Hz, CH3 Thr); dC (CDCl3) 170.9, 170.6, 170.4, 170.0
(COCH3), 169.4 (COCH2Ph), 156.8 (CO Fmoc), 144.0, 141.3
(Cquat. Fmoc Ph), 135.5 (Cquat. OCH2Ph), 128.6, 128.5, 128.3,
127.7, 127.1, 125.5, 119.9 (CH Ph), 98.5 (C-1), 74.5 (bCHThr),
71.9, 71.7 (C-5, C-3), 68.5 (C-4), 67.3 (OCH2Ph, CH2 Fmoc),
61.9 (C-6), 58.7 (aCHThr), 55.3 (C-2), 47.3 (CH Fmoc), 23.3,
20.7, 20.5, 20.6 (COCH3), 17.0 (CH3 Thr). ESI-HRMS: calcd.
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For C40H44N2O13NH4 [M + NH4
+]: 778.3187, found: 778.3187. The


physical and analytical data for compound (10) were in accordance
with the literature.29


2-Acetamido-2-deoxy-a-D-glucopyranosyl-L-threonine (1)


A solution of N-(fluoren-9-ylmethoxycarbonyl)-(2-acetamido-
3,4,6-tri-O-acetyl-2-deoxy-a-D-glucopyranosyl)-L-threonine ben-
zyl ester (9) (76 mg, 0.09 mmol) in MeOH (3 cm3) was treated
with glacial AcOH (0.3 cm3) and 10% Pd/C (40 mg) for removal
of the O-Bn and N-Fmoc groups. The reaction mixture was stirred
and kept under H2 (∼1.5 atm) for 8 h. The reaction mixture was
then filtered through Celite, concentrated in vacuo and purified by
column chromatography (DCM–MeOH 9 : 1 v/v). The product
obtained was then dissolved in MeOH (1.5 cm3) and made basic
with 1 M NaOMe in MeOH. The reaction mixture was stirred for
2 h, and then neutralized with Dowex 50WX8–200 resin. Filtration
and concentration of the reaction mixture gave the product (1)
(28 mg, 86%) as colourless amorphous solid. [a]D


25 +61.0 (c 0.2,
CH3OH); dH (D2O), 4.80 (1H, J1,2 = 3.7 Hz, H-1), 4.40 (1H, m,
bCH Thr), 3.82 (1H, m, aCH Thr), 3.72–3.65 (2H, m, H-2, H-6a),
3.62–3.48 (3H, m, H-3, H-5, H-6b), 3.33 (1 H, t, J3,4 = 10.1 Hz,
J4,5 = 10.1 Hz, H-4), 1.85 (3H, s, NHAc), 1.21 (3H, d, J 6.5 Hz,
CH3 Thr). dC (CD3OD, 100 MHz) 99.3 (C-1), 73.2 (bCHThr),
73.0 (C-5), 70.8 (C-4), 69.0 (C-3), 61.0 (C-6), 56.8 (aCHThr), 53.0
(C-2), 21.3 (NCOCH3), 17.3 (CH3 Thr). ESI-HRMS: calcd. for
C12H23N2O8Na+ [M + Na]+: 345.1269, found: 345.1270.


2-Acetamido-2-deoxy-b-D-glucopyranosyl-L-threonine (3)


The above procedure for the deprotection of compound (9)
was applied to compound (10). Starting from compound (10)
(60.0 mg, 0.078 mmol), the product (3) was obtained as a colourless
amorphous solid (20.0 mg, 80%). [a]D


25 +81.1 (c 1.0, CH3OH); dH


(D2O) 4.40 (1H, d, J1,2 = 8.3 Hz, H-1), 4.18 (1H, m, bCH Thr),
3.82–3.78 (1H, m, H-6a), 3.65–3.62 (1H, m, H-2), 3.60 (1H, t,
J2,3 = 9.8 Hz, J3,4 = 9.8 Hz, H-3), 3.52–3.50 (1H, m, 3.92, aCH
Thr), 3.44 (1H, t, J3,4, J4,5 = 9.8 Hz, H-4), 3.37–3.30 (2H, m, H-5,
H-6b), 1.95 (3H, s, NHAc), 1.22 (3H, d, J = 6.5 Hz, CH3 Thr);
dC (CD3OD) 101.9 (C-1), 77.6 (bCHThr, aCHThr), 76.7 (C-5),
74.7 (C-3), 70.9 (C-4), 61.5 (C-6), 56.5 (C-2), 22.8 (NCOCH3),
18.9 (CH3 Thr). ESI-HRMS: calcd. for C12H24N2O8 [M + H]+:
323.1449, found: 323.1449.


3,6-Di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-2-azido-2-deoxy-a-D-glucopyranosyl-N-
(fluoren-9-ylmethoxycarbonyl)-L-threonine benzyl ester (12)


A mixture of 3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-2-azido-2-deoxy-a-D-glucopyranosyl chloride
(11)32,33 (200 mg, 0.31 mmol) and N-(fluoren-9-ylmethoxy-
carbonyl)-L-threonine benzyl ester (8) (135.4 mg, 0.31 mmol) in
1,2-dichloroethane (2.5 cm3) was refluxed with mercuric bromide29


(112 mg, 0.31 mmol) for 8 h, when TLC (hexane–EtOAc, 3 : 7 v/v)
showed the disappearance of the donor (11). The resulting amber
mixture was concentrated in vacuo and the residue was purified
by silica gel column chromatography (eluent: hexane–EtOAc, 1 :
1 v/v). The desired azido-sugar glycoside (12) was obtained as an
amorphous solid (195 mg, 60%). [a]D


25 +32.2 (c 1.0, CHCl3); dH


(CDCl3) 7.77 (2 H, d, J = 7.5 Hz, CH Fmoc Ph), 7.64 (2 H, d, J =
6.0 Hz, CH Fmoc Ph), 7.49–7.26 (9H, m, Fmoc Ph, OCH2Ph),
5.79 (1 H, d, J 9.4 Hz, NH), 5.39 (1 H, dd, J3′ ,4′ = 3.4 Hz, J4′ ,5′ =
0.9 Hz, H-4′), 5.37 (1 H, dd, J1′ ,2′ = 7.8 Hz, J2′ ,3′ = 10.4 Hz, H-2′),
5.30 (2 H, AB, JAB = 12.2 Hz, OCH2Ph), 5.13 (1 H, dd, J2,3 =
10.5 Hz, J3,4 = 9.8 Hz, H-3), 4.96 (1 H, dd, J2′ ,3′ , J3′ ,4′ , H-3′), 4.80
(1 H, d, J1,2 = 3.7 Hz, H-1), 4.47 (1 H, d, J1′ ,2′ , H-1′), 4.40 (3 H,
m, aCHThr, bCHThr, H-6b), 4.31 (1 H, t, J = 7.3 Hz, CHFmoc),
4.26 (1 H, dd, J6′a,6′b = 11.0 Hz, J5′ ,6′b = 5.9 Hz, H-6′b), 4.21 (1
H, dd, J6a,6b = 12.0 Hz, J5,6a = 5.3 Hz, H-6a), 4.13 (1 H, J6′a,6′b =
11.0 Hz, J5′ ,6′a = 7.4 Hz, H-6′a), 3.99 (1 H, ddd, J4, 5 = 10.0 Hz,
J5,6a, J5,6b = 1.9 Hz, H-5), 3.97 (2 H, m, CH2 Fmoc), 3.85 (1 H,
dd, J5′ ,6′a, J5′ ,6′b, H-5′), 3.66 (1 H, dd, J3,4, J4, 5 = 9.5 Hz, H-4), 3.09
(1 H, dd, J1,2, J2,3, H-2), 2.16–1.96 (18 H, 6 s, 6 CH3CO), 1.33 (3
H, d, J = 6.5 Hz, CH3 Thr); dC (CDCl3) 170.5–169.3 (COCH3,
COCH2Ph), 157.1 (CO Fmoc), 144.0, 141.2 (Cquat. Fmoc Ph),
135.1 (Cquat. OCH2Ph), 128.8, 127.9, 127.3, 125.5, 120.1 (CH Ph),
101.3 (C-1′), 99.2 (C-1), 76.6 (C-4), 71.2 (C-3′), 70.9 (C-5′), 70.1 (C-
3), 69.3 (C-2′), 69.1 (C-5), 68.0 (C-4′), 66.7 (CH2 Fmoc, OCH2Ph),
62.1 (C-6), 61.6 (C-6′), 60.8 (aCHThr, bCHThr), 59.1 (C-2), 47.3
(CH Fmoc), 21.2–20.8 (COCH3), 18.9 (CH3 Thr). ESI-HRMS:
calcd. for C50H56N4O20NH4


+ [M + NH4
+]: 1050.3824, found:


1050.3831.


3,6-Di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-2-acetamido-2-deoxy-a-D-glucopyranosyl-N-
(fluoren-9-ylmethoxycarbonyl)-L-threonine benzyl ester (13)


Azidosugar (12) (150 mg, 0.145 mmol) was added to a mixture
of THF–acetic anhydride–acetic acid (7.0 cm3) and zinc dust
(247 mg, 3.8 mmol) was added.33 Saturated aqueous CuSO4


solution (0.4 cm3) was added to the reaction mixture and it was
stirred for 30 min at room temperature. The mixture was filtered
through Celite and co evaporated with toluene. Purification by
column chromatography (hexane–EtOAc 3 : 7 v/v) afforded the
product (13) as an amorphous solid (99 mg, 65%). [a]D


25 + 28.8
(c 1.0, CHCl3); dH (CDCl3) 7.77 (2 H, d, J = 7.5 Hz, CH Fmoc
Ph), 7.64 (2 H, d, J = 6.0 Hz, CH Fmoc Ph), 7.49–7.26 (9H, m,
Fmoc Ph, OCH2Ph), 5.85–5.62 (2 H, 2 d, J = 9.4 Hz, 2NH), 5.28
(1 H, dd, J3′ ,4′ = 3.4 Hz, J4′ ,5′ = 0.8 Hz, H-4′), 5.13 (1 H, dd, J2,3 =
10.5 Hz, J3,4 = 8.6 Hz, H-3), 5.10 (1 H, d, J1′ ,2′ 7.8 Hz, J2′ ,3′ =
10.4 Hz, H-2′), 5.02 (2 H, AB, JAB = 12.2 Hz, OCH2Ph), 4.90 (1
H, dd, J2′ ,3′ , J3′ ,4′ , H-3′), 4.57 (1 H, d, J1,2 = 3.7 Hz, H-1), 4.48 (1 H,
d, J1′ ,2′ 7.8 Hz, H-1′), 4.37 (3 H, m, aCHThr, CH2 Fmoc, H-6b),
4.22 (1 H, t, J = 7.3 Hz, CHFmoc), 4.14–4.09 (3H, m, bCHThr,
H-2, H-6a′), 4.06 (1 H, dd, J6′a,6′b = 11.0 Hz, J5′ ,6′b = 5.9 Hz, H-
6b′), 4.01 (1 H, dd, J6a,6b = 11.0 Hz, J5,6a = 5.3 Hz, H-6a), 3.86 (1
H, ddd, J4,5 = 10.0 Hz, J5,6a, J5,6b = 1.9 Hz, H-5), 3.80 (1 H, dd,
J5′ ,6′a = 7.4 Hz, J5′ ,6′b, H-5′), 3.69 (1 H, dd, J3,4, J4,5, H-4), 2.15–
1.93 (21 H, 7 s, 7 CH3CO), 1.21 (3 H, d, J = 6.5 Hz, CH3 Thr);
dC (CDCl3) 170.5–169.3 (COCH3, COCH2Ph), 157.1 (CO Fmoc),
144.0, 141.2 (Cquat. Fmoc Ph), 135.1 (Cquat. OCH2Ph), 128.8,
127.9, 127.3, 125.5, 120.1 (CH Ph), 101.3 (C-1′), 99.3 (C-1), 76.6
(C-4), 71.2 (C-3′), 70.9 (C-3), 70.1 (C-5′), 69.3 (C-2′), 69.1 (C-5),
68.0 (CH2 Fmoc, OCH2Ph), 66.7 (C-4′), 62.1 (C-6), 61.6 (C-6′),
60.8 (aCHThr, bCHThr), 59.1 (C-2), 47.3 (CH Fmoc), 21.2–20.8
(COCH3), 18.9 (CH3 Thr). ESI-HRMS: calcd. for C52H60N2O21H+


[M + H]+: 1049.3761, found: 1049.3768.
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4-O-b-D-Galactopyranosyl-(2-acetamido-2-deoxy-a-D-
glucopyranosyl)-L-threonine (2)


A solution of 3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-2-acetamido-2-deoxy-a-D-glucopyranosyl-N-
(fluoren-9-ylmethoxycarbonyl)-L-threonine benzyl ester (13)
(48 mg, 0.045 mmol) in MeOH (3.6 mL) was treated with glacial
AcOH (0.36 cm3) and 10% Pd/C (51mg) for removal of the O-Bn
and N-Fmoc groups. The reaction mixture was stirred under H2


(∼1.5 atm) for approx. 10 h, filtered in Celite, concentrated in vacuo
and the crude product was purified by column chromatography
(DCM–MeOH 9 : 1 v/v). The product obtained (43 mg,
0.058 mmol) was dissolved in MeOH (1.5 mL) and treated with
NaOMe (1 M in MeOH) until the solution was basic. The reaction
mixture was stirred for 8 h and then neutralized with Dowex
50WX8–200 ion exchange resin. Filtration and concentration of
the mixture gave the deprotected a-linked disaccharyl threonine
(2) as an amorphous solid (20 mg, 90%); [a]D


25 +10.0 (c 0.1,
MeOH); dH (D2O), 4.77 (1H, d, J1,2 = 3.7 Hz, H-1), 4.30 (1H,
d, J1′ ,2′ = 7.8 Hz, H-1′), 4.29 (1H, m, bCHThr), 3.80–3.65 (7H,
m, H-2, H-3, H-6a, H-6b, H-3′, H-4′, aCHThr), 3.62–3.52 (4H,
H-4, H-5, H-6a′, H-6b′,), 3.50 (1H, m, H-5′), 3.36 (1H, dd, J1′ ,2′ ,
J2′ ,3′ = 10.1 Hz, H-2′), 1.87 (3H, s, NHAc), 1.24 (3H, d, J =
6.5 Hz, CH3 Thr). dC (D2O) 103.7 (C-1′), 99.5 (C-1), 79.5 (C-4),
76.1 (C-5′), 75.6 (bCHThr), 73.3 (C-5), 71.92, 71.91 (C-3′, C-3),
71.7 (C-2′), 70.1 (aCHThr), 69.3 (C-4′), 61.8 (C-6′), 61.7 (C-6),
53.9 (C-2), 22.9 (NCOCH3), 18.9 (CH3 Thr). ESI-HRMS: calcd.
for C18H32N2O13.Na+ [M + Na]+: 507.1797, found: 507.1798.


Enzymatic synthesis of 4-O-b-D-galactopyranosyl-(2-acetamido-2-
deoxy-a-D-glucopyranosyl)-L-threonine (2)


To a solution of 2-acetamido-2-deoxy-a-D-glucopyranosyl-L-
threonine (1) (5 mg, 0.015 mmol), UDP-galactose (5.0 mg,
0.008 mmol), and alkaline phosphatase (1.2 mg) in HEPES buffer
(0.4 cm3, 50 mM, pH 7.0, containing 100mM MnCl2) was added
the enzyme bovine b-1,4-galactosyltransferase (2.0 U), and the
mixture was incubated for 96 h at 30 ◦C. After completion of
the reaction the enzyme was precipitated by the addition of cold
ethanol, the mixture was centrifuged and the supernatant was
concentrated to dryness. The resulting residue was dissolved in
water and fractionated by gel filtration chromatography (15 ×
850 mm Toyopearl HW-40S column, eluted with water containing
0.1% TFA, at a flow rate of 0.5 cm3 min−1). Lyophilization of
relevant fractions, typically eluting in the 175–185 cm3 range, gave
deprotected a-linked disaccharyl threonine (2) as an amorphous
solid (3.9 mg, 57%). Analytical data for this compound were
identical to those reported for the same compound produced solely
by chemical means.


Enzymatic synthesis of 4-O-b-D-galactopyranosyl-(2-acetamido-
2-deoxy-b-D-glucopyranosyl)-L-threonine (4)


The general procedure described for the preparation of compound
(2) was applied to the galactosylation of b-linked glycosyl amino
acid 3. However, less b-1,4-galactosyltransferase (0.5 U) was
employed and the reaction was incubated for a shorter time (24 h).
Starting from compound (3) (5 mg, 0.015 mmol) the product (4)
was obtained as an amorphous solid (6.35 mg, 85%). [a]D


25 −5.0
(c 0.1, MeOH). dH (D2O), 4.39 (1H, d, J1,2 = 7.5 Hz, H-1), 4.27


(1H, d, J1′ ,2′ = 7.8 Hz, H-1′), 4.23 (1H, m, bCHThr), 3.78 (1H,
d, JaCH, bCH = 12.1 Hz, aCH Thr) 3.77–3.74 (2H, m, H-4′, H-4),
3.70–3.62 (2H, m, H-6a, H-6b), 3.60–3.50 (5H, m, H-6a′, H-6b′,
H-5′, H-3, H-2), 3.47 (1H, dd, J2′ ,3′ = 9.9 Hz, J3′ ,4′ = 3.3 Hz, H-3′),
3.38–3.34 (2H, m, H-5, H-2′), 1.87 (3H, s, NHAc), 1.24 (3H, d,
J = 6.5 Hz, CH3 Thr). dC (D2O) 103.7 (C-1′), 100.5 (C-1), 79.0
(C-4), 76.1 (C-5′), 75.4 (C-5), 74.5 (bCHThr), 73.3 (C-3′), 72.9 (C-
3), 71.7 (C-2′), 69.3 (C-4′), 61.7 (C-6′), 60.6 (C-6), 59.0 (aCHThr),
55.6 (C-2), 22.8 (NCOCH3), 17.9 (CH3Thr). ESI-HRMS: calcd.
for C18H33N2O13 [M + H]+: 485.1977, found: 485.1977.


General method for glycopeptide synthesis41


The glycopeptides (5) and (6) were assembled manually using a frit-
ted glass reaction vessel with nitrogen purging for effective mixing.
Pre-loaded FmocGly-Wang resin (typically 100 mg) was swollen in
CH2Cl2 for 1 h and then washed with DMF (3×). Deprotection of
the N-a-Fmoc group was carried out using 20% piperidine–DMF
followed by filtration, washing with DMF (3×) and subsequently
with DIPEA. Coupling reactions were performed with 2.0 mol
equiv of Fmoc-amino acid and coupling agents (PyBOP and
HOBt) dissolved in DMF. Coupling times were variable, ranging
from 3 h to 24 h for the threonine amino acids and between 24 h
and 72 h for the glycosylated amino acid (13) and the disaccharide
glycoside (15). The reaction mixtures were filtered after each
coupling and the resin washed three times with DMF, CH2Cl2 and
MeOH. After drying in vacuo, small aliquots of resin (1 mg) were
treated with 20% piperidine in DMF for removal of N-Fmoc group
and consequent generation of dibenzofulvene product which
absorb UV strongly (290 nm), offering potential for monitoring of
coupling reactions by spectrophotometer. After removal of the N-
Fmoc group of the last amino acid, the glycopeptides were cleaved
from resin in the presence of 95% TFA in water and after cleavage
was complete, the solutions were filtered to remove the cleaved
resin and concentrated to yellowish oil. The crude glycopeptides
were triturated with cold Et2O, dried in vacuo and O-deprotected
with 1 M sodium methoxide solution in MeOH. The purification of
glycopeptides (5) and (16) was carried out on Perkin-Elmer HPLC
equipment by reverse-phase chromatography using a Phenomenex
Luna C18 column (250 × 10 mm) with a linear gradient of 0–30%
CH3CN in 0.1% aq TFA at 1.0 cm3 min−1. Under these conditions
the retention times for glycopeptides (5) and (16) were 13.5 min
and 13.0 min, respectively.


3,6-Di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-2-acetamido-2-deoxy-a-D-glucopyranosyl-N-
(fluoren-9-ylmethoxycarbonyl)-L-threonine (14)


A solution of 3,6-di-O-acetyl-4-O-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-2-acetamido-2-deoxy-a-D-glucopyranosyl-N-
(fluoren-9-ylmethoxycarbonyl)-L-threonine benzyl ester (13)
(110 mg, 0.1 mmol) in MeOH (7.0 mL) was treated with glacial
AcOH (0.7 cm3) and Pd/C 10% (55 mg) for removal of the O-
Bn group. The reaction mixture was stirred and kept under H2


(∼1.5 atm) for 1 h, with careful monitoring by TLC (longer
reaction times resulted removal of the N-Fmoc group). The
reaction mixture was then filtered through Celite, concentrated
in vacuo and purified by column chromatography (DCM–MeOH
9 : 1 v/v). The product (14) was obtained as an amorphous solid
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(59.5 mg, 60%). [a]D
25 +47.7 (c 0.8, CHCl3); dH (CDCl3) 7.77 (2 H,


d, J = 7.5 Hz, CH Fmoc Ph), 7.64 (2 H, d, J = 6.0 Hz, CH Fmoc
Ph), 7.45–7.28 (9H, m, Fmoc Ph), 6.58 (1H, d, J = 9.4 Hz, NH),
6.12 (1H, d, J = 9.4 Hz, NH), 5.36 (1 H, m, H-4′), 5.16 (1 H, dd,
J2, 3 = 10.5 Hz, J3, 4 = 9.4 Hz, H-3), 5.10 (1 H, d, J1′ ,2′ 7.8 Hz, J2, 3 =
10.4 Hz, H-2′), 4.94 (1 H, dd, J2′ ,3′ = 10.4 Hz, J3′ ,4′ = 3.4 Hz, H-3′),
4.57 (1 H, d, J1,2 = 3.7 Hz, H-1), 4.48 (1 H, d, J1′ ,2′ 7.8 Hz, H-1′),
4.44–4.32 (3 H, m, aCHThr, CH2 Fmoc, H-6b), 4.25 (1 H, t, J =
7.3 Hz, CHFmoc), 4.16–4.08 (3H, m, bCHThr, H-2, H-6a′), 4.06–
4.01 (2H, m, H-6b′, H-6a), 3.96–3.82 (2 H, m, H-5, H-5′), 3.72 (1
H, t, J3, 4 = 9.8 Hz, H-4), 2.18–1.90 (21 H, 7 s, 7 CH3CO), 1.26 (3
H, d, J = 6.5 Hz, CH3 Thr); dC (CDCl3) 171.0–169.5 (COCH3),
157.1 (CO Fmoc), 144.0, 141.2 (Cquat. Fmoc Ph), 128.0–120.1
(CH Ph), 101.4 (C-1′), 99.0 (C-1), 76.1 (C-4), 71.2 (C-3′), 70.9
(C-3), 70.1 (C-5′), 69.3 (C-2′), 69.1 (C-5), 67.5 (CH2 Fmoc), 66.8
(C-4′), 62.1 (C-6), 61.6 (C-6′), 60.8 (aCHThr, bCHThr), 58.5 (C-
2), 47.4 (CH Fmoc), 21.4–20.8 (COCH3), 18.8 (CH3 Thr). ESI-
HSMS: calcd. for C45H55N2O21H+ [M + H]+: 959.3228, found:
959.3229.


H2N-(Thr)2-(LacNAc-a-Thr)-(Thr)2-Gly-OH (5)


Using the standard peptide synthesis procedure outlined, followed
by preparative reverse-phase chromatography, glycopeptide (5)
was obtained as an amorphous solid (7.0 mg, 22%). [a]D


25 +3.0
(c 0.1, MeOH). dH (D2O) 4.71 (1H, d, J1,2 = 3.7 Hz, H-1), 4.28
(1H, d, J1,2 = 8.1 Hz, H-1′), 4.50–4.30 (5H, m, aCHThr), 4.10–3.95
(5H, m, bCHThr), 3.90–3.45 (12H, m, CH2Gly, H-6a, H-6b, H-
6′a, H-6′b, H-2, H-3, H-4, H-4′, H-5), 3.50 (1H, m, H-3′), 3.35 (1H,
m, H-2′), 1.85 (3H, s, NHAc), 1.20–1.00 (15H, m, 5 × CH3Thr).
ESI-HSMS: calcd. for C36H63N7O22 [M + H]+: 946.4099, found:
946.4103.


N-(Fluoren-9-ylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-
O-acetyl-b-D-glucopyranosyl)-L-threonine (15)


A solution of N-(fluoren-9-ylmethoxycarbonyl)-(2-acetamido-2-
deoxy-3,4,6-tri-O-acetyl-b-D-glucopyranosyl)-L-threonine benzyl
ester (10) (119 mg, 0.157 mmol) in MeOH (5.0 mL) was treated
with glacial AcOH (0.2 cm3) and Pd/C 10% (27 mg) for removal of
the O-Bn group. The reaction mixture was stirred and kept under
H2 (∼1.5 atm) for 1 h. After this time, it was filtered in Celite,
concentrated in vacuo and purified by column chromatography
(DCM–MeOH 9 : 1 v/v). The product (15) was obtained as an
amorphous solid (101 mg, 96%). [a]D


25 +14.4 (c 1.0, MeOH) (lit.,49


[a]D + 14.7); dH (CDCl3) 7.73 (2H, d, J = 7.3 Hz, CH Fmoc
Ph), 7.61 (2H, d, J = 6.6 Hz, CH Fmoc Ph), 7.38–7.24 (4H,
m, CH Fmoc Ph), 6.12 (1H, d, J = 9.2 Hz, NH), 6.03 (1H, d,
J = 9.2 Hz, NH), 5.26 (1H, t, J2,3 = 9.6 Hz, H-3), 5.09 (1H, t,
J3,4 = 9.6 Hz, H-4), 4.64 (1H, d, J1,2 = 8.3 Hz, H-1), 4.50–3.60
(9H, m, CH2 Fmoc, 2 CH Thr, H-6, CH Fmoc, H-6′, H-2, H-5),
2.04, 1.98, 1.97, 1.93 (12H, s, COCH3), 1.18 (3H, d, J = 6.3 Hz,
CH3 Thr); dC (CDCl3) 171.3, 170.9, 170.8, 169.3 (COCH3), 156.8
(CO Fmoc), 143.7, 141.1 (Cquat.), 127.6, 127.0, 125.1, 119.9 (CH
Ph), 99.4 (C-1), 71.7, 71.5, 70.9, 68.2, 67.3 (C-3, C-4, C-5, 2 CH
Thr, CH2 Fmoc), 62.0 (C-6), 52.3 (C-2), 47.0 (CH Fmoc), 22.9,
20.8, 20.7, 20.5 (COCH3), 17.3 (CH3 Thr). ESI-HRMS: calcd. for
C33H39N2O13 [M + NH4]+: 671.2452, found 671.2453.


H2N-(Thr)2-(GlcNAc-b-Thr)-(Thr)2-Gly-OH (16)


Using the standard peptide synthesis procedure outlined, followed
by preparative reverse-phase chromatography, gave compound
(16) as an amorphous solid (4.5 mg, 14%). [a]D


25 +6.0 (c 0.1,
MeOH); dH (D2O) 4.42 (1H, d, J1,2 = 8.1 Hz, H-1), 4.40–4.25
(5H, m, aCHThr), 4.20–4.00 (5H, m, bCHThr), 3.85–3.55 (5H, m,
CH2Gly, H-6a, H-6b, H-5), 3.50 (1H, t, J = 9.8 Hz, H-3), 3.36 (1H,
t, J = 9.8 Hz, H-4), 3.25 (1H, m, H-2), 1.87 (3H, s, NHAc), 1.20–
1.00 (15H, m, 5 × CH3Thr). ESI-HSMS: calcd. for C34H70N7O17


[M + H]+: 847.4705, found: 847.4705.


H2N-(Thr)2-(LacNAc-b-Thr)-(Thr)2-Gly-OH (6)


To a solution of the glycopeptide H2N-(Thr)2-(bGlcNAc-Thr)-
(Thr)2-Gly-OH (16) (4.0 mg, 0.005 mmol) UDP-galactose (2.9 mg,
0.005 mmol), and alkaline phosphatase (0.4 mg) in HEPES buffer
(0.4 mL, 50 mM, pH 7.0, containing 100 mM MnCl2) was added
the enzyme bovine b-1,4-galactosyltransferase (1.0 U), and the
mixture was incubated for 24 h at 30 ◦C. After completion of the
reaction the enzyme was denatured with ethanol and centrifuged
before the supernatant was lyophilised. The dry residue was
dissolved in water and purified by gel filtration (Toyopearl HW-
40 S column, 15 × 850 mm, eluting with 0.1% aqueous TFA
at 0.5 mL min−1). Lyophilization of relevant fractions afforded
glycopeptide (6) as an amorphous solid (3.5 mg, 80%). [a]D


25 −2.2
(c 0.1, MeOH). dH (D2O) 4.45–4.40 (2H, m, H-1, H-1′), 4.38–4.21
(5H, m, bCHThr), 4.15–4.00 (5H, m, aCHThr), 3.85–3.45 (13H,
m, CH2Gly, H-6a, H-6b, H-6′a, H 6′b, H-5, H-5′, H-4, H-4′, H-
3, H-3′, H-2), 3.37 (1H, m, H-2), 1.88 (3H, s, NHAc), 1.20–1.00
(15H, m, 5 × CH3Thr). ESI-HSMS: calcd. for C36H63N7O22 [M +
H]+: 946.4099, found: 946.4103.


Cell culture and expression of T. cruzi trans-sialidase


SOB media (Hanahan’s broth)


Tryptone (20.0 g), yeast extract (5.0 g), sodium chloride (0.5 g)
were dissolved in de-ionised water (1000 cm3). The media was
autoclaved and stored until required. Immediately prior to use,
potassium chloride (10 cm3, 250 mM stock solution, pH 7.0, sterile
filtered) and magnesium chloride (5 cm3, 2 mM stock solution,
sterile filtered) were added.


Cell culture


Clones of TcTS (pTrcTs611/2)50 in E. coli (XL1-Blue) were
selected and raised on ampicillin (100 lg cm−3) LB agar slopes.
Single colonies were selected for the generation of glycerol stocks
(20% glycerol; stored at −80 ◦C) using culture conditions given
below. Overnight cultures were prepared directly from glycerol
stocks in sterile SOB media (25 cm3 in 50 ml culture tubes)
with ampicillin (100 ll cm−3, sterile filtered). The cultures were
incubated overnight at 37 ◦C with shaking (200 rpm). SOB media
(1000 cm3 containing 100 ll cm−3 ampicillin, sterile filtered prior
to addition, 2 L baffled plastic culture flasks) was warmed to
37 ◦C and inoculated to an optical density of 0.05–0.1 OD600 units.
Cultures were left to incubate at 37 ◦C with shaking (250 rpm)
until OD600 = 0.6–0.8 (4–6 h). Cells were induced with 1 mM
IPTG (sterile filtered) and left for 12 h at 23 ◦C. The cells were
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then harvested by centrifugation at 4 ◦C and the cell pellet was
stored at −20 ◦C until required.


Preparation of a cell-free extract


The cell pellet was thawed on ice and re-suspended in 30 ml of
phosphate buffer saline (PBS). After 30 minutes incubation on ice,
the viscosity of the solution was decreased by addition of DNase
(20 lg cm−3). The cells were then sonicated on ice for 5 × 1 minutes
(cycle 2, 50% power) with 1 minute intervals between bursts. The
suspension was then centrifuged (10000 g for 30 min) to remove
cell debris. The supernatant was then filtered through a 0.2 lm
filter. The cleared protein lysate obtained was then employed in
biotransformations.


General procedure for enzymatic reactions with trans-sialidase


Reactions were typically conducted with 1–2 mg of LacNAc-
based acceptor substrate. To a solution of acceptor (1 eq.) and
the calf serum fetuin (3 mol eq with respect to sialic acid), in
phosphate buffer (0.2 M, pH 7.0) was added sufficient TcTS to
effect complete conversion within 2 h at 30 ◦C. After completion
of the reaction, as judged by TLC (DCM–MeOH–H2O 10 : 10 :
3 v/v/v), protein was removed with a VIVASPIN 500 spin filter
(MW cut-off 10000), and the filtrate was directly applied to a gel
filtration column (Toyopearl HW-40 S column, 15 × 850 mm)
using 5 mM NH4HCO3 buffer as eluent at 0.5 cm3 min−1. Data for
sialylated compounds (17–20) can be found in Table 1.
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We describe a simple and inexpensive SNP typing method by using sequence specific interstrand
photocrosslinking via p-carbamoylvinyl phenol nucleosides. Interstrand photocrosslinking showed a
high degree of single nucleotide specificity as high as 103-fold and more, and can be used in the
diagnostic detection of DNA sequences.


Introduction


Single nucleotide polymorphisms (SNPs) are the most common
form of variation in the human genome and can be diagnostic of
particular genetic predispositions toward disease.1 Most methods
of DNA detection involve hybridization by an oligodeoxynu-
cleotide (ODN) probe to its complementary single-strand nucleic
acid target, leading to signal generation.2 In as far as the detection
relies on hybridization events,3 however, such ODN probes have
inherent limitations in their selectivity. Differences in hybridization
efficiency vary with sequence context and are often very small
for the detection of a single base mismatch in a target strand of
DNA. To attain the high sequence selectivity, the hybridization
and washing conditions need to be carefully selected to minimize
any undesirable responses from mismatched hybridization probes.
From this perspective, alternative methods that do not rely on
hybridization events are urgently required. The enzymatic ligation
method4 and chemical ligation method5 have been developed for
use in engendering high specificity in sequence detection. A single
primer extension with DNA polymerase is the representative key
reaction in enzyme-coupled SNP typing.6


We have been studying artificial DNA bases as a tool for
photochemical DNA ligation method.7 We recently reported that a
modified ODN containing a p-carbamoylvinyl phenol nucleoside
(CVP) could be photocrosslinked by irradiating at 366 nm with
adjacent adenine residue in a [2 + 2] manner, as shown in
Fig. 1a.8 Photocrosslinking-coupled SNP typing is expected to
demonstrate high performance for allele discrimination. Here, we
describe the coupling of DNA chip technology in an interstrand
photocrosslinking via CVP as a method for SNP-typing. This
photocrosslink reaction is shown to proceed with very high
sequence specificity, and can be used in the diagnostic detection
of DNA sequences.


Results and discussion


To demonstrate that interstrand photocrosslinking could be
incorporated into platforms suitable for DNA chip technologies,
we constructed the DNA chip by attaching amino-labelled ODN
containing CVP (where the S corresponds to a hexa(ethylene glycol)
linker fragment) as the capture strand onto the aldehyde-modified
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Fig. 1 Structure, sequences, and progress of interstrand photocrosslink-
ing. (a) Structure of CVP. (b) Capture and target sequences used in this
study. (c) Strategy for the detection of single nucleotide differences on a
DNA chip.


glass surface (Fig. 1b).7 The sequences were taken from the H-
ras protooncogene (wild-type) and the activated H-ras oncogene
(mutation), which has a C → A point mutation in codon 12.9


We determined the feasibility of the interstrand photocrosslink-
ing through ODN containing CVP on a DNA chip (Fig. 1c). A glass
chip spotted with 1 lM target DNA was irradiated at 366 nm for
45 min in 50 mM sodium cacodylate buffer (pH 7.0) and 50 mM
sodium chloride. After the chip was washed with deionized water
at 98 ◦C for 5 min, a phosphate-buffered saline (PBS) solution
of streptavidin-Cy3 conjugate was added to the surface, and the
chip was washed twice in PBS. Fluorescence signals were detected
on a microarray scanner. As shown in Fig. 2, we measured the
strong fluorescence signal of photocrosslinked product with the


Fig. 2 Fluorescence intensity acquired on a microarray scanner for the
product of photocrosslinking on matched and singly mismatched target
ODNs.
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Table 1 Normalized fluorescence intensity for the photocrosslinked
product of capture strand and target ODN, correctly base paired to eight
ODNs that differed in a single nucleotide position


Target ODNa Fluorescence intensityb


ODN(C) 5′-d(ACACCGCCG)-biotin-3′ 1.0 ± 0.11
ODN(4T) 5′-d(ACATCGCCG)-biotin-3′ 0.064 ± 0.018
ODN(5T) 5′-d(ACACTGCCG)-biotin-3′ 0c


ODN(6T) 5′-d(ACACCTCCG)-biotin-3′ 0c


ODN(7T) 5′-d(ACACCGTCG)-biotin-3′ 0c


ODN(8T) 5′-d(ACACCGCTG)-biotin-3′ 0c


ODN(7A) 5′-d(ACACCGACG)-biotin-3′ 0c


ODN(7G) 5′-d(ACACCGGCG)-biotin-3′ 0c


a Underlined characters indicate the mismatched base. b Each experiment
was repeated at least three times. c The average intensity as measured is
approximately equal to zero.


completely complementary case. To investigate the generality of
sequence discrimination, we constructed five target ODNs with
a mismatch at various positions. Results show that a single
mismatch at the seventh position in ODN context yielded very little
photocrosslinked product, with a measured fluorescence signal
that is 103-fold lower than the completely complementary case
(Table 1). Then we constructed a set of four closely related target
ODNs with a single variable base (A, T, G, or C) in the seventh
position. Most mismatches give relative fluorescence signals of
0.1% or less, compared to the correctly matched case.


As shown in Fig. 3a and Fig. 3b, results show that the
interstrand photocrosslinking reached the 50% stage in 45 min.
Significantly, a single mismatch in the target DNA yielded very
little photocrosslinked product, with a measured rate that was
103-fold lower than that of the completely complementary case.


Fig. 3 (a) Fluorescence image for a time course of wild-type detection.
The capture strands (Y = G) were attached to the surface. (b) Differing
rates of photocrosslinking of matched and singly mismatched target DNA.


In such an interstrand photocrosslinking, there are two possible
sources of specificity: the interstrand photocrosslinking itself


and the hybridization selectivity between the target DNA and
capture strand. We also conducted wild-type detection using
the conventional method for the same target to verify the
potential selectivity of our interstrand photocrosslinking method
for SNP detection. A conventional method of increasing target
selectivity is to wash the DNA chip with a buffer solution at
an adequate temperature, which results in the dehybridization of
DNA duplexes formed from non-complementary strands. In the
wild-type detection by the traditional method, which shows only
hybridization specificity, the observed selectivity for the matched
(wild-type) sequence was about 3, even after stringent washing
with a solution at the appropriate temperature (Fig. 4a). One
possible reason for the decrease in the selectivity is the loss of
DNA duplexes of matched sequences, particularly during the
washing step employed to remove non-complementary strands
from the DNA chip. A second possible source of low selectivity
is incomplete washing of the mismatched sequences (mutant).
By contrast, the fluorescence image after use of the interstrand
photocrosslinking method showed no loss of the target DNA, due
to covalent bonding between the capture strand and target DNA
(Fig. 4b). Moreover, mismatched duplexes with the potential to
harm the fluorescence imaging were eliminated completely by high
temperatures (Fig. 4c, Fig. 4d).


Fig. 4 Influence of washing and interstrand photocrosslinking on
specificity. The capture strands (Y = G) or traditional probe
(5′-d(CGGCGGTGT)-SSSS-NH2–3′) were attached to the surface, and
targets (left: X = C, 3 × 3 spots; right: X = A, 3 × 3 spots) were applied.
(a) Use of only hybridization specificity and washing with buffer under
stringent conditions (25 ◦C). The observed specificity was 3. (b) Use of both
hybridization specificity and interstrand photocrosslinking specificity and
washing with buffer under stringent conditions. The observed specificity
was 13. (c) Use of only hybridization specificity and washing with the
deionized water at 98 ◦C for 5 min. No signal was observed. (d) Use of
both hybridization specificity and interstrand photocrosslinking specificity
and washing with the deionized water at 98 ◦C for 5 min. The observed
specificity was 52.


Finally, to demonstrate the generality of sequence discrimina-
tion, we constructed a set of four closely related targets (all in
the H-ras context) with a single variable base (A, G, C, or T),
along with 9-mer immobilized capture strands with the same four
bases. We then performed kinetic measurements for all 16 possible
combinations of capture strands and target DNAs (Table 2).
As shown in Fig. 5, the photocrosslinking of each of the 12
possible mismatched sequences is presented as a ratio between
the photocrosslinking efficiency of each mismatched reaction and
that of the corresponding matched one. Most mismatches are
discriminated by a factor greater than 103-fold, as compared
to the corresponding matched sequence (G–T, G–A, G–G, A–
C, A–A, C–C, T–C, T–T), and almost all of the remaining
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Table 2 Survey of photocrosslinking rates for all base-pairing combinations in the context of the H-ras system


Base pair (Y–X) Fluorescence intensitya Base pair (Y–X) Fluorescence intensitya


G–C 1.0 ± 0.145 C–C 0b


G–T 0b C–T 0.017 ± 0.029
G–A 0b C–A 0.019 ± 0.023
G–G 0b C–G 1.0 ± 0.025
A–C 0b T–C 0b


A–T 1.0 ± 0.042 T–T 0b


A–A 0b T–A 1.0 ± 0.027
A–G 0.025 ± 0.024 T–G 0.041 ± 0.074


a Each experiment was repeated at least three times. b The average intensity as measured is approximately equal to zero.


Fig. 5 Fluorescence intensity for all 16 possible combinations of cap-
ture strands and target DNAs. Each experiment was repeated at least
three times.


sequences are discriminated by greater than 102-fold. Although
the discrimination of G–T mismatch is more difficult than other
kinds of mismatches,10 use of the interstrand photocrosslinking
method exhibits the adequate sequence specificity.


Conclusions


In conclusion, we have demonstrated a simple and inexpensive
SNP typing method by using sequence specific interstrand pho-
tocrosslinking via CVP. Interstrand photocrosslinking showed a
high degree of single nucleotide specificity as high as 103-fold and
more. Therefore, this system can be widely used for sensitive assays
for clinical diagnostics of genetic and infectious disease.


Experimental


General


Mass spectra were recorded on a Voyager-DE PRO-SF (Applied
Biosystems). Irradiation was performed by 25 W transilluminator
(FUNAKOSHI, TFL-40, 366 nm, 5700 lW cm−2). HPLC was
performed on a Chemcobond 5-ODS-H column (4.6 × 150 mm)
with a JASCO PU-980, HG-980–31, DG-980–50 system equipped
with a JASCO UV 970 detector at 260 nm. The reagents for DNA


synthesis, such as A-, G-, C-, T-b-cyanoethyl phosphoramidite,
and CPG support were purchased from Glen Research. Calf
intestine alkaline phosphatase (AP) was purchased from Promega.
Nuclease P1 was purchased from Yamasa.


Preparation of ODN


ODN sequences were synthesized by the conventional phospho-
ramidite method by using an Applied Biosystems 3400 DNA
synthesizer. The coupling efficiency was monitored with a trityl
monitor. The coupling efficiency of a crude mixture of CVP was
97%. The coupling time for a crude mixture of CVP was 999 s. The
products were deprotected by incubation with 28% ammonia for
4 h at 65 ◦C and were purified on a Chemcobond 5-ODS-H column
(10 × 150 mm) by reverse phase HPLC; elution was with 0.05 M
ammonium formate containing 3–20% CH3CN, linear gradient
(30 min) at a flow rate of 3.0 mL min−1. Preparation of ODNs
was confirmed by MALDI-TOF-MS analysis.11 The target DNAs
were 5-TCTGGATCAGCTGGATGGTCAGCGCACTCTTG
CCCACACCGXCGGCGCCCACCACCACCAGCTTATATTC-
CGTCATCGCTCCTCAGGGGCCTGCGGCCCG - biotin - 3′,
where X was either A, G, C, or T.


DNA probe immobilization


The amino-labelled ODN probe containing CVP was diluted to a
concentration of 10 lM in 100 mM sodium cacodylate buffer
(pH 7.0). Spotting was accomplished by using 4 lL aliquots
from a standard micropipette. Binding of amino-labelled ODN
probe containing CVP to the surface was performed over a period
of 12 h at room temperature in a humid chamber. After probe
immobilization, the glass surface was rinsed with 0.1% SDS and
deionized water. The surface was deactivated with a solution made
of NaBH4 (3.75 mg), PBS (1.5 mL), and ethanol (375 lL) over
a period of 5 min. The surface was subsequently washed with
deionized water, and dried.


Interstrand photocrosslinking on a DNA chip


A glass chip spotted with a solution (4 lL) made of 1 lM target
DNA in 50 mM sodium cacodylate buffer (pH 7.0) and 50 mM
sodium chloride was irradiated at 366 nm for 45 min. After the chip
had been washed with deionized water at 98 ◦C for 5 min, a PBS
solution of streptavidin-Cy3 conjugate (20 lg mL−1) was added to
the surface, and the chip was washed twice in PBS. Fluorescence
measurements were performed on a microarray scanner CRBIO
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IIe (Hitachi), which was equipped with a laser with excitation
wavelength of 532 nm.
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The first enantioselective synthesis of the anti-Heliocbacter pylori agent (+)-spirolaxine methyl ether 2b
has been carried out in a convergent fashion establishing that the absolute stereochemistry of the
natural product is in fact (3R, 2′′R, 5′′R, 7′′R) after initial synthesis of the unnatural (2′′S)-diastereomer
2a. The key step in the synthesis of (+)-spirolaxine methyl ether 2b involved a heterocycle-activated
Julia–Kocienski olefination between benzothiazole-based spiroacetal sulfone 4b and phthalide aldehyde
3a. (2′′R, 5′′S, 7′′S)-Spiroacetal sulfone 4b was prepared via cyclisation of protected dihydroxyketone 6b,
which in turn was derived from the coupling of the acetylide derived from (R)-acetylene 24b with
aldehyde 3a. Phthalide aldehyde 3a was prepared via intramolecular acylation of bromocarbamate 15,
which was available via titanium tetrafluoride-(+)-BINOL-mediated allylation of 3,5-dimethoxy-
benzaldehyde 13. Union of the sulfone 4b and aldehyde 3a fragments successfully completed the
enantioselective synthesis of (+)-spirolaxine methyl ether 2b. The synthesis of the unnatural (3R, 2′′S,
5′′R, 7′′R)-diastereomer of spirolaxine methyl ether 2a was also undertaken in a similar manner by union
of phthalide aldehyde 3a with (2′′S, 5′′S, 7′′S)-spiroacetal sulfone 4a derived from (S)-acetylene 24a.


Introduction


Helicobacter pylori has been shown by epidemiologic studies to
have an etiological role in several diseases, including gastric and
duodenal ulcers, distal gastric cancer and mucosal-associated
lymphoid tissue (MALT) lymphoma (cancer of the B cell lym-
phocytes). It has been estimated that H. pylori was the cause
of 5.6% of all cancers worldwide in 2002.1 The microaerophilic,
Gram negative bacteria2 have been estimated to infect the stomach
of over half of the world’s population,3 and in most cases
infection will persist for the lifetime of an individual without
medical intervention.4 Therapy to eliminate H. pylori from the
gastroduodenal tract removes the primary cause of gastric and
duodenal ulcers, and eliminates the need for an ulcer patient to
continue long and costly treatment with H2 blockers. Current
treatment of H. pylori infection involves the prescription of one or
more antibiotics in combination with H2 blockers; however, none
of the existing treatments are capable of complete eradication of
H. pylori.5


Spirolaxine 1 and spirolaxine methyl ether 2 (Scheme 1) are pro-
duced by various strains of white rot fungi belonging to the genera
Sporotrichum and Phanerochaete.6 Spirolaxine 1 and spirolaxine
methyl ether 2 are potent helicobactericidal compounds and are
therefore useful compounds for the treatment of gastroduode-
nal disorders and the prevention of gastric cancer. Spirolaxine
methyl ether 2 contains a 5,7-dimethoxyphthalide nucleus linked
through a polymethylene sidechain to a 6,5-spiroacetal group,


Department of Chemistry, University of Auckland, 23 Symonds St, Auckland,
New Zealand. E-mail: m.brimble@auckland.ac.nz; Fax: +64 9 3737422
† Electronic supplementary information (ESI) available: General experi-
mental details together with full experimental procedures, 1H NMR, 13C
NMR and mass spectral data for compounds 3, 6, 7, 12, 14–17 and 18–26.
See DOI: 10.1039/b708265g


Scheme 1


and belongs to the class of endecaketide derivatives that includes
phanerosporic and corticiolic acids.7 Several structurally related
phthalide-containing helicobactericidal compounds that contain
a 5,5-spiroacetal moiety have also been reported by Dekker
et al.,8 which also provide promising leads for the treatment
of H. pylori-related diseases. Spirolaxine has been reported to
exhibit cholesterol lowering activity9 and more recently studies
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have shown that it has cytotoxic activity toward endothelial cells
(BMEC and Huvec) as well as a variety of tumour cell lines (LoVo
and HL60).10


At the outset of this work the absolute and relative stereo-
chemistry of the four stereogenic centres present in spirolaxine
1 and spirolaxine methyl ether 2 had not been established, and a
synthesis of these unique helicobactericidal agents had not been
reported. We therefore herein report the full details11 of the first
enantioselective total synthesis of (+)-spirolaxine methyl ether 2
that established the absolute configuration of the natural product
to be (3R, 2′′R, 5′′R, 7′′R). During the course of this work the rela-
tive stereochemistry of the four stereocentres of spirolaxine 1 was
determined through single-crystal X-ray analysis.12 A synthesis
of (+)-spirolaxine methyl ether 2 was also reported using a Prins
cyclisation to form a spiroacetal precursor, and a Wadsworth–
Emmons condensation to install the polymethylene chain on the
phthalide moiety. However, the absolute stereochemistry of the
phthalide moiety was not controlled, thus necessitating separation
of two diastereomers formed in the final reduction step.13


Results and discussion


In planning our synthesis of spirolaxine methyl ether it was
necessary to consider the stereochemistry of the four stereogenic
centres, the relative and absolute configuration of which had not
been established at the outset of this work. It was anticipated that
the [6,5]-spiroacetal ring system would adopt the anomerically-
stabilised bis-axial conformation and that the polymethylene side
chain at C7′′ would occupy the thermodynamically preferred
equatorial position. The stereochemistry of the remaining two
stereogenic centres however, could not be predicted. Therefore
a convergent and flexible synthetic strategy was developed that
would allow the stereochemistry at C3 of the phthalide and C2′′


of the spiroacetal ring to be varied.
The retrosynthesis adopted (Scheme 1) involves heterocycle-


activated Julia–Kocienski olefination of phthalide aldehyde 3
with sulfonyl spiroacetal 4. Phthalide aldehyde 3 is available
via lactonisation of alcohol 5. Both enantiomers of alcohol 5
are available via asymmetric allylation, thus providing access to
both enantiomers of phthalide aldehyde 3. Sulfonyl spiroacetal
4 can be prepared via acid-catalysed cyclisation of protected
dihydroxyketone 6 with the addition of the lithium acetylide
of 8 to aldehyde 7 providing the dihydroxyketone precursor 6.
Both enantiomers of acetylene 8 are commercially available, thus
facilitating the synthesis of the spiroacetal ring system with either
(R)- or (S)-stereochemistry at C2′′. In turn, aldehyde 7, would be
accessible in both enantiomeric forms from the chiral pool reagent
(S)-aspartic acid 9.


Initial attention focused on the synthesis of (3R, 2′′S, 5′′R,
7′′R)-spirolaxine methyl ether 2a based on the availability of the
chiral starting materials (S)-aspartic acid 9 and (R)-3-butyn-2-ol
8a. The synthesis of this diasteromer 2a as the initial synthetic
target then rested on a successful synthesis of (3R)-phthalide
aldehyde 3a from (R)-homoallylic alcohol 5a (Scheme 2). Towards
this end, the asymmetric allylation of benzaldehyde 10 was
investigated following the procedure of Brown et al.14 Disappoint-
ingly, allylation using the allylboron reagent derived from (−)-B-
allyldiisopinocampheylborane failed to take place. Allylboration
of bromobenzaldehyde 11 where the bromide could later be


Scheme 2


converted to an amide group was next investigated. In this case
the allylboration of 11 using (−)-B-allyldiisopinocampheylborane
afforded benzylic alcohol 12 with a modest 30% ee. Catalytic asym-
metric allylation of benzaldehyde 11 using allyltrimethylsilane in
the presence of the catalyst15 generated from titanium tetrafluoride
and (R)−(+)-BINOL (10 mol%) afforded the desired (R)-benzylic
alcohol 12 also with a modest 51% ee.


At this stage it was postulated that the steric bulkiness of either a
diethyl amide or bromide substituent was preventing the formation
of the desired benzylic alcohols in high enantiomeric excess. A
new synthetic route was therefore proposed wherein introduction
of the stereochemistry at the benzylic position took place to
allow functionalisation at the ortho position. Gratifyingly, tita-
nium tetrafluoride-(R)−(+)-BINOL-derived Lewis acid-catalysed
addition of allyltrimethylsilane to 3,5-dimethoxybenzaldehdye 13
provided homoallylic alcohol 14 in 76% yield and in 86% ee.
(Scheme 3). Regioselective bromination of the aromatic ring
using NBS afforded bromide 12 in preparation for subsequent
installation of the phthalide functionality at this position.


Scheme 3
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Attempts to effect direct carboxylation of bromide 12 proved
fruitless. However, Castedo et al.16 have prepared a number of ph-
thalides via internal trapping of carbamates derived from benzylic
alcohols. With this precedent in mind, alcohol 12 was converted
to diethyl carbamate 15 by treatment with sodium hydride and
diethyl carbamoyl chloride. Lithium–halogen exchange of 15,
with tert-butyllithium (2.2 equiv.) in tetrahydrofuran at −78 ◦C,
provided a mixture of the desired phthalide 16 and diethyl amide
5a. Direct treatment of this mixture with p-toluenesulfonic acid
for 12 h provided phthalide 16 in 76% yield over two steps.
Hydroboration of 17 then furnished the desired phthalide alcohol
17 that underwent smooth PCC oxidation to the desired (3R)-
phthalide aldehyde 3a.


With (3R)-phthalide aldehyde 3a in hand, attention next focused
on the synthesis of (2R, 7R)-spiroacetal sulfone 4a in preparation
for the synthesis of (3R, 2′′S, 5′′R, 7′′R)-spirolaxine methyl ether
2a (Scheme 4) via the intermediacy of aldehyde 7. It was envisaged
that aldehyde 7 would be available from (R)-epoxide 20, which
could in turn be prepared from (S)-aspartic acid 9. Additionally,
the lithium acetylide generated from (S)-acetylene 24a17 can
be used to form C-2 of the spiroacetal ring with the desired
stereochemistry.


Bromodiol 19 was initially prepared by treatment of (S)-aspartic
acid 9 with sodium nitrite in the presence of potassium bromide
to afford bromosuccinic acid 1818 in 92% yield. Reduction of the
two carboxylic acid groups using borane dimethylsulfide complex
afforded bromodiol 19 in 93% yield. In an adaptation of the


method used by Frick et al.19 (R)-epoxide 2020,21 was prepared
in 82% yield by one-pot intramolecular cyclisation of bromodiol
19 and subsequent protection of the primary alcohol as a silyl
ether.


Subsequent allylation of epoxide 20 proved difficult, with initial
attempts using allylmagnesium bromide leading to the formation
of an inseparable bromohydrin by-product. Treatment of epoxide
20 with allylmagnesium bromide in the presence of copper iodide
(15 mol%) or copper bromide dimethyl sulfide complex (15 mol%)
at −78 ◦C also led to the exclusive formation of the bromohydrin.
Lipshutz et al.22 have opened epoxides with higher-order diallyl-
cyanocuprates. Diallylcyanocuprate was therefore prepared from
lithium chloride, copper(I) cyanide and allyllithium (formed in situ
by the transmetallation of allyltributyltin and methyllithium), and
added via cannula to a solution of epoxide 20 in tetrahydrofuran
at −78 ◦C.23 Gratifyingly, the reaction proceeded to furnish the
desired alcohol 21 in 90% yield.


The enantiomeric excess of alcohol 21 was determined to be 94%
by examination of the 19F NMR spectrum of the corresponding
Mosher ester. After protection as a tert-butyldimethylsilyl ether
22 hydroboration of the alkene, using borane dimethylsulfide
complex in tetrahydrofuran at 0 ◦C afforded alcohol 23 in 83%
yield. Dess–Martin periodinane oxidation of the primary alcohol
to the corresponding aldehyde 7 then proceeded in 86% yield.


With aldehyde 7 in hand, subsequent union with the acetylide
derived from (S)-acetylene 24a17 was investigated. Accordingly,
the lithium acetylide was generated from (S)-acetylene 24a using


Scheme 4
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n-butyllithium and treated with aldehyde 7 at −78 ◦C and at
−100 ◦C. Unfortunately, this procedure only afforded a complex
mixture of products. The addition of lithium alkynyltrifluorobo-
rates to anhydrides and esters for the synthesis of a,b-acetylenic
ketones, has been reported by Brown et al.24 and Yamaguchi
et al.,25 hence it was hoped that the use of this less basic nucleophile
would favour the desired coupling of 24a with 7. Disappointingly,
sequential treatment of acetylene 24a with n-butyllithium and
boron trifluoride etherate, followed by the addition of aldehyde
7, also resulted in the formation of a complex mixture of
products.


It was postulated that enolate formation was occurring in
preference to the desired nucleophilic addition reaction. This
postulate was supported by the observations of Brandsma et al.,26


who had encountered a similar problem during the preparation
of propargylic alcohols from lithium acetylides and ketones.
Brandsma et al. successfully circumvented this problem by the
inclusion of lithium bromide in the reaction. Lithium bromide has
also been employed by Carreira and Du Bois27 to improve the
problematic coupling of an aldehyde and acetylide. Encouraged
by these reports, the union of the acetylide of 24a with aldehyde 7
in the presence of lithium bromide (50 mol%) was undertaken in
tetrahydrofuran at −78 ◦C. Gratifyingly, this procedure furnished
acetylenic alcohol 25a in 86% yield.


Oxidation of acetylenic alcohol 25a using tetrapropylammo-
nium perruthenate and N-methylmorpholine N-oxide proceeded
smoothly to give the corresponding ynone 26a in near quantitative
yield. Hydrogenation of the alkyne 26a over 10% Pd/C for 48 h
furnished the protected dihydroxyketone 6a in 86% yield. Selective
removal of the tert-butyldimethylsilyl ethers with camphorsulfonic
acid and concomitant acid-catalysed cyclisation, afforded spiroac-
etal 27a in 86% yield. Finally removal of the tert-butyldiphenylsilyl
ether, with tetrabutylammonium fluoride provided the desired
volatile spiroacetal alcohol 28a.


The structure of spiroacetal alcohol 28a was assigned on the
basis of NMR evidence (Fig. 1). Resonances in the 1H NMR
spectrum at d 4.10 and 4.24, assigned to H7 and H2 respectively,
exhibited multiplicities that were indicative of carbocyclic ring
formation. In addition, a quaternary carbon resonance in the 13C
NMR spectrum at d 105.9, assigned to C5, was characteristic
of a spiroacetal carbon. Due to the thermodynamic stabilisation
by the anomeric effect,28 it was predicted that the acid-catalysed
cyclisation of protected dihydroxyketone 6a would lead to forma-
tion of spiroacetal alcohol 28a where both oxygen atoms of the
spiroacetal adopt an axial orientation. This was confirmed by the
NOE observed between H7 and the protons of the methyl group
at C2.


Fig. 1 NMR evidence supporting the structure of spiroacetal alcohol 28.


In preparation for the Julia–Kocienski olefination of spiroacetal
sulfone 4a with phthalide aldehyde 3a, alcohol 28a was treated with
2-mercaptobenzothiazole under Mitsunobu conditions to provide


sulfide 29a in 74% yield. Oxidation to the corresponding sulfone
proceeded smoothly in 90% yield using m-chloroperoxybenzoic
acid in dichloromethane.


Finally it remained to perform the modified Julia–Kocienski
olefination of sulfone 4a and aldehyde 3a. Accordingly, sulfone
4a was metallated with lithium diisopropylamide at −78 ◦C in
tetrahydrofuran, and the resultant anion was treated with aldehyde
3a providing olefin 30a in a modest 37% yield. Resonances in
the 1H NMR‡ spectrum at d 5.43–5.58, corresponding to H3′,
H3′*, H4′ and H4′*, supported the formation of olefin 30a, as did
resonances at d 127.9, 128.8, 128.9 and 130.0 in the 13C NMR‡
spectrum, corresponding to C3′, C3′*, C4′ and C4′*, respectively.
Although the 13C NMR spectrum clearly indicated the presence
of both the (E)- and (Z)-alkenes, the relative ratio of these two
diastereomers could not be determined.


Having finally effected the successful coupling of the spiroacetal
and phthalide fragments, it next remained to simply hydrogenate
alkenes 30a to furnish the (3R,2′′S,5′′R,7′′R)-diastereomer of
spirolaxine methyl ether 2a. Use of 10% palladium on charcoal as
the catalyst afforded a complex mixture of products. Gratifyingly,
hydrogenation over Adams’ catalyst in tetrahydrofuran proceeded
smoothly to provide the (3R,2′′S,5′′R,7′′R)-diastereomer of spiro-
laxine methyl ether 2a§ in 90% yield.


Comparison of the 1H NMR and 13C NMR data obtained
for 2a with that reported for the natural product,6,29 however,
revealed that the (3R, 2′′S, 5′′R, 7′′R)-diastereomer 2a was in fact
an unnatural stereoisomer. Significant differences in the chemical
shifts for the (3R, 2′′S, 5′′R, 7′′R)-diastereomer of spirolaxine
methyl ether 2a and those reported for the natural product, were
observed in the 1H NMR spectrum for the methyl group (d 1.22 for
natural product and 1.27 for 2a) and H2′′ of the spiroacetal ring (d
4.13 for natural product and 4.22 for 2a). Similarly, differences
were also observed in the 13C NMR spectrum for the methyl
group (d 21.3 for natural product and 23.3 for 2a) and C2′′′ of
the spiroacetal ring (d 73.6 for natural product and 76.6 for 2a).
This, coupled with the fact that the remaining signals were closely
matched with those of the natural product, led to the conclusion
that the stereochemistry at C2′′ was of the wrong configuration.
It was therefore proposed that the relative stereochemistry of the
natural product was in fact (3R, 2′′R, 5′′R, 7′′R).


Having proposed the stereochemistry at C2′′ of the natural
product to be of (R)-configuration and not (S), it next remained
to synthesise (3R, 2′′S, 5′′R, 7′′R)-spirolaxine methyl ether 2b. It
was envisaged that a strategy similar to that developed for the
synthesis of (3R, 2′′S, 5′′R, 7′′R)-spirolaxine methyl ether 2a could
be used to achieve this goal (Scheme 5). The convergent and
flexible nature of the synthetic route adopted herein meant that
the only change necessary for the synthesis of (3R, 2′′R, 5′′R, 7′′R)-
spirolaxine methyl ether 2b, is the substitution of (R)-acetylene
24b for (S)-acetylene 24a.


Using the conditions developed previously for the synthesis
of alcohol 25a, the lithium acetylide of 24b, generated with n-
butyllithium, in the presence of lithium bromide (0.5 equiv.) was


‡ The symbol * is used here to denote the presence of (E)- and (Z)- isomers.
§ It was expected that spirolaxine methyl ether 2a would be obtained as
a 93 : 7 mixture of diastereomers however, advantageous removal of the
minor isomer by flash column chromatography provided 2a as the sole
product.
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Scheme 5


treated with aldehyde 7 in tetrahydrofuran at −78 ◦C (Scheme 5).
After stirring for 5 h, alcohol 25b was furnished in 76% yield. Oxi-
dation of acetylenic alcohol 25b to corresponding ynone 26b with
tetrapropylammonium perruthenate and N-methylmorpholine N-
oxide proceeded smoothly in 87% yield. Hydrogenation of the
alkyne using Adams′ catalyst provided protected dihydroxyketone
6b in 95% yield after only 6 h, in contrast to the use of palladium on
carbon previously for the synthesis of protected dihydroxyketone
6a in 86% yield, which took 48 h. Selective deprotection of the tert-
butyldimethylsilyl ethers and concomitant cyclisation of protected
dihydroxyketone 6b to spiroacetal 27b using camphorsulfonic acid
in dichloromethane at 0 ◦C proceeded in 86% yield. Removal of the
tert-butyldiphenylsilyl ether using tetrabutylammonium fluoride
gave the volatile spiroacetal alcohol 28b in 83% yield.


Having synthesised spiroacetal alcohol 28b, preparation of
the modified Julia olefination precursor sulfone 4b was under-
taken. Accordingly, alcohol 28b was treated with 2-mercapto-
benzothiazole under Mitsunobu conditions to provide the cor-
responding sulfide in 62% yield, and the oxidation of which with
m-chloroperoxybenzoic acid, provided spiroacetal sulfone 4b in
82% yield. The structure of spiroacetal sulfone 4b was assigned on
the basis of NMR evidence (Fig. 2). Resonances in the 1H NMR
spectrum at d 3.89 and 4.09, assigned to H7′′ and H2′′ respectively,


Fig. 2 NMR evidence supporting the structure of spiroacetal sulfone 4


both exhibited multiplicities that were indicative of carbocyclic
ring formation. The chemical non-equivalence of geminal protons
at C3, C4, C8, and C9 was also consistent with ring formation. In
addition, the 13C NMR spectrum exhibited a quaternary carbon
resonance at d 106.1, which is characteristic of the spiroacetal
carbon C5′′.


Similar to spiroacetal sulfone 4a, the influence of the anomeric
effect was also expected to produce a spiroacetal ring system in
which the two oxygen atoms would adopt an axial orientation.
This prediction was confirmed by the NOE correlation observed
between H7′′ and H2′′, which would be unlikely for the correspond-
ing epimer 4c in which the oxygen atom of the five-membered ring
occupies an equatorial position.


With spiroacetal sulfone 4b and aldehyde 3a in hand, it next
remained to couple the two fragments in a modified Julia–
Kocienski olefination. Accordingly, sulfone 4b was metallated with
lithium diisopropylamide, and the resultant anion treated with
aldehyde 3a in tetrahydrofuran at −78 ◦C. After 4 h the desired
alkene 30b was isolated in a modest 40% yield.


Resonances in the 1H NMR‡ spectrum at d 5.41–5.55, corre-
sponding to H3′, H3′*, H4′ and H4′*, supported the formation of
alkene 30b. Signals in the 13C NMR‡ at d 127.9, 128.8, 129.0 and
129.9, corresponding to C3′, C3′*, C4′ and C4′* respectively, were
also consistent with olefination and indicated the presence of both
the (E)- and (Z)- isomers, the relative ratios of which were unable
to be determined.


Hydrogenation of olefin 30b over Adams′ catalyst in tetrahydro-
furan afforded (3R, 2′′R, 5′′R, 7′′R)-spirolaxine methyl ether 2b¶ in
quantitative yield. The 1H NMR and 13C NMR data for 2b were
identical to that reported for the natural product.6,29 Gratifyingly,
comparison of the optical rotation {[a]20


D +63.7◦ (c 0.85, CHCl3)}
with that reported in the literature {[a]30


D +62◦ (c 0.22 in CHCl3)}29


¶ It was expected that spirolaxine methyl ether 2b would be obtained as
a 93 : 7 mixture of diastereomers however, advantageous partial removal
of the minor isomer by flash column chromatography provided a 95 : 5
mixture of diastereomers.
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confirmed unequivocally that the absolute stereochemistry of the
natural product is in fact (3R, 2′′R, 5′′R, 7′′R).


In summary, a convergent enantioselective total synthesis of the
anti-Helicobacter pylori agent (+)-spirolaxine methyl ether 2b has
been achieved (Scheme 5). The key step of the synthesis involved a
modified Julia–Kocienski olefination between spiroacetal sulfone
4b and phthalide aldehyde 3a. The synthesis of (+)-(3R, 2′′R, 5′′R,
7′′R)-spirolaxine methyl ether 2b together with the (3R, 2′′S, 5′′R,
7′′R)-diastereomer 2a established the absolute configuration of the
four stereogenic centres in the natural product to be (3R, 2′′R, 5′′R,
7′′R). The modular nature of the present synthesis based on union
of two moieties of predefined stereochemistry also provides an
opportunity for the synthesis of other diastereomers of spirolaxine
methyl ether, thus providing a potential source of analogues of the
natural product for structure–activity studies.


Experimental


(2S, 5R, 7S)-7-[2′-(tert-Butyldiphenylsilyloxy)ethyl]-
2-methyl-1,6-dioxaspiro[4.5]decane (27a)


To a stirred solution of ketone 6a (4.48 g, 6.54 mmol) in
dichloromethane (65 cm3) at 0 ◦C under an atmosphere of nitrogen
was added camphorsulfonic acid (3.60 g, 14.38 mmol). After
stirring for 2 h, the mixture was filtered through a pad of Celite R©,
and the solvent removed under reduced pressure. Flash column
chromatography using hexane–diethyl ether (8 : 2 to 6 : 4) as eluent
afforded the title compound 27a (2.47 g, 86%) as a yellow oil; [a]D


+117.1 (c 0.50 in CHCl3); vmax(film)/cm−1 2934, 2858, 1472, 1428,
1219, 1112, 823, 736 and 702; dH (300 MHz, CDCl3): 1.05 (9 H, s,
SitBuPh2), 1.13–1.19 (1 H, m, H8a), 1.22 (3 H, d, J 6.2 Hz, Me),
1.52–1.59 (1 H, m, H8b), 1.59–1.76 (7 H, m, H3a, H4a, H9a, H10
and H1′), 1.76–1.88 (1 H, m, H9b), 1.88–2.00 (2 H, m, H3b and
H4b), 3.75 (2 H, t, J 6.8 Hz, H2′), 4.00 (1 H, dddd, J 11.5, 7.5, 5.3
and 2.2 Hz, H7), 4.20 (1 H, qdd, J 6.2, 6.2 and 1.9 Hz, H2), 7.33–
7.44 (6 H, m, SitBuPh2, m and p) and 7.65–7.69 (4 H, m, SitBuPh2,
o); dC (75 MHz, CDCl3): 19.2 (quat., SitBuPh2), 20.4 (CH2, C9),
23.4 (CH3, Me), 26.9 (CH3, SitBuPh2), 31.1 (CH2, C8), 31.8 (CH2,
C3), 33.5 (CH2, C10), 39.4 (CH2, C4 or C1′), 39.5 (CH2, C1′ or C4),
60.9 (CH2, C2′), 66.9 (CH, C7), 76.6 (CH, C2), 105.7 (quat., C5),
127.5 (CH, SitBuPh2, m), 129.5 (CH, SitBuPh2, p), 134.1 (quat.,
SitBuPh2), 135.6 (CH, SitBuPh2, o) and 135.6 (CH, SitBuPh2, o*);
m/z (EI): 381 (M−tBu, 46%), 303 (4), 295 (5), 281 (8), 199 (51),
165 (25), 111 (100), 98 (18), 83 (17) and 55 (19); HRMS (CI, NH3):
Found MH+, 439.26654. C27H39O3Si requires M, 439.26685.


(2S, 5R, 7S)-7-(2′-Hydroxyethyl)-2-methyl-1,
6-dioxaspiro[4.5]decane (28a)


To a stirred solution of silyl ether 27a (2.46 g, 5.60 mmol) in
tetrahydrofuran (30 cm3) was added tetrabutylammonium fluoride
(8.40 cm3, 8.40 mmol, 1 mol dm−3). After stirring for 2 h, brine
(10 cm3) was added and the mixture extracted with diethyl ether
(4 × 40 cm3). The combined extracts were dried over magnesium
sulfate, filtered and the solvent removed under reduced pressure.
Flash column chromatography using hexane–diethyl ether (9 :
1 to 6 : 4) as eluent gave the title compound 28a (0.76 g,
68%) as a volatile pale yellow oil; [a]D +60.6 (c 1.03 in CHCl3);


vmax(film)/cm−1 3435br (OH), 2939, 2871, 1456, 1439, 1377, 1221,
1159, 1115, 1069, 1027, 972, 947, 876 and 862; dH (300 MHz,
CDCl3): 1.15–1.29 (1 H, m, H8a), 1.25 (3 H, d, J 6.3 Hz, Me),
1.43–1.51 (1 H, m, H8b), 1.52–1.68 (7 H, m, H3a, H4a, H9a, H10
and H1′), 1.68–1.85 (1 H, m, H9b), 1.88–2.03 (2 H, m, H3b and
H4b), 3.68–3.72 (2 H, m, H2′), 4.10 (1 H, dddd, J 11.4, 8.8, 4.1
and 2.2 Hz, H7) and 4.24 (1 H, qdd, J 6.3, 6.3 and 1.8 Hz, H2);
dC (75 MHz, CDCl3): 20.0 (CH2, C9), 23.1 (CH3, Me), 31.0 (CH2,
C8), 31.8 (CH2, C3), 33.3 (CH2, C10), 37.9 (CH2, C1′), 39.3 (CH2,
C4), 61.7 (CH2, C2′), 71.0 (CH, C7), 76.9 (CH, C2) and 105.9
(quat., C5); m/z (EI): 185 (M−Me, 3%), 149 (7), 137 (14), 129
(17), 95 (18), 81 (52), 69 (100), 57 (37), 55 (36) and 41 (49);
HRMS (CI, NH3): Found MH+, 201.14858. C11H21O3 requires M,
201.14907.


(2′′S, 5′′R, 7′′S)-2-[2′-(2′′-Methyl-1′′,6′′-dioxaspiro[4.5]dec-7′′-yl)-
ethylsulfanyl]benzothiazole (29a)


Triphenylphosphine (701 mg, 2.67 mmol) and mercaptobenzoth-
iazole (596 mg, 3.56 mmol) were dissolved in tetrahydrofuran
(15 cm3) and cooled to 0 ◦C under an atmosphere of nitrogen. To
this stirred solution was added alcohol 28a (357 mg, 1.78 mmol)
in tetrahydrofuran (5 cm3). After stirring for 0.25 h, diethyl
azodicarboxylate (0.53 cm3, 3.21 mmol) was added dropwise via
syringe. The resultant bright yellow solution was allowed to stir at
0 ◦C for 2 h. The reaction was quenched by the addition of brine
(10 cm3) and the mixture extracted with diethyl ether (3 × 40 cm3).
The combined extracts were dried over magnesium sulfate, filtered
and the solvent removed under reduced pressure. Purification of
the resultant oil by flash column chromatography using hexane–
diethyl ether (98 : 2 to 7 : 3) as eluent gave the title compound
29a (461 mg,. 74%) as a yellow oil; [a]D +76.3 (c 1.00 in CHCl3);
vmax(film)/cm−1 2936, 2868, 1459, 1427, 1309, 1237, 1221, 1158,
1113, 1072, 994, 976, 876, 854, 755 and 726; dH (400 MHz, CDCl3):
1.18–1.28 (1 H, m, H8′′


a), 1.30 (3 H, d, J 6.2 Hz, Me), 1.56–1.69
(4 H, m, H8′′


b, H9′′
a and H10′′), 1.70–1.90 (3 H, m, H3′′


a, H4′′
a and


H9′′
b), 1.91–2.03 (4 H, m, H3′′


b, H4′′
b and H2′), 3.32–3.39 (1 H, m,


H1′
a), 3.43–3.50 (1 H, m, H1′


b), 4.00 (1 H, dddd, J 11.3, 9.0, 3.8
and 2.3 Hz, H7′′), 4.23 (1 H, qdd, J 6.2, 6.2 and 1.9 Hz, H2′′), 7.27
(1 H, td, J 7.9 and 1.0 Hz, H6), 7.39 (1 H, td, J 7.9 and 1.0 Hz, H5),
7.74 (1 H, dd, J 7.9 and 1.0 Hz, H7) and 7.85 (1 H, dd, J 7.9 and
1.0 Hz, H4); dC (100 MHz, CDCl3): 20.2 (CH2, C9′′), 23.4 (CH3,
Me), 30.1 (CH2, C1′), 30.9 (CH2, C8′′), 32.0 (CH2, C3′′), 33.6 (CH2,
C10′′), 36.0 (CH2, C2′), 39.4 (CH2, C4′′), 68.5 (CH, C7′′), 76.9 (CH,
C2′′), 105.9 (quat., C5′′), 120.9 (CH, C7), 121.5 (CH, C4), 124.0
(CH, C6), 125.9 (CH, C5), 135.2 (quat., C7a), 153.4 (quat., C3a)
and 167.4 (quat., C2); m/z (EI): 349 (M+, 17%), 334 (M−Me, 4),
182 (M−C7H5NS, 63), 167 (C7H5NS, 100), 125 (29), 111 (68), 98
(69), 83 (14), 55 (25), 43 (26) and 41 (26); HRMS (EI): Found M+,
349.11669. C18H23NO2S2 requires M, 349.11702.


(2′′S, 5′′R, 7′′S)-2-[2′-(2′′-Methyl-1′′,6′′-dioxaspiro[4.5]dec-7′′-yl)-
ethylsulfonyl]benzothiazole (4a)


To a solution of thioether 29a (461 mg, 1.32 mmol) in
dichloromethane (5 cm3) at 0 ◦C under an atmosphere of nitrogen
was added sodium bicarbonate (554 mg, 6.59 mmol) and a
solution of m-chloroperoxybenzoic acid (569 mg, 3.30 mmol) in
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dichloromethane (5 cm3). After stirring the solution for 12 h,
saturated aqueous sodium bicarbonate (2 cm3) and saturated
aqueous sodium thiosulfate (2 cm3) were added. The aqueous layer
was extracted with dichloromethane (3 × 10 cm3). The combined
extracts were dried over magnesium sulfate, filtered and the solvent
removed under reduced pressure. The resultant oil was purified by
flash column chromatography using hexane–diethyl ether (8 : 2 to
6 : 4) as eluent to afford the title compound 4a (453 mg, 90%)
as a white solid; m.p. 74–77 ◦C; [a]D +24.8 (c 0.40 in CHCl3);
vmax(film)/cm−1 2930, 2870, 1472, 1458, 1328s (SO), 1236, 1221,
1148s (SO), 1072, 1026, 977, 877, 855, 763 and 730; dH (400 MHz,
CDCl3): 1.12–1.24 (1 H, m, H8′′


a), 1.24 (3 H, d, J 6.2 Hz, Me),
1.50–1.58 (3 H, m, H8′′


b and H10′′), 1.59–1.72 (3 H, m, H3′′
a, H4′′


a


and H9′′
a), 1.72–1.84 (1 H, m, H9′′


b), 1.84–2.03 (4 H, m, H3′′
b,


H4′′
b and H2′), 3.47 (1 H, ddd, J 14.4, 11.3 and 4.8 Hz, H1′


a), 3.74
(1 H, ddd, J 14.4, 11.3 and 4.8 Hz, H1′


b), 3.86–3.92 (1 H, m, H7′′),
4.19 (1 H, qdd, J 6.2, 6.2 and 1.9 Hz, H2′′), 7.57 (1 H, td, J 7.3 and
1.5 Hz, H6), 7.64 (1 H, td, J 7.3 and 1.5 Hz, H5), 8.01 (1 H, dd, J
7.3 and 1.5 Hz, H7) and 8.22 (1 H, dd, J 7.3 and 1.5 Hz, H4); dC


(100 MHz, CDCl3): 20.0 (CH2, C9′′), 23.4 (CH3, Me), 29.1 (CH2,
C2′), 30.8 (CH2, C8′′), 31.9 (CH2, C3′′), 33.4 (CH2, C10′′), 39.3
(CH2, C4′′), 51.9 (CH2, C1′), 68.0 (CH, C7′′), 76.9 (CH, C2′′), 106.0
(quat., C5′′), 122.3 (CH, C7), 125.5 (CH, C4), 127.6 (CH, C5),
128.0 (CH, C6), 136.8 (quat., C7a), 152.8 (quat., C3a) and 165.7
(quat., C2); m/z (EI): 381 (M+, 2%), 366 (M−Me, 3), 282 (18),
217 (15), 189 (34), 149 (30), 135 (52), 98 (100), 55 (40) and 41 (34);
HRMS (EI): Found M+, 381.10540. C18H23NO4S2 requires M,
381.10685.


(3′E, 3R, 2′′S, 5′′R, 7′′R)- and (3′Z, 3R, 2′′S, 5′′R, 7′′R)-5,7-
Dimethoxy-3-[5′-(2′′-methyl-1′′,6′′-dioxaspiro[4.5]dec-7′′-yl)pent-
3′-en-1′-yl]-3H-isobenzofuran-1-one (30a)


Sulfone 4a (181 mg, 0.47 mmol) was dissolved in tetrahydrofuran
(9 cm3) and cooled to −78 ◦C under an atmosphere of nitrogen. To
this stirred solution was added dropwise lithium diisopropylamide
(0.52 cm3, 0.52 mmol, 1 mol dm−3). The resultant deep yellow
solution was stirred for 0.75 h before a solution of aldehyde
3a (119 mg, 0.47 mmol) in tetrahydrofuran (3 cm3) was added
dropwise. After stirring at −78 ◦C for 4 h, the solution was allowed
to slowly warm to room temperature then stirred for 0.5 h. The
reaction was quenched by the addition of brine (4 cm3) and the
aqueous layer was extracted with ethyl acetate (3 × 20 cm3). The
combined extracts were dried over magnesium sulfate, filtered, and
the solvent removed in vacuo. Purification of the resultant oil by
flash column chromatography using hexane–ethyl acetate (9 : 1
to 1 : 1) as eluent gave the title compound 30a (73 mg, 37%) as
a yellow oil; [a]D +52.9 (c 1.38 in CHCl3); vmax(film)/cm−1 2923,
2850, 1755s (CO), 1605s, 1456, 1337, 1219, 1158, 1059, 1027 and
976; dH (300 MHz, CDCl3)‡: 1.09–1.28 (2 H, m, H8′′


a and H8′′
a*),


1.25 (6 H, d, J 6.4 Hz, Me and Me*), 1.55–1.66 (8 H, m, H8′′
b,


H8′′
b*, H9′′


a, H9′′
a*, H10′′ and H10′′*), 1.66–1.83 (8 H, m, H1′


a,
H1′


a*, H3′′
a, H3′′


a*, H4′′
a, H4′′


a*, H9′′
b and H9′′


b*), 1.89–2.07 (6 H,
m, H1′


b, H1′
b*, H3′′


b, H3′′
b*, H4′′


b and H4′′
b*), 2.07–2.18 [4 H, m,


(E)-H5′ and (Z)-H5′], 2.18–2.46 [4 H, m, (E)-H2′ and (Z)-H2′],
3.78–3.84 (2 H, m, H7′′ and H7′′*), 3.88 (6 H, s, OMe and OMe*),
3.94 (6 H, s, OMe and OMe*), 4.20 (2 H, qd, J 6.4 and 6.4 Hz,
H2′′ and H2′′*), 5.29 (1 H, dd, J 7.7 and 3.5 Hz, H3), 5.30 (1 H,


dd, J 7.7 and 3.5 Hz, H3*), 5.43–5.58 (4 H, m, H3′, H3′*, H4′


and H4′*), 6.38–6.39 (2 H, m, H6 and H6*) and 6.40–6.41 (2 H,
m, H4 and H4*); dC (75 MHz, CDCl3)‡: 20.3 (CH2, C9′′), 22.8
[CH2, (Z)-C2′], 23.3 (CH3, Me), 23.4 (CH3, Me*), 27.9 [CH2, (E)-
C2′*], 30.6 (CH2, C8′′), 31.7 (CH2, C3′′), 31.7 (CH2, C3′′*), 33.3
(CH2, C10′′), 33.4 (CH2, C10′′*), 34.1 [CH2, (Z)-C5′], 34.8 (CH2,
C1′), 39.3 (CH2, C4′′), 39.6 [CH2, (E)-C5′], 55.9 (CH3, OMe), 56.0
(CH3, OMe), 69.7 (CH, C7′′), 69.8 (CH, C7′′*), 76.6 (CH, C2′′),
79.1 (CH, C3), 79.3 (CH, C3*), 97.3 (CH, C6), 98.7 (CH, C4),
105.9 (quat., C5′′), 106.8 (quat., C7a), 106.9 (quat., C7a*), 127.9
(CH, C3′), 128.8 (CH, C3′*), 128.9 (CH, C4′), 130.0 (CH, C4′*),
155.1 (quat., C3a), 155.1 (quat., C3a*), 159.6 (quat., C7), 166.6
(quat., C5) and 168.5 (quat., C1); m/z (EI): 416 (M+, 2%), 398 (5),
316 (6), 262 (6), 207 (26), 193 (34), 155 (100), 137 (27), 111 (51),
97 (33), 83 (40), 71 (52), 57 (85), 55 (69) and 43 (70); HRMS (EI):
Found M+, 416.22012. C24H32O6 requires M, 416.21989.


(3R, 2′′S, 5′′R, 7′′R)-5,7-Dimethoxy-3-[5′-(2′′-methyl-1′′,6′′-
dioxaspiro[4.5]dec-7′′-yl)pent-1′-yl]-3H-isobenzofuran-1-one (2a)


Alkene 30a (12 mg, 0.03 mmol) was dissolved in tetrahydrofuran
(10 cm3) and hydrogenated using a hydrogen-filled double balloon
in the presence of platinum(IV) oxide (1.5 mg) for 6 h. The catalyst
was removed by filtration through a pad of Celite R©, and the solvent
removed under reduced pressure. Purification of the resultant oil
by flash column chromatography using hexane–ethyl acetate (8 :
2 to 6 : 4) as eluent gave the title compound 2a (11 mg, 90%) as a
yellow oil; [a]D +51.1 (c 1.44 in CHCl3); vmax(film)/cm−1 2934, 2861,
1755s (CO), 1605s, 1494, 1456, 1435, 1337, 1219, 1158, 1051, 1027
and 975; dH (300 MHz, CDCl3): 1.14 (1 H, dddd, J 13.1, 13.1, 11.5
and 3.9 Hz, H8′′


a), 1.27 (3 H, d, J 6.2 Hz, Me), 1.28–1.48 (8 H, m,
H2′, H3′, H4′ and H5′), 1.52–1.80 (7 H, m, H1′


a, H3′′
a, H4′′


a, H8′′
b,


H9′′
a and H10′′), 1.81–1.87 (1 H, m, H9′′


b), 1.94–2.04 (3 H, m, H1′
b,


H3′′
b and H4′′


b), 3.74–3.82 (1 H, m, H7′′), 3.89 (3 H, s, OMe), 3.95
(3 H, s, OMe), 4.22 (1 H, qdd, J 6.2, 6.2 and 1.6 Hz, H2′′), 5.30
(1 H, dd, J 7.7 and 3.8 Hz, H3), 6.40 (1 H, apparent s, H6) and 6.42
(1 H, d, J 1.6 Hz, H4); dC (75 MHz, CDCl3): 20.4 (CH2, C9′′), 23.3
(CH3, Me), 24.5 (CH2, C2′), 25.5 (CH2, C4′), 29.4 (CH2, C3′), 31.1
(CH2, C8′′), 31.8 (CH2, C3′′), 33.5 (CH2, C10′′), 34.8 (CH2, C1′),
36.3 (CH2, C5′), 39.4 (CH2, C4′′), 55.9 (CH3, OMe), 55.9 (CH3,
OMe), 69.6 (CH, C7′′), 76.6 (CH, C2′′), 79.9 (CH,C3), 97.3 (CH,
C6), 98.6 (CH, C4), 105.8 (quat., C5′′), 106.9 (quat., C7a), 155.1
(quat., C3a), 159.5 (quat., C7), 166.6 (quat., C5) and 168.5 (quat.,
C1); m/z (EI): 418 (M+, 8%), 400 (7), 361 (11), 318 (59), 293 (24),
290 (23), 261 (25), 207 (54), 193 (72), 155 (63), 111 (28), 98 (100),
55 (25), 43 (22) and 41 (24); HRMS (EI): Found M+, 418.23519.
C24H34O6 requires M, 418.23554.


(2R, 5R, 9S)- and (2R, 5S, 9S)-2,9-Bis-(tert-butyldimethyl-
silyloxy)-11-(tert-butyldiphenylsilyloxy)undec-3-yn-5-ol (25b)


n-Butyllithium (7.71 cm3, 12.33 mmol, 1.6 mol dm−3) was added
to a stirred solution of (R)-silyl ether 24b (2.08 g, 11.30 mmol)
in tetrahydrofuran (30 cm3) at −78 ◦C under an atmosphere
of nitrogen and the resultant pale yellow solution stirred for
0.5 h before the addition of anhydrous lithium bromide (0.45 g,
5.14 mmol) in tetrahydrofuran (5 cm3). After 0.25 h, a solution of
aldehyde 7 (5.13 g, 10.27 mmol) in tetrahydrofuran (20 cm3) was
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added dropwise and the solution stirred for 5 h. Saturated aqueous
ammonium chloride (30 cm3) was added and the mixture extracted
with diethyl ether (3 × 100 cm3). The combined extracts were dried
over magnesium sulfate, filtered and the solvent removed under
reduced pressure. Flash column chromatography using pentane–
diethyl ether (95 : 5 to 70 : 30) as eluent afforded the title compound
25b (5.34 g, 76%) as a yellow oil; [a]D +19.5 (c 4.38 in CHCl3);
vmax(film)/cm−1 3400br (OH), 2954, 2930, 2857, 1472, 1463, 1428,
1255, 1152, 1104, 835, 775, 738 and 701; dH (300 MHz, CDCl3):
0.02 (3 H, s, SitBuMe2), 0.05 (3 H, s, SitBuMe2), 0.16 (3 H, s,
SitBuMe2), 0.17 (3 H, s, SitBuMe2), 0.90 (9 H, s, SitBuMe2), 0.95
(9 H, s, SitBuMe2), 1.10 (9 H, s, SitBuPh2), 1.44 (3 H, d, J 6.5 Hz,
H1), 1.46–1.55 (4 H, m, H7 and H8), 1.68–1.77 (4 H, m, H6
and H10), 3.77 (2 H, t, J 5.9 Hz, H11), 3.92 (1 H, m, H9), 4.40
(1 H, t, J 6.3 Hz, H5), 4.59 (1 H, q, J 6.5 Hz, H2), 7.38–7.47
(6 H, m, SitBuPh2, m and p) and 7.69–7.72 (4 H, m, SitBuPh2,
o); dC (75 MHz, CDCl3): −4.9 (CH3, SitBuMe2), −4.6 (CH3,
SitBuMe2), −4.5 (CH3, SitBuMe2), −4.4 (CH3, SitBuMe2), 18.0
(quat., SitBuMe2), 18.2 (quat., SitBuMe2), 19.1 (quat., SitBuPh2),
20.8 (CH2, C7), 25.4 (CH3, C1), 25.8 (CH3, SitBuMe2), 25.9 (CH3,
SitBuMe2), 26.9 (CH3, SitBuPh2), 36.9 (CH2, C8), 37.9 (CH2, C6),
39.8 (CH2, C10), 58.9 (CH, C2), 60.9 (CH2, C11), 62.3 (CH, C5),
69.1 (CH, C9), 84.2 (quat., C4), 87.3 (quat., C3), 127.6 (CH,
SitBuPh2, m), 129.5 (CH, SitBuPh2, p), 133.9 (quat., SitBuPh2)
and 135.5 (CH, SitBuPh2, o); m/z (EI): 625 (M−tBu+, 2%), 493
(9), 401 (8), 361 (15), 313 (12), 271 (17), 209 (23), 197 (32), 159
(21), 145 (42), 135 (69), 91 (35) and 73 (100); HRMS (FAB): Found
MH+, 683.43464. C39H67O4Si3 requires M, 683.43472.


(2R, 9S)-2,9-Bis-(tert-butyldimethylsilyloxy)-11-
(tert-butyldiphenylsilyloxy)undec-3-yn-5-one (26b)


Alcohol 25b (4.02 g, 5.88 mmol) was dissolved in dichloromethane
(15 cm3) with 4 Å molecular sieves and cooled to 0 ◦C under an
atmosphere of nitrogen. To this stirred solution was added N-
methylmorpholine-N-oxide (1.03 g, 8.82 mmol) and tetrapropy-
lammonium perruthenate (0.10 g, 0.29 mmol). After stirring at
room temperature for 2 h the solvent was removed under reduced
pressure. Purification of the resultant residue by flash column
chromatography using hexane–diethyl ether (9 : 1 to 7 : 3) as eluent
gave the title compound 26b (3.49 g, 87%) as a yellow oil; [a]D


+18.6 (c 1.78 in CHCl3); vmax(film)/cm−1 2955, 2930, 2857, 2213
(C≡C), 1680s (CO), 1472, 1428, 1255, 1156, 1111, 836, 776, 738
and 701; dH (300 MHz, CDCl3): 0.02 (3 H, s, SitBuMe2), 0.05 (3 H,
s, SitBuMe2), 0.13 (3 H, s, SitBuMe2), 0.16 (3 H, s, SitBuMe2), 0.87
(9 H, s, SitBuMe2), 0.92 (9 H, s, SitBuMe2), 1.06 (9 H, s, SitBuPh2),
1.39–1.47 (2 H, m, H8), 1.47 (3 H, d, J 6.6 Hz, H1), 1.62–1.76
(4 H, m, H7 and H10), 2.53 (2 H, t, J 7.4 Hz, H6), 3.73 (2 H, td,
J 6.4 Hz, Jw 2.1 Hz, H11), 3.90 (1 H, quintet, J 5.8 Hz, H9), 4.66
(1 H, q, J 6.6 Hz, H2), 7.35–7.45 (6 H, m, SitBuPh2, m and p) and
7.65–7.69 (4 H, m, SitBuPh2, o); dC (75 MHz, CDCl3): −5.0 (CH3,
SitBuMe2), −4.6 (CH3, SitBuMe2), −4.6 (CH3, SitBuMe2), −4.4
(CH3, SitBuMe2), 18.0 (quat., SitBuMe2), 18.1 (quat., SitBuMe2),
19.1 (quat., SitBuPh2), 19.6 (CH2, C7), 24.5 (CH3, C1), 25.7
(CH3, SitBuMe2), 25.9 (CH3, SitBuMe2), 26.9 (CH3, SitBuPh2),
36.4 (CH2, C8), 39.7 (CH2, C10), 45.5 (CH2, C6), 58.8 (CH, C2),
60.8 (CH2, C11), 68.9 (CH, C9), 82.3 (quat., C4), 93.5 (quat., C3),
127.6 (CH, SitBuPh2, m), 127.6 (CH, SitBuPh2, m*), 129.5 (CH,


SitBuPh2, p), 129.6 (CH, SitBuPh2, p*), 133.9 (quat., SitBuPh2),
135.5 (CH, SitBuPh2, o) and 187.4 (quat., C5); m/z (FAB): 623
(M−tBu+, 1%), 549 (3), 491 (2), 471 (2), 413 (2), 293 (3), 271 (3),
239 (4), 209 (7), 197 (15), 135 (38) and 73 (100); HRMS (FAB):
Found MH+, 681.41812. C39H65O4Si3 requires M, 681.41907.


(2R, 9S)-2,9-Bis-(tert-butyldimethylsilyloxy)-11-
(tert-butyldiphenylsilyloxy)undecan-5-one 6b


Ynone 26b (3.48 g, 5.11 mmol) was dissolved in a solution of
methanol and tetrahydrofuran (10 cm3, 1 : 1), and hydrogenated
using a hydrogen-filled double balloon in the presence of PtO2


(0.17 g) for 6 h. The catalyst was removed by filtration through a
pad of Celite R©, and the solvent removed under reduced pressure.
Purification of the resultant oil by flash column chromatography
using hexane–diethyl ether (9 : 1) as eluent gave the title compound
6b (3.32 g, 95%) as a yellow oil; [a]D −1.0 (c 3.60 in CHCl3);
vmax(film)/cm−1 2955, 2929, 2857, 1716s (CO), 1472, 1428, 1255,
1111, 1005, 836, 774, 738 and 701; dH (300 MHz, CDCl3): 0.01 (6 H,
s, SitBuMe2), 0.04 (6 H, s, SitBuMe2), 0.86 (9 H, s, SitBuMe2), 0.89
(9 H, s, SitBuMe2), 1.06 (9 H, s, SitBuPh2), 1.13 (3 H, d, J 6.1 Hz,
H1), 1.36–1.45 (2 H, m, H8), 1.53–1.62 (2 H, m, H7), 1.63–1.76
(4 H, m, H3 and H10), 2.34–2.55 (4 H, m, H4 and H6), 3.72 (2 H,
td, J 6.5 Hz, Jw 1.7 Hz, H11), 3.66–3.92 (2 H, m, H2 and H9),
7.35–7.44 (6 H, m, SitBuPh2, m and p) and 7.65–7.69 (4 H, m,
SitBuPh2, o); dC (75 MHz, CDCl3): −4.8 (CH3, SitBuMe2), −4.6
(CH3, SitBuMe2), −4.4 (CH3, SitBuMe2), −3.9 (CH3, SitBuMe2),
18.0 (quat., 2 × SitBuMe2), 19.2 (quat., SitBuPh2), 19.6 (CH2, C7),
23.7 (CH3, C1), 25.9 (CH3, SitBuMe2), 26.0 (CH3, SitBuMe2), 26.9
(CH3, SitBuPh2), 33.2 (CH2, C3), 36.8 (CH2, C8), 38.6 (CH2, C4),
39.7 (CH2, C10), 42.9 (CH2, C6), 42.9 (CH2, C6*), 60.8 (CH2,
C11), 67.6 (CH, C9), 69.0 (CH, C2), 127.6 (CH, SitBuPh2, m),
129.5 (CH, SitBuPh2, p), 129.5 (CH, SitBuPh2, p*), 133.9 (quat.,
SitBuPh2), 135.5 (CH, SitBuPh2, o) and 210.9 (quat., C5); m/z
(FAB): 685 (MH+, 2%), 627 (M-tBu, 2), 553 (3), 495 (3), 421 (6),
239 (8), 197 (16), 135 (39) and 73 (100); HRMS (FAB): Found
MH+, 685.44720. C39H69O4Si3 requires M, 685.45037.


(2R, 5S, 7S)-7-[2′-(tert-Butyldiphenylsilyloxy)ethyl]-2-methyl-1,
6-dioxaspiro[4.5]decane (27b)


To a stirred solution of ketone 6b (3.32 g, 4.85 mmol) in
dichloromethane (50 cm3) at 0 ◦C under an atmosphere of nitrogen
was added camphorsulfonic acid (2.67 g, 10.67 mmol). After
stirring for 2 h the solution was filtered through a pad of Celite R©,
and the solvent removed under reduced pressure. Flash column
chromatography using hexane–diethyl ether (8 : 2 to 6 : 4) as
eluent afforded the title compound 27b (1.83 g, 86%) as a yellow
oil; [a]D +22.5 (c 1.21 in CHCl3); vmax(film)/cm−1 2933, 2857, 1472,
1428, 1219, 1111, 823, 736 and 701; dH (300 MHz, CDCl3): 1.06
(9 H, s, SitBuPh2), 1.11–1.17 (1 H, m, H8a), 1.20 (3 H, d, J 6.6 Hz,
Me), 1.28–1.42 (1 H, m, H3a), 1.51–1.59 (1 H, m, H8b), 1.60–1.68
(5 H, m, H9a, H10 and H1′), 1.69–1.78 (1 H, m, H4a), 1.80–1.90
(2 H, m, H4b and H9b), 2.04 (1 H, dddd, J 11.8, 8.8, 6.6 and 6.6 Hz,
H3b), 3.67 (1 H, ddd, J 10.1, 6.4 and 6.4 Hz, H2′


a), 3.85 (1 H, ddd,
J 10.1, 6.4 and 6.4 Hz, H2′


b), 4.00 (1 H, dddd, J 11.4, 6.5, 6.5
and 2.1 Hz, H7), 4.13 (1 H, qd, J 6.6 and 6.6 Hz, H2), 7.34–7.45
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(6 H, m, SitBuPh2, m and p) and 7.65–7.71 (4 H, m, SitBuPh2,
o); dC (75 MHz, CDCl3): 19.2 (quat., SitBuPh2), 20.4 (CH2, C9),
21.1 (CH3, Me), 26.8 (CH3, SitBuPh2), 31.1 (CH2, C8), 31.3 (CH2,
C3), 33.4 (CH2, C10), 38.0 (CH2, C4), 39.3 (CH2, C1′), 60.5 (CH2,
C2′), 66.9 (CH, C7), 73.4 (CH, C2), 105.9 (quat., C5), 127.5 (CH,
SitBuPh2, m), 129.5 (CH, SitBuPh2, p), 134.2 (quat., SitBuPh2),
134.1 (quat., SitBuPh2*), and 135.5 (CH, SitBuPh2, o); m/z (EI):
381 (M−tBu, 54%), 303 (6), 295 (5), 281 (7), 199 (51), 165 (28),
111 (100), 98 (19), 83 (18) and 55 (18); HRMS (CI, NH3): Found
MH+, 439.26730. C27H39O3Si requires M, 439.26685.


(2R, 5R, 7S)-7-(2′-Hydroxyethyl)-2-methyl-1,
6-dioxaspiro[4.5]decane (28b)


To a stirred solution of silyl ether 27b (1.81 g, 4.11 mmol) in
tetrahydrofuran (15 cm3) was added tetrabutylammonium fluoride
(6.17 cm3, 6.17 mmol, 1 mol dm−3). After stirring for 2 h, brine
(5 cm3) was added and the mixture extracted with diethyl ether
(4 × 20 cm3). The combined extracts were dried over magnesium
sulfate, filtered, and the solvent removed under reduced pressure.
Flash column chromatography using pentane–diethyl ether (9 : 1
to 6 : 4) as eluent gave the title compound 28b (0.68 g, 83%) as
a volatile yellow oil; [a]D +49.2 (c 2.32 in CHCl3); vmax(film)/cm−1


3435br (OH), 2941, 2872, 1456, 1440, 1386, 1364, 1220, 1164, 1065,
1031, 976, 944, 879 and 861; dH (300 MHz, CDCl3): 1.25 (3 H, d,
J 6.6 Hz, Me), 1.28–1.35 (1 H, m, H8a), 1.37–1.48 (1 H, m, H3a),
1.49–1.58 (1 H, m, H8b), 1.61–1.72 (5 H, m, H9a, H10 and H1′),
1.72–1.80 (1 H, m, H4a), 1.82–1.92 (2 H, m, H4b and H9b), 2.03
(1 H, dddd, J 12.1, 8.6, 6.6 and 6.6 Hz, H3b), 3.76 (2 H, m, H2′),
4.03 (1 H, dddd, J 12.3, 8.9, 2.8 and 2.8 Hz, H7) and 4.20 (1 H,
qd, J 6.6 and 6.6 Hz, H2); dC (75 MHz, CDCl3): 20.0 (CH2, C9),
21.2 (CH3, Me), 30.8 (CH2, C8), 31.1 (CH2, C3), 33.2 (CH2, C10),
37.6 (CH2, C1′), 38.0 (CH2, C4), 62.2 (CH2, C2′), 71.8 (CH, C7),
74.0 (CH, C2) and 106.2 (quat., C5); m/z (EI): 200 (M+, 2%), 185
(M−Me, 1), 155 (14), 126 (12), 111 (15), 101 (100), 98 (78), 83 (20),
55 (23), 43 (31) and 41 (28); HRMS (EI): Found M+, 200.14156.
C11H20O3 requires M, 200.14124.


(2′′R,5′′R,7′′S)-2-[2′-(2′′-Methyl-1′′,6′′-dioxaspiro[4.5]dec-
7′′-yl)ethylsulfanyl]benzothiazole (29b)


Triphenylphosphine (1.34 g, 5.12 mmol) and mercaptobenzoth-
iazole (1.14 g, 6.82 mmol) were dissolved in tetrahydrofuran
(25 cm3) and cooled to 0 ◦C under an atmosphere of nitrogen. To
this stirred solution was added alcohol 28b (0.68 g, 3.41 mmol)
in tetrahydrofuran (5 cm3). After stirring for 0.25 h, diethyl
azodicarboxylate (0.53 cm3, 3.21 mmol) was added dropwise via
syringe. The resultant bright yellow solution was allowed to stir at
0 ◦C for 2 h. The reaction was quenched by the addition of brine
(10 cm3) and the mixture extracted with diethyl ether (3 × 40 cm3).
The combined extracts were dried over magnesium sulfate, filtered
and the solvent removed under reduced pressure. Purification of
the resultant oil by flash column chromatography using hexane–
diethyl ether (98 : 2 to 7 : 3) as eluent gave the title compound
4b (0.74 g, 62%) as a yellow oil; [a]D +94.77 (c 0.88 in CHCl3);
vmax(film)/cm−1 2939, 2870, 1459, 1427, 1309, 1237, 1218, 1162,
1113, 1077, 994, 882, 848, 754 and 726; dH (400 MHz, CDCl3):
1.19–1.29 (1 H, m, H8′′


a), 1.22 (3 H, d, J 6.7 Hz, Me), 1.37–1.45
(1 H, m, H3′′


a), 1.55–1.60 (1 H, m, H8′′
b), 1.64–1.69 (3 H, m, H9′′


a


and H10′′), 1.76 (1 H, ddd, J 12.7, 10.4 and 6.7 Hz, H4′′
a), 1.82–


2.00 (4 H, m, H4′′
b, H9′′


b and H2′), 2.15 (1 H, dddd, J 11.9, 8.8,
6.7 and 6.7 Hz, H3′′


b), 3.35–3.50 (2 H, m, H1′), 3.95 (1 H, dddd,
J 11.4, 9.0, 3.6 and 2.3 Hz, H7′′), 4.18 (1 H, qd, J 6.7 and 6.7 Hz,
H2′′), 7.27 (1 H, td, J 7.7 and 1.0 Hz, H6), 7.39 (1 H, td, J 7.7 and
1.0 Hz, H5), 7.74 (1 H, d, J 7.7 Hz, H7) and 7.85 (1 H, d, J 7.7 Hz,
H4); dC (100 MHz, CDCl3): 20.2 (CH2, C9′′), 21.3 (CH3, Me), 30.1
(CH2, C1′), 30.8 (CH2, C8′′), 31.3 (CH2, C3′′), 33.3 (CH2, C10′′),
35.6 (CH2, C2′), 37.9 (CH2, C4′′), 68.4 (CH, C7′′), 73.9 (CH, C2′′),
106.1 (quat., C5′′), 120.8 (CH, C7), 121.4 (CH, C4), 124.0 (CH,
C6), 125.9 (CH, C5), 135.1 (quat., C7a), 153.4 (quat., C3a) and
167.5 (quat., C2); m/z (EI): 349 (M+, 19%), 334 (M−Me, 4), 182
(M−C7H5NS, 78), 167 (C7H5NS, 100), 125 (28), 111 (78), 98 (78),
83 (12), 55 (24), 43 (23), and 41 (26); HRMS (EI): Found M+,
349.11682. C18H23NO2S2 requires M, 349.11702.


(2′′R,5′′R,7′′S)-2-[2′-(2′′-Methyl-1′′,6′′-dioxaspiro[4.5]dec-
7′′-yl)ethylsulfonyl]benzothiazole (4b)


To a solution of thioether 29b (0.74 g, 2.12 mmol) in
dichloromethane (10 cm3) at 0 ◦C under an atmosphere of nitrogen
was added sodium bicarbonate (0.89 g, 10.59 mmol) and a
solution of m-chloroperoxybenzoic acid (0.91 g, 5.29 mmol) in
dichloromethane (10 cm3). After stirring the solution for 12 h,
saturated aqueous sodium bicarbonate (4 cm3) and saturated
aqueous sodium thiosulfate (4 cm3) were added. The aqueous
layer was extracted with dichloromethane (3 × 30 cm3), and the
combined extracts were dried over magnesium sulfate. Filtration
and removal of the solvent under reduced pressure provided an oil
that was purified by flash column chromatography using hexane–
diethyl ether (8 : 2 to 6 : 4) as eluent to afford the title compound
4b (13 g, 82%) as a yellow oil; [a]D +28.6 (c 1.07 in CHCl3);
vmax(film)/cm−1 2939, 2871, 1473, 1328s (SO), 1237, 1219, 1147s
(SO), 1084, 1062, 993, 980, 941, 853, 763 and 729; dH (300 MHz,
CDCl3): 1.12–1.25 (1 H, m, H8′′


a), 1.21 (3 H, d, J 6.2 Hz, Me),
1.34–1.45 (1 H, m, H3′′


a), 1.50–1.58 (1 H, m, H8′′
b), 1.59–1.67 (3 H,


m, H9′′
a and H10′′), 1.69–1.76 (1 H, m, H4′′


a), 1.76–1.87 (2 H, m,
H4′′


b and H9′′
b), 1.87–2.03 (1 H, m, H2′), 2.03–2.14 (1 H, m, H3′′


b),
3.49 (1 H, ddd, J 14.5, 10.8 and 5.2 Hz, H1′


a), 3.73 (1 H, ddd, J
14.5, 10.8 and 5.2 Hz, H1′


b), 3.89 (1 H, dddd, J 11.3, 8.7, 3.2 and
2.6 Hz, H7′′), 4.09 (1 H, qd, J 6.2 and 6.2 Hz, H2′′′′), 7.60 (1 H, td,
J 7.2 and 1.2 Hz, H6), 7.65 (1 H, td, J 7.2 and 1.2 Hz, H5), 8.02
(1 H, d, J 7.2 Hz, H7) and 8.24 (1 H, d, J 7.2 Hz, H4); dC (75 MHz,
CDCl3): 20.0 (CH2, C9′′), 21.1 (CH3, Me), 28.8 (CH2, C2′), 30.6
(CH2, C8′′), 31.2 (CH2, C3′′), 33.2 (CH2, C10′′), 37.7 (CH2, C4′′),
51.8 (CH2, C1′), 68.1 (CH, C7′′), 73.9 (CH, C2′′), 106.1 (quat., C5′′),
122.3 (CH, C7), 125.4 (CH, C4), 127.6 (CH, C5), 127.9 (CH, C6),
136.8 (quat., C7a), 152.7 (quat., C3a) and 165.6 (quat., C2); m/z
(EI): 381 (M+, 3%), 366 (M−Me, 3), 282 (15), 205 (18), 189 (33),
149 (26), 135 (39), 98 (100), 55 (32), 43 (27) and 41 (30); HRMS
(EI): Found M+, 381.10666. C18H23NO4S2 requires M, 381.10685.


(3′E, 3R, 2′′R, 5′′R, 7′′R)- and (3′Z, 3R, 2′′R, 5′′R, 7′′R)-5,7-
Dimethoxy-3-[5′-(2′′-methyl-1′′,6′′-dioxaspiro[4.5]dec-7′′-yl)pent-
3′-en-1′-yl]-3H-isobenzofuran-1-one (30b)


Sulfone 4b (150 mg, 0.39 mmol) was dissolved in tetrahydrofuran
(7.5 cm3) and cooled to −78 ◦C under an atmosphere of
nitrogen. To this stirred solution was added dropwise lithium
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diisopropylamide (0.43 cm3, 0.43 mmol, 1 mol dm−3). The resultant
deep yellow solution was stirred for 0.75 h before a solution of
aldehyde 3a (98 mg, 0.39 mmol) in tetrahydrofuran (2.5 cm3) was
added dropwise. After stirring at −78 ◦C for 4 h, the solution
was allowed to slowly warm to room temperature then stirred
for 0.75 h. The reaction was quenched by the addition of brine
(3 cm3) and the aqueous layer was extracted with ethyl acetate
(3 × 15 cm3). The combined extracts were dried over magnesium
sulfate, filtered, and the solvent removed in vacuo. The resultant
oil was purified by flash column chromatography using hexane–
ethyl acetate (9 : 1 to 1 : 1) as eluent to give the title compound
30b (65 mg, 40%) as a yellow oil; [a]D +58.6 (c 0.97 in CHCl3);
vmax(film)/cm−1 2929, 1758s (CO), 1613s, 1462, 1338, 1218, 1159,
1056 and 980; dH (400 MHz, CDCl3)‡: 1.08–1.30 (2 H, m, H8′′


a and
H8′′


a*), 1.21 (3 H, d, J 6.3 Hz, Me), 1.22 (3 H, d, J 6.3 Hz, Me*),
1.34–1.42 (2 H, m, H3′′


a and H3′′
a*), 1.55–1.59 (2 H, m, H8′′


b and
H8′′


b*), 1.62–1.67 (6 H, m, H9′′
a, H9′′


a*, H10′′ and H10′′*), 1.70–
1.79 (4 H, m, H4′′


a, H4′′
a*, H1′


a and H1′
a*), 1.80–1.89 (4 H, m,


H4′′
b, H4′′


b*, H9′′
b and H9′′


b*), 1.96–2.03 (2 H, m, H1′
b and H1′


b*),
2.03–2.11 [3 H, m, (E)-H5′


a, H3′′
b and H3′′


b*], 2.12–2.17 [3 H, m,
(E)-H5′


b and (Z)-H5′], 2.18–2.25 [3 H, m, (E)-H2′ and (Z)-H2′
a],


2.26–2.34 [1 H, m, (Z)-H2′
b], 3.71–3.80 (2 H, m, H7′′ and H7′′*),


3.89 (3 H, s, OMe), 3.89 (3 H, s, OMe*), 3.95 (6 H, s, OMe and
OMe*), 4.13 (1 H, qd, J 6.3 and 6.3 Hz, H2′′), 4.15 (1 H, qd, J 6.3
and 6.3 Hz, H2′′*), 5.31 (1 H, dd, J 8.3 and 3.4 Hz, H3), 5.33 (1 H,
dd, J 8.3 and 3.4 Hz, H3*), 5.41–5.55 (4 H, m, H3′, H3′*, H4′ and
H4′*), 6.40–6.41 (2 H, m, H6 and H6*) and 6.42 (2 H, s, H4 and
H4*); dC (100 MHz, CDCl3)‡: 20.3 (CH2, C9′′), 20.3 (CH2, C9′′*),
21.1 (CH3, Me), 21.2 (CH3, Me*), 22.8 [CH2, (Z)-C2′], 27.8 [CH2,
(E)-C2′], 30.4 (CH2, C8′′), 31.3 (CH2, C3′′), 33.4 (CH2, C10′′), 33.5
(CH2, C10′′*), 34.0 [CH2, (Z)-C5′], 34.8 (CH2, C1′), 34.8 (CH2,
C1′*), 38.0 (CH2, C4′′), 38.0 (CH2, C4′′*), 39.5 [CH2, (E)-C5′],
55.9 (CH3, OMe), 56.0 (CH3, OMe), 69.9 (CH, C7′′), 73.6 (CH,
C2′′), 73.7 (CH, C2′′*), 79.0 (CH, C3), 79.2 (CH, C3*), 97.3 (CH,
C6), 98.7 (CH, C4), 106.1 (quat., C5′′), 106.8 (quat., C7a), 106.9
(quat., C7a*), 127.9 (CH, C3′), 128.8 (CH, C3′*), 129.0 (CH, C4′),
129.9 (CH, C4′*), 155.1 (quat., C3a), 155.2 (quat., C3a*), 159.6
(quat., C7), 166.7 (quat., C5) and 168.5 (quat., C1); m/z (EI): 416
(M+, 3%), 398 (11), 316 (7), 262 (14), 207 (42), 193 (50), 155 (100),
137 (39), 111 (47), 98 (25), 95 (26), 55 (38) and 41 (36); HRMS
(EI): Found M+, 416.21999. C24H32O6 requires M, 416.21989.


(3R, 2′′R, 5′′R, 7′′R)-5,7-Dimethoxy-3-[5′-(2′′-methyl-1′′,6′′-
dioxaspiro[4.5]dec-7′′-yl)pent-1′-yl]-3H-isobenzofuran-1-
one (2b) (spirolaxine methyl ether)


Alkene 30b (10 mg, 0.02 mmol) was dissolved in tetrahydrofuran
(10 cm3) and hydrogenated using a hydrogen-filled double balloon
in the presence of platinum(IV) oxide (1 mg) for 6 h. The catalyst
was removed by filtration through a pad of Celite R© and the solvent
removed under reduced pressure. Purification of the resultant oil
by flash column chromatography using pentane–diethyl ether (4 :
6 to 2 : 8) as eluent gave the title compound 2b (10 mg, 99%) as a
yellow oil; [a]D +63.7 (c 0.85 in CHCl3); vmax(film)/cm−1 2933, 2860,
1756s (CO), 1605s, 1494, 1459, 1432, 1336, 1218, 1158, 1052, 1029
and 980; dH (400 MHz, CDCl3): 1.14 (1 H, dddd, J 13.0, 13.0, 13.0
and 3.8 Hz, H8′′


a), 1.23 (3 H, d, J 6.6 Hz, Me), 1.25–1.48 (9 H, m,
H2′, H3′, H4′, H5′ and H3′′


a), 1.51–1.56 (1 H, m, H8′′
b), 1.59–1.72


(4 H, m, H1′
a, H9′′


a and H10′′), 1.74 (1 H, ddd, J 12.7, 10.4 and


6.6, H4′′
a), 1.80–1.89 (2 H, m, H4′′


b and H9′′
b), 1.94–2.01 (1 H, m,


H1′
b), 2.12 (1 H, dddd, J 11.9, 8.8, 6.6 and 6.6 Hz, H3′′


b), 3.66–3.72
(1 H, m, H7′′), 3.89 (3 H, s, OMe), 3.95 (3 H, s, OMe), 4.14 (1 H,
qd, J 6.6 and 6.6 Hz, H2′′), 5.30 (1 H, dd, J 7.8 and 3.8 Hz, H3),
6.40 (1 H, apparent s, H6) and 6.42 (1 H, d, J 1.7 Hz, H4); dC


(100 MHz, CDCl3): 20.4 (CH2, C9′′), 21.3 (CH3, Me), 24.5 (CH2,
C2′), 25.4 (CH2, C4′), 29.3 (CH2, C3′), 30.9 (CH2, C8′′), 31.3 (CH2,
C3′′), 33.5 (CH2, C10′′), 34.8 (CH2, C1′), 36.1 (CH2, C5′), 38.0
(CH2, C4′′), 55.9 (CH3, OMe), 56.0 (CH3, OMe), 69.9 (CH, C7′′),
73.9 (CH, C2′′), 79.9 (CH, C3), 97.3 (CH, C6), 98.6 (CH, C4),
106.0 (quat., C5′′), 107.0 (quat., C7a), 155.2 (quat., C3a), 159.6
(quat., C7), 166.6 (quat., C5) and 168.5 (quat., C1); m/z (EI): 418
(M+, 6%), 361 (28), 318 (41), 293 (22), 290 (15), 261 (18), 207 (46),
193 (66), 155 (44), 111 (29), 98 (100), 57 (45), 55 (41), 43 (34) and
41 (45); HRMS (EI): Found M+, 418.23585. C24H34O6 requires M,
418.23554. This data was in agreement with that reported in the
literature.6,29
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Intramolecular Diels–Alder reactions of ester-linked 1,3,8-nonatrienes carrying a diphenylcyclopropyl
substituent attached to C1 proceed with high levels of stereoselectivity. The stereochemical outcomes of
these reactions are explained by reference to B3LYP/6-31G(d) transition structures. Experimentally,
the diphenylcyclopropane rings remain intact through these IMDA reactions, notwithstanding their
predicted extremely high degree of asynchronicity (the B3LYP-computed lengths in the IMDA
transition structures differ by as much as 1.1 Å), providing support to the notion that these reactions
are concerted processes.


Introduction


The intramolecular Diels–Alder (IMDA) reaction is a powerful
synthetic transformation. Over the years, many methods have been
devised to steer the stereochemical outcome of the reaction.1 Re-
cently, we demonstrated that allylic stereocontrolling substituents
attached to the terminus of the diene can give high levels of p-
diastereofacial selectivity in IMDA reactions. The key experimen-
tal findings of this work, along with a theoretical model based
upon computational investigations, are summarised in Fig. 1.2


The unlike p-diastereofacial selectivity observed in these reactions
comes about through the preference for a reactive conformation
about the bond connecting the diene and the stereocentre in which
the silyloxy group adopts an inside orientation. The dienophile
reacts at the more accessible p-face of the diene; in the absence of
overriding electronic effects, this will be on the side of the diene in
which the smaller substituent resides. The present work describes
an investigation into IMDA precursors 1, 2 and 3, containing the
diphenylcyclopropyl group at the diene terminus (Fig. 2).


We studied these IMDA reactions for two reasons. Firstly,
and more importantly, we were interested in learning whether
the cyclopropyl group could exert strong remote stereochemical
control in the IMDA reaction. This enquiry is a logical extension
of our earlier investigations into allylic stereocontrol by a chiral
C1-substituent of the type –CHR′(OSiR3) (Fig. 1). Thus, can
a compact chiral, purely hydrocarbon, cyclopropyl group exert
strong stereochemical control in the IMDA reaction and, if so,
what is the most favourable diastereoisomeric transition structure
(TS) for the reaction? In addition to providing additional mecha-


aResearch School of Chemistry, Australian National University, Canberra,
ACT 0200, Australia. E-mail: sherburn@rsc.anu.edu.au (synthetic)
bARC Centre of Excellence for Free Radical Chemistry and Biotechnology
cSchool of Chemistry, The University of New South Wales, Sydney, NSW
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† Electronic supplementary information (ESI) available: 1H and 13C NMR
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thermal ellipsoid plots for 17a, 18b, and 17c, geometries, scf energies,
enthalpies and free energies of the TSs. See DOI: 10.1039/b708324f
‡ Author to whom correspondence should be addressed regarding X-ray
crystal structures. E-mail: willis@rsc.anu.edu.au


Fig. 1 Theoretical model for p-diastereofacial selectivity in addition
reactions to chiral allylic silyloxy systems.


Fig. 2 Can a diphenylcyclopropyl group induce stereoselectivity or trap
biradical intermediates in Diels–Alder reactions?


nistic insights into remote allylic stereocontrol in IMDA reactions,
diphenylcyclopropyl substituents could be of synthetic utility,
given their susceptibility to ring-opening reactions with acids,3
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lithium metal,4 and weak nucleophiles under photochemical
conditions.5


The second reason for our studying C1-substituted-cyclopropyl
IMDA reactions is the finding that quantum chemical computed
TSs of IMDA reactions of 9-substituted, ester linked 1,3,8-
nonatrienes—in which the 9-substituent is p-conjugating—show
remarkable asynchronicity in their forming bonds. Consider, for
example, the restricted B3LYP/6-31+G(d) cis and trans IMDA
TSs for the series 4a–4f. The bond asynchronicity, Dras, is defined
as the numerical difference between the lengths of the forming
peripheral bond, rp, and the forming internal bond, ri and their
values are given in Table 1. We focus attention on Dras values
for the trans IMDA TSs since they are somewhat larger than the
corresponding Dras values for the cis TSs. For the 9-unsubstituted
system, 4a, the bond asynchronicity of 0.2 Å is small and falls
within the range for DA reactions involving acrylate dienophiles.
However, upon introduction of a conjugating substituent at C9,
the bond asynchronicity increases significantly to 0.53 and 0.72 Å
for the 9-E-CO2Me TS, trans-4b-TS, and 9-Z-CO2Me TS, trans-
4c-TS, respectively. This increase in bond asynchronicity appears
to be accumulative because it increases to 1.0 Å in the 9,9-diester
TS, trans-4d-TS and to 1.1 Å in the 9,9-dicyano TS, trans-4e-
TS. It is even larger—1.3 Å—for the 9,9-diethynyl TS, trans-4e-
TS. These rather astonishing bond asynchronicity values are the
result of strong increases in the forming peripheral bond length,
ranging from 2.56 Å, for trans-4d-TS, to extraordinarily large
values of 2.94–3.20 Å for the 9,9-disubstituted trans TSs. Such
large Dras values raise the mechanistic question of concertedness
of these IMDA reactions, particularly that of 9,9-disubstituted
systems.6 Forming bonds of lengths >2.9 Å can hardly contribute
significant energetic advantage towards lowering the activation
barrier of a concerted process and it is possible, therefore, that


some of the IMDA reactions of 4a–4f might proceed by a
non-concerted pathway. However, additional DFT calculations
on the IMDA trans TSs for 4a–4f suggest that these reactions
are concerted. Detailed intrinsic reaction coordinate analyses
show that all of these TSs smoothly lead to adducts without
passing through any intermediate. Also, wavefunction stability
calculations7 show that the B3LYP/6-31+G(d) wavefunctions for
the trans TSs of 4a–4e are stable with respect to allowing the
restricted wavefunction to become unrestricted. Thus, at the level
of theory used, for these TSs, the closed-shell singlet configuration
is stable and the TS has no biradical character. In contrast, the
restricted DFT wavefunction for trans-4f-TS displayed a restricted
→ unrestricted instability. Optimisation of the stable unrestricted
singlet wavefunction gave a new, open-shell, singlet state with a
non-zero expectation value <S2> = 0.36. This suggests biradical
character in trans-4f-TS.


These results, while not confirming that some of the IMDA
reactions of 4a–f might proceed via non-concerted pathways, do
predict very large calculated bond asynchronicities—particularly
for the 9,9-disubstituted TSs—which indicate that these reactions
may be on the borderline between concertedness and non-
concertedness. Perhaps the introduction of a judiciously chosen
substituent might tip the balance in favour of non-concertedness
and the presence of the resulting biradical intermediate8 could
be signalled by its intramolecular trapping by that substituent.
It seemed reasonable, therefore, to probe the possibility of
non-concertedness in these IMDA reactions by attaching a
diphenylcyclopropyl group at C1 of such 1,3,8-nonatrienes, as
depicted by structures 1, 2 and 3 (Fig. 2). This group is
known to intercept and trap radical intermediates on a very
short time-scale (estimated rate of ring opening at 25 ◦C =
4 × 1011 s−1).9 Values of salient geometrical parameters for


Table 1 Peripheral (rp) and internal (ri) distances (in Å) and twist-mode asynchronicities, has (in degrees), for IMDA TSs of compounds 4, 5 and 6a


trans TS cis TS


rp ri Dras has rp ri Dras has


4a-TSb ,c 2.355 2.159 0.196 −8.8 2.310 2.226 0.084 5.9
4b-TSb ,c 2.559 2.026 0.533 −9.6 2.479 2.094 0.385 4.0
4c-TSb ,c 2.703 1.983 0.72 −21.2 2.566 2.048 0.518 15.6
4d-TSb 2.942 1.923 1.019 −18.3 2.960 1.961 0.999 14.7
4e-TSb 3.044 1.914 1.13 −21.0 2.804 1.952 0.852 8.7
4f-TSb 3.198 1.880 1.318 −23.0 2.858 1.920 0.938 10.2
5a-TSd 2.400 2.089 0.311 −9.6 2.345 2.160 0.185 6.2
5b-TSd 2.708 1.968 0.74 −11.8 2.651 1.997 0.654 6.0
5c-TSd 2.948 1.904 1.044 −25.4 2.716 1.983 0.733 15.7
5d-TSd 3.158 1.962 1.196 −19.0 3.144 1.995 1.149 17.0
ul-6a-TSd 2.403 2.087 0.316 −9.8 2.345 2.159 0.186 6.2
ul-6b-TSd 2.786 1.919 0.867 −11.3 2.706 1.966 0.74 5.6
ul-6c-TSd 2.937 1.908 1.029 −26.7 2.728 1.977 0.751 15.5
ul-6d-TSd 3.169 1.966 1.203 −21.0 3.174 2.007 1.167 16.0


a Values for compounds 5 and 6 are for the most stable TS conformation about the C1–cyclopropyl bond. b B3LYP/6-31+G(d). c ref. 2. d B3LYP/6-31G(d).
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IMDA TSs for 1-cyclopropyl-1,3,8-nonatrienes, 5a–5d, and 1-
(2′-phenylcyclopropyl)-1,3,8-nonatrienes, 6a–6d—the latter series
serving as models for the diphenylcyclopropyl systems 1, 2 and
3—are given in Table 1. The Dras values for 5-TSs and 6-TSs are
actually slightly larger than the corresponding values for the C1-
unsubstituted trans-4-TSs.


Computational methods


Gas phase transition structures (TSs) for intramolecular Diels–
Alder reactions of 5a–5d and 6a–6d were optimised using the
B3LYP functional10 and, unless stated otherwise, the 6-31G(d) ba-
sis set.11 Restricted B3LYP calculations were employed throughout
because, for all TSs located in this study, the restricted Kohn–
Sham wavefunction was calculated to be stable, thereby indicating
zero biradical character in the TSs. Conformational TSs about the
C1–cyclopropyl bond were obtained following relaxed potential
energy scans (using redundant coordinates). In some instances,
the PE scans revealed only a two-fold rotational barrier, thereby
indicating that there are only two conformationally stable TSs,
the third one presumably being destabilised by steric congestion.
Harmonic vibrational frequencies were carried out to characterise
the TSs and to calculate TS free energies at 298.15 K and 1 atm
pressure. cis : trans Ratios and lk : ul product ratios were calculated
from the free energies at the aforementioned temperature and
pressure using standard methods.12 Because the purpose of the
calculations was to gain qualitative insights into mechanistic
aspects of the systems under study, experimental temperatures
were not used to calculate the TS free energies. The TS free energies,
cis : trans ratios and lk : ul ratios for the IMDA reactions of 5a–5d
and 6a–6d are given in Tables 2 and 3, respectively. Geometries,
scf energies, enthalpies and free energies of the TSs are given in
the ESI†. The Gaussian 03 program was used throughout.13


Justification of the theoretical model


The B3LYP functional, in conjunction with the 6-31G(d) basis
set, is known to give acceptable relative energies and geometries
for a broad variety of Diels–Alder reactions.2,14,15 Importantly, we
have shown that the B3LYP/6-31G(d) method correctly predicts


cis : trans ratios for the IMDA reactions of several 9-substituted
pentadienyl acrylates, often with an accuracy of 1 kJ mol−1.16


This level of theory is, therefore, adequate for this study. We have
used gas phase DFT calculations. The excellent agreement found
in previous studies between gas phase B3LYP predicted IMDA
cis : trans and lk : ul ratios and the experimental ratios, obtained
using weakly polar solvents, such as toluene, chlorobenzene or
1,2-dichlorobenzene suggests that weakly polar solvents—which
are often used in IMDA reactions—have no significant influence
on cis : trans and lk : ul15 selectivities. Ideally, calculations should
be carried out on the IMDA reactions of the experimental 1-
(2′-diphenylcyclopropyl) systems 1, 2 and 3 (Fig. 2). However,
exploratory calculations on maleate 1 failed to achieve conver-
gence in geometry optimisations within a reasonable time, owing to
failure in obtaining simultaneously stable conformations of both
phenyl groups. Replacement of the trans-phenyl substituent with
a hydrogen atom, to give the series 6a–6d, removed this difficulty
and so this series was used as models for 1, 2 and 3. These models
should be quite reliable because the cis-phenyl substituent is
retained in 6a–6d and it is this substituent, being directed towards
the reaction centre, which should have the major influence on
IMDA stereoselectivity, with the trans-phenyl substituent, being
directed away from the reaction centre, playing only a minor,
indirect role by modifying the conformation of the cis-phenyl
group.


Results and discussion


Various earlier computational studies2,17,18 involving the location
of TSs for addition reactions to alkenes carrying an allylic
stereocentre (C*) reveal an approximate staggered arrangement of
the C* substituents with respect to the developing C1–C9 bond,
with the allylic substituents distributed among the inside (in), anti
(an), and outside (ou) positions in TSs, as depicted schematically
in Fig. 3


The p-diastereofacial selectivity is determined by the positional
preferences of the C* substituents for the in, an and ou sites in
the TS. Steric effects play an important role because of the quite
different volumes of the an, in and an spaces, with an being the


Table 2 B3LYP/6-31G(d) relative free energies, G‡
rel (kJ mol−1) and total cis : trans predicted ratio for the IMDA TSs of compounds 5a–5d at 298.15 Ka


5a (R1 = R2 = H) 5b (R1 = H, R2 = CO2Me) 5c (R1 = CO2Me, R2 = H) 5d (R1 = R2 = CO2Me)


cis TSs
in 0 5.96 12.9 12.3
an 12.0 —b 23.4 21.7
ou 4.26 7.09 21.0 —b


trans TSs
in 1.18 0 0 0
an 12.7 16.8 —b 15.4
ou 6.44 6.94 7.43 9.68
cis : trans 63 : 37 12 : 88 0.5 : 99.5 0.7 : 99.3


a Structures of 5a–5d are defined in Table 1. b No TS could be found for this conformation; see Computational Methods.
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Table 3 B3LYP/6-31G(d) relative free energies,a G‡
rel (kJ mol−1) for the IMDA TSs of compounds 6a–6d and total cis : trans and lk : ul predicted product


ratios at 298.15 K and 1 atmb


6a (R1 = R2 = H) 6b (R1 = H, R2 = CO2Me) 6c (R1 = CO2Me, R2 = H) 6d (R1 = R2 = CO2Me)


lk ul lk ul lk ul lk ul


cis TSs
in 3.05 0 —c 7.56 10.7 7.71 34.3 10.7
an 22.5 —c 25.4 —c —c —c —c —c


ou 8.99 15.3 11.3 15.2 20.9 —c 19.6 30.2
trans TSs
in 5.48 0.74 5.89 0 —c 0 16.9 0
an 23.0 —c —c —c 18.5 —c —c —c


ou 10.8 15.8 10.8 21.0 7.58 10.8 9.39 17.5
cis : trans 60.4 : 39.6 5.1 : 94.9 5.2 : 94.8 1.3 : 98.7
cis lk : ul 24.2 : 75.8 17.2 : 82.8 23.0 : 77.0 2.7 : 97.3
trans lk : ul 14.1 : 85.9 9.6 : 90.4 4.5 : 95.5 2.3 : 97.7


a Relative free energies for each system include both lk and ul IMDA TSs. b Structures of 6a–6d are defined in Table 1. c No TS could be found for this
conformation; see Computational Methods.


Fig. 3 Schematic representations of an IMDA trans TS. The Newman
projection formula on the right depicts a view along the C*–C1 bond of
the structure on the left.


largest and ou being the smallest. Thus, for example, it has been
found that the positional preference of the methyl substituent in
the IMDA TS of the 1-ethyl pentadienyl acrylate system (7, Fig. 4)
is an > in > ou.2


Fig. 4


Electrostatic effects can also influence positional preferences.15b


Thus, the silyloxy group (OSiR3) has the greatest preference for
the in position, which is probably due to a combination of a


stabilising electrostatic interaction between the silyloxy oxygen
atom and H-2 of the diene (Fig. 3) and to a destabilising four-
electron interaction between a lone pair on oxygen and the diene
p HOMO electrons.2,15b


It is expected that stereocontrol by a C1-cyclopropyl substituent
should be determined mainly by steric factors. Consider, first of
all, the IMDA TSs for systems 5a–5d, which are achiral. For each
system there are two diastereoisomeric TSs, namely cis and trans,
each of which may exist as three different conformations of the
cyclopropyl substituent about the C1–C(cyclopropyl) bond. These
three conformational TSs—5-in, 5-an and 5-ou—are schematically
depicted at the top of Table 2, the label in, an, and ou referring to
the position of the cyclopropyl methine hydrogen, Hc.


The calculations predict cis stereoselectivity for the IMDA
reaction of the 9-unsubstituted system, 5a (cis : trans = 63 : 37
at 298 K) and this is in accord with experimentally observed
moderate cis stereoselectivity for a variety of IMDA reactions
lacking 9-ester substituents.16a Introduction of ester groups into
the 9-position causes a reversal of stereoselectivity, favouring
formation of the trans adduct. The trans selectivity is weaker
for the 9-E-ester, 5b, than for the 9-Z-ester, 5c, and the 9,9-
diester, 5d, presumably for reasons given in detail elsewhere for
related systems.16b,19 Our DFT calculations predict the most stable
TS conformation to be 5-in—in which the cyclopropyl methine
hydrogen, Hc, adopts the in position—for both cis and trans
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modes of addition and for all systems. This conformation strongly
resembles the most stable conformation observed experimentally
for vinylcyclopropane, in which the vinyl double bond is transoid
to the cyclopropane ring.20 In general, the 5-an conformation
is the least favourable because the two cyclopropyl methylene
groups occupy the less favourable in and ou positions. As expected
from steric arguments, the introduction of 9-ester groups further
destabilises the 5-an TS relative to the 5-in TS, and the magnitude
of this destabilisation is approximately the same for both E and
Z ester groups because the cyclopropyl vertex which is pointing
towards the C9 substituents in the 5-an conformation is roughly
equidistant from the E and Z ester groups. The C9-substituent
effect on the relative energies of the 5-ou and 3-in TSs is also
explicable in terms of steric effects. In the case of the cis TSs,
introduction of an E ester group causes almost complete loss of
the stabilisation energy of 5-in relative to 5-ou (cf. 4.3 kJ mol−1 in
5a and 1.1 kJ mol−1 for 5b) because, in the cis TS, replacing R1 = H
with R1 = CO2Me introduces a steric clash which adversely affects
the energy of cis-5b-in relative to that of cis-5b-ou. The reverse
holds for 9-Z-ester substitution in the cis TS (R1 = CO2Me, R2 =
H) and, indeed, such substitution leads to enhanced stabilisation
of the in TS (cf. 4.3 kJ mol−1 in 5a and 8 kJ mol−1 for 5c). The
stabilisation of the in TS conformation over the ou conformation
in the 9,9-diester is roughly additive (10 kJ mol−1).21 In the case
of the trans TSs, 9-ester substitution brings about a moderately
enhanced stabilisation of the in TS, compared to the ou TS, which
appears odd in the case of 9-Z substitution (R1 = H, R2 = CO2Me),
for which the in TS should be destabilised. Taking twist-mode
asynchronicity16b,19 into account resolves this problem. Twist-mode
asynchronicity is defined by the dihedral angle, has = C1–C4–
C8–C9 and values of has for the IMDA TSs of 4–6 are given in
Table 1. Two significant features of has are (1) they have a positive
sign for cis TSs and a negative sign for trans TSs, and (2) the
magnitude of has is substantially larger for 9-Z-substituted TSs
than for 9-E-substituted TSs, a feature which has been explained
elsewhere.16b These features are illustrated in Fig. 5 for the cis and
trans TSs for 5c. Thus, twist-mode asynchronicity causes C9 and
its attendant 9-Z ester substituent to be driven deeper into the
endo region, thereby further raising the energy of cis-5-ou, relative
to the in TS. In contrast, the 9-Z-CO2Me substituent is markedly
displaced in the exo direction in the trans TS. This should lead to


Fig. 5 Optimised TS geometries of (a) cis-5c-in and (b) trans-5b-in.
The direction of dienophile twisting is depicted with green arrows. Some
hydrogens are omitted from the right hand structures for clarity.


a reduction in adverse steric interactions between the ester and the
cyclopropane vertex occupying the ou position and, therefore, to
an undiminished stabilisation of the in TS compared to the ou TS,
as is found.


Insights gained from our calculations for the IMDA TSs for
5a–5d may be used to predict the most favourable IMDA TS
for chiral trienes 6a–6d bearing the 1-(cis-2′-phenylcyclopropyl)
substituent. In these systems, the presence of the two stereocentres
on the cyclopropane ring discriminates the two p-faces of the
diene, thereby leading to like (lk) and unlike (ul) stereoselectivity
for each mode of addition, cis and trans. The possible TSs for
these reactions are depicted in Table 3. The favoured TS should
be ul-6-in, in which Hc adopts the in position and the bulky CHPh
group occupies the an position—this position being less sterically
congested than the ou region. The B3LYP-computed relative free
energies of the IMDA TSs (298 K) for 6a–6d are presented in
Table 3.


Four predictions may be drawn from the data of Table 3. These
are: (1) cis stereoselectivity is predicted for the parent system 6a
and trans selectivity for the 9-ester systems, being the greatest for
the 9,9-diester 6d. This trend has been explained elsewhere for
other 1,3,8-nonatriene IMDA reactions.16 (2) As anticipated from
the above discussion on the IMDA reactions of 5a–5d, ul facial
selectivity is predicted for both cis and trans modes of addition
and the ul TS with the lowest free energy is 6-in. (3) The ul
selectivity is stronger for trans addition than for cis addition. (4)
For both cis and trans modes of addition, ul selectivity increases
with progressive 9-ester substitution becoming greater than 97%
for the 9,9-diester. These predictions were tested experimentally.
Trienes 1, 2 and 3 were prepared from dienol 15, which in turn
was accessed from benzophenone hydrazone 8 in 6 steps and 44%
overall yield (Scheme 1).


Oxidation of benzophenone hydrazone 822 with nickel peroxide
gave diphenyl diazomethane 9,23 which underwent cycloaddition
with methyl acrylate at room temperature24 to afford cyclopropane
ester 10.25 Reduction to primary alcohol 11 with lithium alu-
minium hydride followed by Swern oxidation afforded aldehyde 12
in 75% yield over 4 steps. Horner–Wadsworth–Emmons reaction
of aldehyde 12 with the lithium salt of phosphonate 13 afforded the
E,E-dienoic ester 14 in 62% yield. DIBALH reduction of ester 14
at −78 ◦C26 furnished the desired dienol 15 in 95% yield. The three
IMDA precursors 1, 2 and 3 were easily accessed from dienol 15
by esterification reactions. Thus, reaction with maleic anhydride
gave the half ester of maleic acid, which was converted into methyl
ester 1 by reaction with diazomethane at −78 ◦C. Union of 15 with
methyl fumaroyl chloride gave triene ester 2. Finally, 9,9-diester
triene 3 was accessed by reaction of dienol 15 with the acyl chloride
of known carboxylic acid 16.27 The results from the experimental
IMDA reactions of the three trienes are listed in Table 4.


The relative stereochemistries of three of the five isolated
cycloadducts, namely 17a, 18b and 17c, were secured through
single crystal X-ray analyses (Table 5, Fig. 6).§ The stereo-
chemistries of the remaining two structures—19a and 17b—were
tentatively assigned through 2D NMR techniques (see ESI for
details†). In each case, the relative stereochemistry about the newly


§CCDC reference numbers 644828–644830. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b708324f
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Table 4 Experimental IMDA reactions of trienes 1, 2 and 3


Triene substrate E/Z Solvent Reaction timea/h Isolated yieldb (%)
Experimental adduct
ratioc ,d 17 : 18 : 19 : 20


Calculated adduct
ratioe 17 : 18 : 19 : 20


1 H/CO2Me PhMe 5 75 82 : 0 : 18 : 0 86 : 9 : 4 : 1
2 CO2Me/H PhCl 12 63 86 : 14 : 0 : 0 91 : 4 : 4 : 1
3 CO2Me/CO2Me PhH 3 72 >99 : 0 : 0 : 0 97 : 2 : 1 : 0


a Time required for >95% conversion, as judged by 1H NMR. b Combined isolated yield after chromatography. c Determined from 1H NMR spectra of
crude reaction mixtures. d Kinetic product ratios are reported: control experiments confirmed that all cycloadducts were stable to the reaction conditions.
e Calculated values based upon the cis-2′-phenylcyclopropyl model systems 6b–d (Table 3).


Scheme 1


formed bicyclic system is secure but the sense of p-diastereofacial
selectivity is not. We assign stereostructures to these com-
pounds on the basis of the computational findings described
herein.


Two conclusions can immediately be drawn upon inspection
of the data in Table 4: (1) all three IMDA reactions are highly
stereoselective; and (2) no ring opened products are observed. The
latter observation leads us to conclude that if these cycloadditions
have biradicaloid character, then their closure to form IMDA
adducts is significantly faster than 4 × 1011 s−1, the rate of ring
opening of the diphenylcyclopropylmethyl radical.9


Experimental stereoselectivities for the three reactions involv-
ing the C1-diphenylcyclopropyl substituent are in very good
agreement with computed values for the mono-phenylcyclopropyl


model system. It is particularly noteworthy that the predicted
increase in stereoselection through the model series maleate 6c
→ fumarate 6b → 9,9-diester 6d is mirrored in the experimental
results with trienes 1, 2 and 3 respectively. These results demon-
strate, once again, the value of DFT as a predictive tool for
stereoselective synthesis. Thus, hydrocarbon substituents around
a stereocentre can induce high levels of p-diastereofacial selectivity
in intramolecular cycloadditions. This is all the more remarkable
when the length of the developing peripheral (C1–C9) bond in the
TS is taken into account. These findings raise interesting questions.
Will high stereoselectivities also be witnessed in intermolecular ad-
dition processes to diphenylcyclopropyl-substituted dienes? Will
other substituted ring systems give similar outcomes? Answers to
these questions are currently being sought.
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Table 5 X-ray crystallographic data for compounds 17a, 18b and 17c


17a 18b 17c


CCDC No. 644828 644830 644829
Formula C25H24O4 C25H24O4 C27H26O6


M 388.46 388.46 446.5
Crystal system Monoclinic Monoclinic Orthorhombic
Space group P21/a P21 Pbca
a/Å 13.9345(2) 11.0190(4) 15.0402(3)
b/Å 8.7920(2) 7.6264(3) 15.3235(3)
c/Å 16.3108(3) 12.1306(5) 19.7863(5)
b/◦ 96.0142(11) 91.3965(17) —
V/Å3 1987.27(6) 1019.10(7) 4560.12(17)
Z 4 2 8
T/K 200 200 200
Measured reflections 41962 12952 40672
Independent reflections 4543 1943 4046
Reflections in refinement 3260 [I > 2r(I)] 1460 [I > 1.5r(I)] 2621 [I > 2r(I)]
R 0.0325 0.0353 0.0325
Rw 0.0351 0.0391 0.0361
S 1.1283 1.0875 1.0664


Fig. 6 Molecular structures from single crystal X-ray analyses of
cycloadducts. Thermal ellipsoids are shown at 30% probability levels.


Experimental


General


NMR spectra were recorded at 298 K using a Varian Unity INOVA
300 MHz spectrometer. Residual protio-chloroform (d 7.26 ppm)
was used as an internal reference for 1H NMR spectra. The 13C
NMR resonance of chloroform (d 77.1 ppm) was used as an
internal reference for 13C NMR spectra. Assignment of proton
signals was assisted by 1H–1H COSY and NOESY experiments
when necessary; assignment of carbon signals was assisted by
DEPT experiments. IR spectra were recorded on a Perkin-Elmer
1600 F.T.I.R. or Perkin-Elmer Spectrum One spectrometer as neat


films on NaCl plates for oils or as KBr pellets for solid products.
Low resolution mass spectra were recorded on a Finnigan
PolarisQ ion trap mass spectrometer using electron impact (EI)
ionisation mode at 40 or 70 eV. High resolution mass spectra
were recorded on a VG Autospec mass spectrometer operating at
70 eV. Microanalyses were performed at the Research School of
Chemistry, Australian National University. Melting points were
measured on a Reichert melting point stage and are uncorrected.
Analytical TLC was performed with Merck silica gel plates,
precoated with silica gel 60 F254 (0.2 mm). Flash chromatography
employed Merck Kiesegel 60 (230–400 mesh) silica gel. Reactions
were conducted under a positive pressure of dry argon or nitrogen.
Diethyl ether, toluene and THF were dried over sodium wire and
distilled from sodium benzophenone ketyl. Dichloromethane was
distilled from calcium hydride. Commercially available chemicals
were purified by standard procedures or used as purchased.


Methyl 2,2-diphenylcyclopropanecarboxylate (10)


Compound 10 was prepared following literature procedures.22–24


A mixture of benzophenone (13.31 g, 73 mmol, 1 equiv.) and
anhydrous hydrazine (8.6 mL, 274 mmol, 3.75 equiv.) in ethanol
(50 mL) was heated to reflux overnight, affording benzophenone
hydrazone (8) as white needles after recrystallisation from ethanol
(12.03 g, 84% yield).22 Careful oxidation of 8 (0.200 g, 1.02 mmol,
1 equiv.) was quantitatively achieved using nickel peroxide in excess
(12 g) in Et2O (50 mL) at rt.23 After evaporation of the reaction
solvent in vacuo at rt, diazo compound 9 was obtained as a deep
purple liquid. Reaction of 9 (1.02 mmol, 1 equiv.) with methyl
acrylate (0.24 mL, 2.69 mmol, 2.64 equiv.) in petroleum spirit
(20 mL) at rt afforded the cyclopropane ester 10.24 No purification
was necessary in this three step preparation. Compound 1025 was
obtained in quantitative yield from 8 as an off-white solid: mp
41–42 ◦C (lit.,25 40 ◦C). 1H NMR (300 MHz, CDCl3): d 7.07–
7.28 (m, 10H), 3.42 (s, 3H), 2.48 (dd, J = 8.1, 6.0 Hz, 1H), 2.10
(dd, J = 6.0, 4.8 Hz, 1H), 1.54 (dd, J = 8.1, 4.8 Hz, 1H) ppm. 13C
NMR (75 MHz, CDCl3): d 171.4, 145.0, 140.5, 129.8, 128.7, 128.6,
127.8, 127.3, 126.8, 52.0, 40.2, 29.1, 20.4 ppm. IR (KBr disc): mmax


3084, 3059, 3026, 2950, 1732, 1495, 1383, 1270 cm−1. EIMS: m/z
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(%): 252 (M+, 14), 237 (7), 221 (19), 192 (100). HRMS: calcd
for C17H16O2: 252.1150; found 252.1149. All characterisation data
matched those reported.25


(2,2-Diphenylcyclopropyl)methanol (11)28,29


A solution of compound 10 (0.26 g, 1.02 mmol, 1 equiv.) in THF
was treated with LiAlH4 at 0 ◦C under N2 atm. The reaction
mixture was kept at this temperature for 10 min, then warmed
to rt and stirred for 1 h. On completion of the reaction, the
remaining hydride species was quenched with a mixture of THF
and iced water (1 : 1) at 0 ◦C and stirred until a white precipitate
formed. The solvent was removed under reduced pressure and the
residue dissolved in methanol. The resulting mixture was filtered
through Celite and the solvent evaporated in vacuo. Column
chromatography (petroleum ether 40–60–ethyl acetate, 3 : 1) of
the crude material afforded pure 11 as a yellow oil (0.227 g, 99%).
1H NMR (300 MHz, CDCl3): d 7.17–7.43 (m, 10H), 3.48 (dd,
J = 11.7, 6.6 Hz, 1H), 3.38 (dd, J = 11.7, 7.8 Hz, 1H), 1.97–2.04
(m, 1H), 1.71 (bs, 1H), 1.40 (dd, J = 5.4, 4.8 Hz, 1H), 1.30 (dd,
J = 8.7, 4.8 Hz, 1H) ppm. 13C NMR (75 MHz, CDCl3): d 146.6,
141.4, 130.4, 128.8, 128.6, 128.1, 127.0, 126.3, 64.0, 35.9, 28.0,
18.2 ppm. IR (thin film): mmax 3401, 3059, 3024, 2930, 2879, 1642,
1495, 1035 cm−1. EIMS: m/z (%): 224 (M+, 47), 207 (69), 206 (99),
194 (73), 193 (100). HRMS: calcd for C16H16O: 224.1201; found
224.1201.


2,2-Diphenylcyclopropanecarbaldehyde (12)28,29


DMSO (0.145 mL, 2.04 mmol, 2 equiv.) was added dropwise to
a solution of oxalyl chloride (0.11 mL, 1.22 mmol, 1.2 equiv.) in
CH2Cl2 at −78 ◦C under N2 atm and stirred at this temperature
for 10 min. A solution of 11 (0.228 g, 1.02 mmol, 1 equiv.) in
CH2Cl2 (10 mL) was added and stirring continued at −70 ◦C
for 30 min. Triethylamine (0.567 mL, 4.08 mmol, 4 equiv.) was
then added dropwise, the mixture stirred at −65 ◦C for a further
30 min and then allowed to warm to rt overnight. Water was
then added and the mixture extracted with Et2O. The combined
organic layers were dried (MgSO4) and concentrated in vacuo.
Column chromatography (petroleum ether 40–60–ethyl acetate,
9 : 1) afforded 12 (0.1699 g, 75% over 4 steps from 8) as a yellow
solid: mp 75–76 ◦C. 1H NMR (300 MHz, CDCl3): d 8.58 (d, J =
6.6, 1H), 7.07–7.34 (m, 10H), 2.17–2.49 (m, 1H), 2.17 (dd, J =
5.4, 5.1 Hz, 1H), 1.78 (dd, J = 8.4, 5.1 Hz, 1H) ppm. 13C NMR
(75 MHz, CDCl3): d 200.8, 144.1, 139.6, 130.3, 129.2, 128.9, 127.7,
127.6, 127.2, 41.2, 37.0, 20.5 ppm. IR (KBr disc): mmax 3058, 3026,
2835, 2764, 1705, 1495, 1447, 1170 cm−1. EIMS: m/z (%): 222
(M+, 72), 221 (28), 193 (96), 192 (61), 178 (55), 165 (55), 115 (100).
Anal. Calcd for C16H14O: C, 86.45; H, 6.35. Found: C, 86.15; H,
6.37. HRMS: calcd for C16H14O: 222.1045; found 222.1045.


(2E,4E)-Methyl 5-(2,2-diphenylcyclopropyl)penta-2,4-dienoate
(14)


To a stirred solution of LHMDS (0.818 mmol, 1.07 equiv.) in THF
(10 mL) was added phosphonate 13 (0.18 g, 0.764 mmol, 1 equiv.)
in THF (4 mL) at −78 ◦C under N2 atm. After 5 min the mixture
was warmed to −40 ◦C and a solution of 12 (0.169 g, 0.764 mmol,
1 equiv.) in THF (5 mL) was added dropwise. The reaction was
allowed to warm to rt overnight. Water, HCl (1 M) and Et2O were


then added. Extraction was carried out with Et2O. The combined
organic layers were dried (MgSO4) and concentrated in vacuo.
Column chromatography (petroleum ether 40–60–ethyl acetate,
95 : 5) afforded 14 as a 9 : 1 mixture of E : Z isomers at the newly
formed bond (0.144 g, 62%). The pure (E,E)-diene was isolated
after three recrystallisations: mp 100–102 ◦C. 1H NMR (300 MHz,
CDCl3): d 7.15–7.33 (m, 10H), 7.10 (dd, J = 15.3, 11.1 Hz, 1H),
6.35 (dd, J = 15.0, 11.1 Hz, 1H), 5.76 (d, J = 15.3 Hz, 1H), 5.37
(dd, J = 15.0, 10.2 Hz, 1H), 3.71 (s, 3H), 2.31–2.40 (m, 1H), 1.76
(dd, J = 8.7, 5.1 Hz, 1H), 1.63 (dd, J = 5.4, 5.1 Hz, 1H) ppm.
13C NMR (75 MHz, CDCl3): d 168.0, 146.0, 145.7, 145.1, 140.9,
130.9, 128.8, 128.6, 127.7, 127.5, 127.2, 126.4, 118.2, 51.7, 39.3,
31.2, 23.6 ppm. IR (KBr disc): mmax 3025, 3061, 2909, 1714, 1634,
1495, 1309, 1260, 1144 cm−1. EIMS: m/z (%): 304 (M+, 69), 244
(39), 205 (88), 191 (37), 167 (62), 165 (96), 111 (48), 91 (100).
HRMS: calcd for C21H20O2: 304.1463; found 304.1462.


(2E,4E)-5-(2,2-Diphenylcyclopropyl)penta-2,4-dien-1-ol (15)


Compound 14 (0.193 g, 0.634 mmol, 1 equiv.) was stirred in
CH2Cl2 (40 mL) at −78 ◦C under N2 atm. DIBALH (2.12 mL,
3.17 mmol, 5 equiv., 1.5 M in toluene) was then added and the
temperature kept at −78 ◦C until complete disappearance of the
starting material. Ethyl acetate (15 mL), then methanol (15 mL)
were added dropwise at −78 ◦C. A solution of sodium potassium
tartrate (5.219 g, 15.9 mmol, 25 equiv.) in water (30 mL) was then
added at −78 ◦C and the mixture allowed to warm to rt overnight.
Aqueous HCl (2 M, 5 mL) was added to reduce the precipitates
in the mixture. Extraction was carried out using CH2Cl2 (40 mL).
The organic phase was washed with aqueous NaHCO3 (40 mL)
and the combined organic layers were dried (Na2SO4), filtered,
and concentrated in vacuo. The crude material was subjected to
chromatography on silica (ethyl acetate–hexanes 20 : 80) to give 15
(141.9 mg, 0.514 mmol, 81%) as a colourless viscous oil: Rf = 0.24
(ethyl acetate–hexanes 20 : 80). 1H NMR (300 MHz, CDCl3): d
7.02–7.35 (m, 10H), 6.15 (dd, J = 15.0, 10.5 Hz, 1H), 5.97 (dd, J =
15.0, 10.5 Hz, 1H), 5.61 (ddd, J = 15.0, 6.0, 6.0 Hz, 1H), 4.86 (dd,
J = 15.0, 9.6 Hz, 1H), 4.01 (d, J = 5.4 Hz, 2H), 2.15–2.27 (m, 1H),
1.57 (dd, J = 8.7, 5.1 Hz, 1H), 1.42 (dd, J = 5.7, 5.1 Hz, 1H) ppm.
13C NMR (75 MHz, CDCl3): 146.4 (C), 141.2 (C), 135.8 (CH),
131.7 (CH), 130.9 (CH), 129.1 (CH), 129.0 (CH), 128.4 (CH),
128.3 (CH), 127.2 (CH), 126.6 (CH), 125.9 (CH), 63.4 (CH2), 37.8
(C), 30.6 (CH), 22.9 (CH2). IR (thin film): mmax 3368 (br, OH), 3057,
3024 (m, CH), 2924, 2860 (m, Ar–H), 1688, 1654 (m, C=C) cm−1.
EIMS (70 eV): m/z (%): 276 (M+, 40), 258 ([M − H2O]+, 50), 245
(50), 217 (40), 205 (50), 191 (50), 167 (90), 165 (80), 115 (50), 91
(100). HRMS (EI+): calcd for C20H20O: 276.1514; found 276.1514.


Methyl (2E,4E)-5-(2,2-diphenylcyclopropyl)penta-2,4-dienyl
maleate (1)


To a solution of 15 (0.224 g, 0.811 mmol, 1 equiv.) in CH2Cl2


(10 mL) at 0 ◦C under N2 atm were added Et3N (0.181 mL,
1.30 mmol, 1.6 equiv.), maleic anhydride (0.179 g, 1.82 mmol,
2.25 equiv.) and DMAP (10 mg, 0.081 mmol, 0.1 equiv.). The
solution was stirred for 10 min, then Et2O (40 mL) was added
and the mixture washed with aqueous HCl (2 M, 2 × 50 mL)
and brine (1 × 50 mL). The organic fraction was then dried
(Na2SO4) and evaporated to dryness. The crude mixture (288 mg)
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was diluted in THF (3 mL) and cooled to −78 ◦C under N2 atm. A
solution of diazomethane in Et2O was added dropwise until TLC
showed no starting material. N2 was bubbled into the mixture for
30 min to remove the unreacted diazomethane and the solvent was
then evaporated under reduced pressure. Column chromatography
(CH2Cl2–pentane, 60 : 40) afforded 1 as a yellow oil (0.181 g, 57%
over two steps from the dienol 15). 1H NMR (300 MHz, CDCl3):
d 7.14–7.3 (m, 10H), 6.24 (s, 2H), 6.10–6.30 (m, 2H), 5.65 (ddd,
J = 14.4, 6.9, 6.9 Hz, 1H), 5.01 (dd, J = 14.4, 9.9 Hz, 1H), 4.65
(d, J = 6.9 Hz, 2H), 3.76 (s, 3H), 2.25–2.33 (m, 1H), 1.68 (dd, J =
8.4, 4.8 Hz, 1H), 1.53 (dd, J = 5.4, 4.8 Hz, 1H) ppm. 13C NMR
(75 MHz, CDCl3): d 166.0, 165.2, 146.5, 141.4, 137.6, 135.5, 131.1,
130.1, 130.0, 128.8, 128.7, 128.6, 127.5, 127.0, 126.3, 123.2, 66.0,
52.4, 38.2, 30.9, 23.7 ppm. IR (thin film): mmax 3057, 3025, 2951,
1730, 1650, 1495, 1437, 1391, 1212, 1162 cm−1. EIMS: m/z (%):
388 (M+, 35), 357 (38), 342 (46), 329 (28), 328 (100). HRMS: calcd
for C25H24O4: 388.1675; found 388.1678.


rel-(3aR,4S,5S,7aS,1′R)-Methyl 1,3,3a,4,5,7a-hexahydro-3-oxo-
5-(2,2-diphenylcyclopropyl)isobenzofuran-4-carboxylate (17a) and
rel-(3aR,4R,5S,7aS,1′R)-methyl 1,3,3a,4,5,7a-hexahydro-3-oxo-
5-(2,2-diphenylcyclopropyl)isobenzofuran-4-carboxylate (19a)


A solution of 1 (0.457 g, 1.17 mmol, 1 equiv.) and 2,6-di-tert-butyl-
4-methylphenol (3 mg, 14 lmol, 0.01 equiv.) in toluene (250 mL)
was heated at reflux under N2 atm for 5 h. The solvent was then
evaporated under reduced pressure and 1H NMR analysis revealed
the presence of two cycloadducts. The two adducts 17a and 19a
were isolated by column chromatography (petroleum ether 40–60–
ethyl acetate–triethylamine, 96 : 2 : 2) in a ratio of 82 : 18 (340.9 mg,
75% combined yield).


17a. White solid (279.5 mg, 61%): mp 161 ◦C. 1H NMR
(300 MHz, CDCl3): d 7.08–7.28 (m, 10H), 5.71 (ddd, J = 9.9,
1.5, 1.5 Hz, 1H), 5.67 (ddd, J = 9.9, 3.0, 3.0 Hz, 1H), 4.47 (dd,
J = 14.5, 7.5 Hz, 1H), 3.86 (dd, J = 11.5, 7.5 Hz, 1H), 3.55 (s,
3H), 3.27 (d, J = 3.6 Hz, 1H), 3.09–3.14 (m, 1H), 2.44 (dd, J =
13.6, 3.6 Hz, 1H), 1.88 (d, J = 10.5, 1H), 1.65–1.74 (m, 1H), 1.55
(dd, J = 5.4, 5.1 Hz, 1H), 1.13 (dd, J = 8.7, 5.1 Hz, 1H) ppm. 13C
NMR (75 MHz, CDCl3): d 175.0, 172.3, 146.4, 140.7, 132.5, 129.9,
129.1, 128.8, 128.6, 126.9, 126.6, 123.9, 70.9, 52.4, 42.6, 42.3, 39.9,
38.7, 36.6, 32.2, 18.5 ppm. IR (KBr disc): mmax 2917, 1785, 1732,
1495, 1445, 1379, 1177, 1090 cm−1. EIMS: m/z (%): 388 (M+, 12),
357 (27), 356 (5), 330 (11), 329 (24), 328 (100). Anal. Calcd for
C25H24O4: C, 77.30; H, 6.23. Found: C, 77.34; H, 6.25. HRMS:
calcd for C25H24O4: 388.1675; found 388.1672.


19a. White solid (61.4 mg, 14%): mp 159–160 ◦C. 1H NMR
(300 MHz, CDCl3): d 7.07–7.26 (m, 10H), 5.92 (ddd, J = 9.9, 2.7,
2.7 Hz, 1H), 5.59 (ddd, J = 9.9, 2.7, 2.7 Hz, 1H), 4.40 (dd, J =
8.7, 8.7 Hz, 1H), 4.10 (dd, J = 8.4, 8.4 Hz, 1H), 3.61 (s, 3H), 3.14
(dd, J = 5.8, 5.8 Hz, 1H), 2.97–3.00 (m, 1H), 2.88 (dd, J = 10.6,
5.8 Hz, 1H), 1.61–1.68 (m, 1H), 1.50–1.58 (m, 1H), 1.38 (dd, J =
5.4, 5.4 Hz, 1H), 1.24 (dd, J = 8.6, 5.4 Hz, 1H) ppm. 13C NMR
(75 MHz, CDCl3): d 175.1, 171.6, 146.3, 140.5, 133.3, 130.6, 129.7,
128.7, 128.6, 128.4, 126.7, 123.1, 70.5, 52.1, 43.5, 42.1, 40.9, 38.3,
35.4, 28.6, 18.5 ppm. IR (KBr disc): mmax 3025, 2923, 1765, 1730,
1494, 1445, 1385, 1173, 1019 cm−1. EIMS: m/z (%): 388 (M+, 23),
357 (38), 339 (12), 198 (10), 197 (59), 194 (77), 193 (100). HRMS:
calcd for C25H24O4: 388.1675; found 388.1676.


Methyl (2E,4E)-5-(2,2-diphenylcyclopropyl)penta-2,4-dienyl
fumarate (2)


To a solution of 15 (1.674 g, 6.06 mmol, 1 equiv.) in CH2Cl2


(50 mL) at 0 ◦C under N2 atm were added pyridine (1.18 mL,
14.54 mmol, 2.4 equiv.) and 4-dimethylaminopyridine (74 mg,
0.606 mmol, 0.1 equiv.). (E)-Methyl 3-(chlorocarbonyl)acrylate
(1.08 g, 7.27 mmol, 1.2 equiv.) was then added dropwise at
0 ◦C. The reaction was stirred at this temperature for 10 min
then allowed to warm to rt. After 1.5 h, water was added. The
organic phase was then collected and washed with 1 M aqueous
HCl, saturated NaHCO3 and brine. The organic layer was dried
(MgSO4) and concentrated in vacuo. Column chromatography
(petroleum ether 40–60–ethyl acetate, 95 : 5) afforded 2 as a yellow
oil (1.22 g, 52%). 1H NMR (300 MHz, CDCl3): d 7.12–7.36 (m,
10H), 6.86 (s, 2H), 6.10–6.29 (m, 2H), 5.65 (ddd, J = 14.5, 6.9,
6.9 Hz, 1H), 5.02 (dd, J = 14.5, 9.7 Hz, 1H), 4.66 (d, J = 6.9 Hz,
2H), 3.80 (s, 3H), 2.25–2.33 (m, 1H), 1.67 (dd, J = 8.7, 4.8 Hz,
1H), 1.53 (dd, J = 5.7, 4.8 Hz, 1H) ppm. 13C NMR (75 MHz,
CDCl3): d 165.6, 164.9, 146.5, 141.3, 137.8, 135.5, 133.9, 133.6,
131.0, 128.7, 128.6, 128.5, 127.5, 126.9, 126.2, 122.9, 66.1, 52.6,
38.2, 30.8, 23.1 ppm. IR (thin film): mmax 3058, 3025, 2951, 1723,
1652, 1495, 1445, 1301, 1259, 1153, 986 cm−1. EIMS: m/z (%): 388
(M+, 7), 259 (42), 258 (96), 217 (50), 206 (54), 205 (56), 191 (75),
167 (100). HRMS: calcd for C25H24O4: 388.1675; found 388.1673.


rel-(3aR,4R,5S,7aS,1′R)-Methyl 1,3,3a,4,5,7a-hexahydro-3-oxo-
5-(2,2-diphenylcyclopropyl)isobenzofuran-4-carboxylate (17b) and
rel-(3aS,4S,5R,7aR,1′R)-methyl 1,3,3a,4,5,7a-hexahydro-3-oxo-
5-(2,2-diphenylcyclopropyl)isobenzofuran-4-carboxylate (18b)


A solution of 2 (0.244 g, 0.63 mmol, 1 equiv.) and 2,6-di-tert-
butyl-4-methylphenol (2 mg, 9 lmol, 0.01 equiv.) in chlorobenzene
(125 mL) was heated to reflux under N2 atm for 12 h. The solvent
was then removed under reduced pressure and 1H NMR analysis
of the crude mixture revealed the presence of two cycloadducts.
The two adducts 17b and 18b were isolated from a fraction of the
crude mixture by column chromatography (petroleum ether 40–
60–ethyl acetate, 98 : 2, with 2% triethylamine) in a ratio of 86 : 14
(154.2 mg, 63% combined yield).


17b. White solid (132.6 mg, 54%): mp 188–189 ◦C. 1H NMR
(300 MHz, CDCl3): d 7.10–7.20 (m, 10H), 5.71 (ddd, J = 9.9, 1.6,
1.6 Hz, 1H), 5.62 (ddd, J = 9.9, 3.0, 3.0 Hz, 1H), 4.39 (dd, J = 8.1,
6.3 Hz, 1H), 3.92 (dd, J = 11.1, 8.1 Hz, 1H), 3.73 (s, 3H), 2.83 (dd,
J = 11.4, 7.5 Hz, 1H), 2.70 (dd, J = 13.5, 11.4 Hz, 1H), 2.60–2.71
(m, 1H), 1.85–1.95 (m, 1H), 1.61–1.71 (m, 1H), 1.42–1.50 (m, 1H),
1.02 (dd, J = 8.5, 5.2 Hz, 1H) ppm. 13C NMR (75 MHz, CDCl3): d
174.5, 171.6, 146.4, 140.5, 133.3, 129.7, 129.6, 128.6, 128.4, 126.8,
126.7, 123.2, 70.5, 52.1, 43.6, 42.1, 40.9, 38.3, 35.8, 28.6, 18.5 ppm.
IR (KBr disc): mmax 2950, 2918, 2849, 1787, 1738, 1494, 1445, 1321,
1273, 1178, 1087. EIMS: m/z (%): 388 (M+, 11), 258 (14), 220 (16),
217 (9), 194 (68), 193 (100). HRMS: calcd for C25H24O4: 388.1675;
found 388.1674.


18b. White solid (21.6 mg, 9%): mp 185–187 ◦C. 1H NMR
(300 MHz, CDCl3): d 7.04–7.27 (m, 10H), 5.82 (ddd, J = 9.6, 2.1,
2.1 Hz, 1H), 5.72 (ddd, J = 9.6, 2.8, 2.8 Hz, 1H), 4.38 (dd, J = 8.2,
6.6 Hz, 1H), 3.90 (dd, J = 11.1, 8.2, 1H), 3.51 (s, 3H), 2.86 (dd, J =
11.1, 7.8 Hz, 1H), 2.72 (dd, J = 13.5, 11.1 Hz, 1H), 2.48–2.66 (m,


2614 | Org. Biomol. Chem., 2007, 5, 2606–2616 This journal is © The Royal Society of Chemistry 2007







1H), 1.84–1.93 (m, 2H), 1.37 (dd, J = 9.0, 5.1 Hz, 1H), 1.23 (dd, J =
9.0, 5.1 Hz, 1H) ppm. 13C NMR (75 MHz, CDCl3): d 174.6, 172.8,
146.4, 140.7, 134.6, 130.9, 128.6, 128.4, 127.8, 127.1, 126.1, 124.7,
70.5, 52.3, 44.5, 42.6, 40.7, 37.5, 37.1, 28.6, 19.6 ppm. IR (KBr
disc): mmax 2917, 2849, 1784, 1736, 1495, 1262, 1178, 1087 cm−1.
EIMS: m/z (%): 388 (M+, 8), 258 (9), 220(11), 194 (48), 193 (100).
HRMS: calcd for C25H24O4: 388.1675; found 388.1675.


1,1-Dimethyl 2-(2E,4E)-5-(2,2-diphenylcyclopropyl)penta-
2,4-dienyl ethene-1,1,2-tricarboxylate (3)


1,1-Dimethyl 2-hydrogen ethylenetricarboxylic acid (16)27a was
prepared from 2-tert-butyl 1,1-dimethyl ethylenetricarboxylate
using the procedure of Snider.27b Oxalyl chloride (258.7 mg,
2.038 mmol, 2.0 equiv.) and DMF (1.5 mg, 0.0204 mmol,
0.02 equiv.) were added to a solution of 16 (191.7 mg, 1.019 mmol,
1.0 equiv.) in CH2Cl2 (1.0 mL) and stirred at 0 ◦C under N2 atm
for 30 min until the evolution of gas ceased. The mixture was
then concentrated in vacuo, diluted with CH2Cl2 (0.8 mL) and
added to a solution of 15 (172.7 mg, 0.6249 mmol, 1.0 equiv.)
and triethylamine (0.127 mL, 1.250 mmol, 2.0 equiv.) in CH2Cl2


(0.8 mL) at 0 ◦C under N2 atm. The solution was stirred at this
temperature for 10 min then water (10 mL) was added and the
mixture extracted with CH2Cl2. The combined organic fractions
were dried (Na2SO4), filtered, and evaporated to dryness to give
the crude IMDA precursor 3 (280 mg, quantitative yield) as a
yellow oil. Due to its propensity to cyclise, this material was used
without further purification.


rel-(3aR,5S,7aS,1′R)-Dimethyl 1,3,3a,7a-tetrahydro-3-oxo-5-(2,2-
diphenylcyclopropyl)isobenzofuran-4,4-(5H)-dicarboxylate (17c)


A solution of IMDA precursor 3 (280 mg) in benzene (62 mL)
was stirred at 25 ◦C under N2 atm for 3 h. The solvent was then
evaporated under reduced pressure and 1H NMR analysis revealed
the presence of a single cycloadduct. Column chromatography
(hexanes–ethyl acetate–triethylamine, 70 : 28 : 2, absorption load
onto silica using ethyl acetate) afforded 17c as a white solid
(201.6 mg, 72%): mp 196–198 ◦C. 1H NMR (300 MHz, CDCl3):
d 7.11–7.24 (m, 10H), 5.63 (ddd, J = 9.9, 1.5, 1.5 Hz, 1H), 5.54
(ddd, J = 9.9, 3.6, 2.4 Hz, 1H), 4.40 (dd, J = 8.1, 6.9 Hz, 1H), 3.86
(dd, J = 11.4, 8.1 Hz, 1H), 3.78 (s, 3H), 3.64 (s, 3H), 2.95 (d, J =
14.1 Hz, 1H), 2.58–2.63 (m, 2H), 1.59–1.66 (m, 1H), 1.53–1.59 (m,
1H), 1.02 (dd, J = 8.4, 4.8 Hz, 1H) ppm. 13C NMR (125 MHz,
CDCl3): d 172.0, 169.4, 168.3, 146.3, 140.1, 132.6, 129.9, 129.4,
128.6, 128.5, 126.9, 126.8, 122.7, 69.7, 57.9, 53.5, 53.1, 44.6, 42.4,
38.0, 35.8, 28.8, 18.4 ppm. IR (KBr disc): mmax 3026, 2954, 1795,
1739, 1737, 1496, 1434, 1265, 1088 cm−1. EIMS: m/z (%): 446 (M+,
30), 414 (19), 258 (24), 220 (22), 197 (28), 193 (100). Anal. Calcd
for C27H26O6: C, 72.63; H, 5.87. Found: C, 72.43; H, 6.10. HRMS:
calcd for C27H26O6: 446.1729; found 446.1727.
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Régis Fauré, Tze Chieh Shiao, David Lagnoux, Denis Giguère and René Roy*
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We report a very high yielding first total synthesis of trisaccharide 5, a-D-Rhap-(1→3)-a-D-
Rhap-(1→4)-a-D-Galp, corresponding to the repeating unit 1 of an O-polysaccharide present in the
lipopolysaccharide of clinical isolate of Burkholderia cepacia. The approach included two successive
glycosylations, based on D-rhamnosyl trichloroacetimidate donors 12 and 14. The oligosaccharide 5
has been further functionalized by photochemical coupling or cross-metathesis with non-natural amino
acid derivatives. Trisaccharidylamino acids 16 and 17 are now available, with the aim of preparing a
novel synthetic carbohydrate-based vaccine.


Introduction


Over the past two decades, Burkholderia cepacia (B. cepacia),
initially known to cause onion bulb rot, has emerged as an
important life-threatening opportunistic pathogen, especially for
patients afflicted with cystic fibrosis.1 Pulmonary colonisation
by these bacteria can lead to an accelerated decline in lung
function and, in some cases, to a fatal necrotizing pneumonia,
known as “cepacia syndrome”. Despite such devastating effects
on cystic fibrosis and immunocompromised patients, B. cepacia
is also considered by the agricultural industry to be a potentially
useful biopesticide. In addition, lipase from this organism has
attracted considerable interest from the biotechnological industry
for catalytic applications. Therefore, at present there is a clear
conflict of interest between public health and industrial objectives.2


To complicate matters, B. cepacia, a Gram-negative bacterium,
displays multiple antibiotic resistance and is highly virulent and
transmissible.3 Taken together, these factors provide motivation
for efforts aimed at the identification of an efficient therapeutic
and preventative strategy.


Two types of polysaccharide, 1 and 2, are present in the O-
chain of the lipopolysaccharide of B. cepacia (Fig. 1).4 These
possess two and three unusual D-rhamnosyl residues respectively.
These polysaccharides are thought to be interesting targets for
vaccine development. Using the rhamnosyl-containing motifs as
oligosaccharidic haptens coupled to an appropriate immunogenic
peptide or protein carrier (T-cell epitope), it would be possible
to induce a specific immune response against this pathogen.
Indeed, the oligosaccharide–peptide conjugates will be capable
of initiating a display of immunologic signals that result in both
humoral and cell-mediated responses, notably through the major
histocompatibility complex (MHC); thus resulting in an antibody
secretion and an antigen-specific memory cell formation. Over the
last decade, synthetic carbohydrate-based vaccines have emerged
as powerful therapeutic agents.5 Both our group and others
have developed such glycoconjugate vaccines against Haemophilus
influenzae type b,6 and towards a variety of illnesses such as


Équipe PharmaQÀM, Département de Chimie, Université du Québec à
Montréal, P. O. Box 8888, Succ. Centre-Ville, H3C 3P8, Montréal, Québec,
Canada. E-mail: roy.rene@uqam.ca; Fax: +1 514 987 4054; Tel: +1 514 987
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cancer,7 malaria,8 and even HIV.9 However, one of the major prob-
lems associated with the elaboration of such carbohydrate-based
vaccines is the poor synthetic yield of complex oligosaccharides.
Consequently, it is essential to develop efficient synthesis strategies.


Fig. 1 Linear trisaccharide repeating units of two polysaccharides present
in the lipopolysaccharide of a clinical isolate of B. cepacia.


Herein, we report the first total synthesis, in very high yield, of
the major trisaccharide repeating unit 1 of the O-polysaccharide of
B. cepacia, as the first step toward a fully synthetic carbohydrate-
based vaccine.


Results and discussion


Lipopolysaccharides are the major components of the outer
surface of Gram-negative bacteria. These are of interest in
medicine for their immunogenic properties. Given the fact that
D-rhamnose is only encountered in microorganisms, notably in
the O-antigens of B. cepacia,4 and not in humans, animals or
plants, rhamnose-containing conjugates are promising therapeutic
targets. Potential vaccines 3 or 4 could be obtained from a common
O-allyl intermediate 5 (Scheme 1). Thiol addition using protected
cysteine or cross-metathesis with protected allyl glycine on 5 gave
the desired intermediates en route to the vaccine, the thioether 3 or
the C-analogue 4, respectively. Trisaccharide 5 was synthesized
from dirhamnoside 6 and tribenzoylated O-allylgalactoside 7.
The key intermediate 6 was assembled from the glycosylation of
acceptor 9 and donor 12, both derived from D-rhamnoside 8.


In order to synthesize dirhamnoside 6 (Scheme 2), readily
available rhamnoside 8 (prepared in 87% yield over five steps
from D-mannose, using sequential glycosidation, iodination and
reduction) was first converted into 3-O-glycosyl acceptor 9 in
76% over four steps, through selective benzylation.10 Hemiac-
etal 11, obtained by benzoylation of unprotected rhamnoside
8 followed by oxidative deprotection of the p-methoxyphenyl
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Scheme 1 Retrosynthetic analysis of targeted synthetic carbohy-
drate-based vaccines 3 and 4.


group of 10 using cerium(IV) in nearly quantitative yield,10


was then activated with trichloroacetonitrile in basic media
to afford glycosyl trichloroacetimidate donor 12 in 96% yield.
Coupling 3-O-unprotected rhamnoside acceptor 9 with rhamnosyl
trichloroacetimidate 12 using trimethylsilyl triflate (TMSOTf) as
activator afforded dirhamnoside 6 in almost quantitative yield.


The same strategy was applied toward the synthesis of dirham-
nosyl donor 14, i.e. removal of the p-methoxyphenyl group
on 6 and then trichloroacetimidate synthesis from hemiacetal
10 performed in 89% yield over two steps. Galactoside 7 was
obtained by selective tribenzoylation of commercial allyl a-D-
galactopyranoside in 88% yield.11 Despite the lack of reactivity
of the axial 4-OH in the galactoside acceptor 7, subsequent
coupling with dirhamnosyl trichloroacetimidate 14 was achieved
using TMSOTf to give key trisaccharide 5 in 66% yield.


Synthesis of trisaccharide 5 was thus performed in 16 linear
steps, from D-mannose, with an overall yield of 36%. The a-stereo-
chemistry of the O-glycosidic linkages was ascertained by com-
parison of experimental 1JC-1,H-1 coupling constants (171.4, 173.4
and 172.3 Hz), determined by a coupled HSQC experiment, with
known data for a-glycosides (ca. 170 Hz).12


Two different approaches were used for final functionalisation
of allyl trisaccharide 5 (Scheme 3). The first one consisted of a
radical addition with N-acetyl-L-cysteine methyl ester, leading to
trisaccharide 15 in 79% yield.13 The second conjugation consisted
of a cross-metathesis between 5 and commercially available N-
acetyl-L-allylglycine methyl ester using Grubbs’ first-generation
catalyst. Hydrogenolysis of the nascent double bond in the result-
ing mixture of E- and Z-stereoisomers using 10% palladium-on-
carbon gave 16 in 60% yield over two steps.14 Global deprotection
was achieved on thioether 15 using LiOH to afford the ultimate
intermediate 17 in quantitative yield, ready for solid-phase peptidic
coupling.


Scheme 3 Reagents and conditions: (i) N-acetyl-L-cysteine methyl ester,
AIBN, THF, 254 nm, rt, 24 h, 79%; (ii) N-acetyl-L-allylglycine methyl ester,
Grubbs’ first-generation catalyst, CH2Cl2; then H2, 10% Pd/C, MeOH,
60%; (iii) LiOH, THF–H2O, quantitative yield.


Conclusions


In conclusion, we have developed a very high-yielding synthesis
towards a new potential carbohydrate-based vaccine against B.
cepacia. Coupling of trisaccharide 16 or unprotected trisaccharide
17 with a T-cell epitope is currently under investigation. Finally,
dirhamnosyl donor 14 is also a key intermediate for the synthesis
of the minor trisaccharidic repeating unit 2, which is also under
study.


Scheme 2 Reagents and conditions: (i) see ref. 10: 76% (over four steps); (ii) BzCl, pyridine, rt, 12 h, 99%; (iii) CAN, toluene–acetonitrile–water, rt, 12 h,
11: 99%, 13: 95%; (iv) CCl3CN, DBU, CH2Cl2, rt, 1 h, 12: 96%, 14: 94%; (v) TMSOTf, 4 Å MS, CH2Cl2, −50 ◦C, 30 min, 6: 99%, 5: 66%.
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Experimental


General methods


All reactions in organic media were carried out under nitrogen
atmosphere using freshly distilled solvents.15 After work-up,
organic phases were dried over anhydrous Na2SO4. Evolution of
reactions was monitored by analytical thin-layer chromatography
using silica gel 60 F254 precoated plates (E. Merck). Purifications by
column chromatography were performed using silica gel Si 60 (40–
63 lm) with the indicated eluent. Optical rotations were measured
with a JASCO P-1010 polarimeter. Melting points were measured
on a Fisher Jones apparatus. Roman numerals in ascending
order are given to the residues from the reducing end. NMR
spectra were recorded on Varian Gemini 300 and Gemini 500
spectrometers. Proton and carbon chemical shifts (d) are reported
in ppm downfield from TMS and/or with internal reference of
residual solvents.16 Coupling constants (J) are reported in Hertz
(Hz), and the following abbreviations are used: singlet (s), doublet
(d), doublet of doublets (dd), triplet (t), multiplet (m), broad (b).
Analysis and assignments were made using COSY, DEPT, and
HSQC experiments. Low-resolution (MS) and high-resolution
mass spectra (HRMS) were carried out by Dr Alexandra Furtos
and Karine Venne (Mass Spectrometry Laboratory, Université de
Montréal, Quebec, Canada).


4-Methoxyphenyl 2,3,4-tri-O-benzoyl-a-D-rhamnopyranoside
(10). To a cooled (0 ◦C) solution of rhamnoside 810 (0.540 g,
2.0 mmol) in pyridine (20 mL) was added dropwise benzoyl
chloride (3.4 mL, 7.2 mmol, 3.6 equiv.). After stirring for 12 h
at rt, the reaction was quenched by addition of MeOH at 0 ◦C,
concentrated and co-evaporated with toluene. The residue was
dissolved in CH2Cl2, then successively washed with saturated
aqueous potassium hydrogensulfate, sodium hydrogencarbonate,
water and brine, dried and concentrated. Flash chromatography
(petroleum ether–EtOAc, 3 : 1 v/v) gave the benzoylated 10
(1.160 g, 99%), which crystallized in CH2Cl2–petroleum ether. mp
63–65 ◦C; [a]25


D = 60 (c 1.0 in CHCl3); dH (CDCl3, 300 MHz): 8.14–
7.25 (15H, m, COPh), 7.14–7.11, 6.89–6.86 (4H, m, C6H4OCH3),
6.05 (1H, dd, J3,4 = 10.0 Hz, H-3), 5.85 (1H, dd, J2,3 = 3.2 Hz,
H-2), 5.76 (1H, t, J4,5 = 10.0 Hz, H-4), 5.63 (1H, d, J1,2 = 1.6 Hz,
H-1), 4.40–4.31 (1H, m, H-5), 3.79 (3H, s, C6H4OCH3), 1.36 (3H,
d, J5,6 = 6.2 Hz, H-6); dC (CDCl3, 75 MHz): 165.7, 165.6, 165.5
(COPh), 155.2, 150.1 (C-q of C6H4OCH3), 133.5–128.3 (COPh),
117.7, 114.7 (others C6H4OCH3), 96.6 (C-1), 71.7, 70.7, 69.8, 67.3
(C-2 to C-5), 55.6 (C6H4OCH3), 17.7 (C-6); ES-MS: m/z = 605.2
(M + Na)+.


2,3,4-Tri-O-benzoyl-D-rhamnopyranose (11). A mixture of
rhamnoside 10 (0.890 g, 1.53 mmol) and ammonium cerium nitrate
(CAN, 8.370 g, 15.3 mmol, 10 equiv.) in toluene–acetonitrile–
water (1 : 1.4 : 1 v/v/v, 27 mL) was stirred at rt for 12 h.
The reaction mixture was diluted with CH2Cl2 then successively
washed with brine, saturated aqueous sodium hydrogencarbonate
and water, dried, concentrated and purified by flash chromatog-
raphy (hexane–EtOAc, 3 : 1 v/v) to afford the hemiacetal 11
(0.720 g, 99%), which crystallized in petroleum ether–EtOAc. mp
204–206 ◦C; dH (CDCl3, 300 MHz): 8.12–7.23 (15H, m, COPh),
5.94 (1H, dd, J2,3 = 3.4 and J3,4 = 10.2 Hz, H-3), 5.73–5.67 (2H,
m, H-2 and H-4), 5.47 (1H, dd, J1,2 = 1.6 and J1,OH = 4.0 Hz, H-1),


4.52–4.42 (1H, m, H-5), 3.71 (1H, d, OH-1), 1.37 (3H, d, J5,6 =
6.3 Hz, H-6); dC (CDCl3, 75 MHz): 165.8, 165.7, 165.6 (COPh),
133.5–128.2 (COPh), 92.2 (C-1), 71.9, 71.3, 69.7, 66.7 (C-2 to C-5),
17.7 (C-6); ES-MS: m/z = 499.1 (M + Na)+.


2,3,4-Tri-O-benzoyl-D-rhamnopyranosyl trichloroacetimidate
(12). To a solution of the hydroxy rhamnose 11 (318 mg,
0.66 mmol) in CH2Cl2 (10 mL) was added trichloroacetonitrile
(0.34 mL, 3.34 mmol, 5 equiv.) and DBU (0.04 mL, 0.26 mmol,
0.4 equiv.). The solution was stirred for 1 h at rt, then concentrated
and purified by flash chromatography (hexane–EtOAc, 5 : 1 v/v)
using silica gel neutralized with triethylamine to give the
trichloroacetimidate 12 (396 mg, 96%). dH (CDCl3, 300 MHz):
8.83 (1H, s, NH), 8.13–7.25 (15H, m, COPh), 6.50 (1H, d, J1,2 =
1.4 Hz, H-1) 5.93–5.88 (2H, m, H-2 and H-3), 5.79 (1H, t, J3,4 =
J4,5 = 9.9 Hz, H-4), 4.46–4.37 (1H, m, H-5), 1.43 (3H, d, J5,6 =
6.3 Hz, H-6); dC (CDCl3, 75 MHz): 165.6, 165.4, 165.2 (COPh),
160.0 (CNH), 133.6–128.3 (COPh), 94.7 (C-1), 71.0, 69.6, 69.6,
69.0 (C-2 to C-5), 17.7 (C-6); ES-MS: m/z = 642.1 (M + Na)+.


4-Methoxyphenyl 2,3,4-tri-O-benzoyl-a-D-rhamnopyranosyl-
(1→3)-2,4-di-O-benzoyl-a-D-rhamnopyranoside (6). A sus-
pension of trichloroacetimidate 12 (316 mg, 0.51 mmol,
1.3 equiv.), acceptor 910 (188 mg, 0.39 mmol, 1 equiv.) and freshly
powdered 4 Å molecular sieves in CH2Cl2 (10 mL) was stirred
for 1 h at rt under nitrogen atmosphere, cooled to −50 ◦C,
and followed by the addition of a solution of TMSOTf (36 lL,
0.20 mmol, 0.5 equiv.) in CH2Cl2 (1 mL). After stirring for
30 min at −50 ◦C, the mixture was raised to rt, neutralized by
adding triethylamine, filtered through Celite, and concentrated.
Flash chromatography (hexane–EtOAc, 7 : 1 v/v) afforded
the disaccharide 6 (366 mg, 99%). [a]25


D = 78 (c 1.0 in CHCl3);
dH (CDCl3, 300 MHz): 8.31–7.19 (25H, m, COPh), 7.13–7.08,
6.91–6.86 (4H, m, C6H4OCH3), 5.75–5.63 (4H, m), 5.55 (1H,
t, J3,4 = J4,5 = 9.8 Hz, H-4II), 5.36–5.34 (2H, m), 4.72 (1H, dd,
J2,3 = 3.3 and J3,4 = 9.6 Hz, H-3I), 4.29-4.16 (2H, m, H-5I and II),
3.80 (3H, s, C6H4OCH3), 1.38 (3H, d, J5,6 = 6.3 Hz, H-6I), 1.21
(3H, d, J5,6 = 6.3 Hz, H-6II); dC (CDCl3, 75 MHz): 166.1, 165.8,
165.5, 165.0, 164.7 (COPh), 155.2, 150.0 (C-q of C6H4OCH3),
133.6–128.1 (COPh), 117.7, 114.7 (others C6H4OCH3), 99.4, 96.4
(C-1I and II, 1JC-1,H-1 = 171.2 and 173.8 Hz), 76.3, 72.9, 72.2, 71.5,
70.7, 69.3, 67.5, 67.4 (C-2 to C-5I and II), 55.6 (C6H4OCH3), 17.8,
17.4 (C-6I and II); ES-MS: m/z = 959.3 (M + Na)+; ES-HRMS: m/z
(M + Na)+, C54H48O15Na requires 959.2885; found: 959.2877.


2,3,4-Tri-O-benzoyl-a-D-rhamnopyranosyl-(1→3)-2,4-di-O-ben-
zoyl-D-rhamnopyranose (13). A mixture of disaccharide 6 (93 mg,
99 lmol) and ammonium cerium nitrate (CAN, 548 mg, 1.0 mmol,
10 equiv.) in toluene–acetonitrile–water (1 : 1.4 : 1 v/v/v, 3.4 mL)
was stirred at rt for 12 h. The reaction mixture was diluted with
CH2Cl2 then successively washed with brine, saturated aqueous
sodium hydrogencarbonate and water, dried, concentrated and
purified by flash chromatography (hexane–EtOAc, 3 : 1 v/v)
to afford the expected hemiacetal 13 (78 mg, 95%). dH (CDCl3,
300 MHz): 8.27–7.18 (25H, m, COPh), 5.66–5.47 (5H, m, H-1I,
H-2I, H-4I, H-3II and H-4II), 5.31 (1H, dd, J2,3 = 3.3 Hz, H-2II),
5.25 (1H, d, J1,2 = 1.7 Hz, H-1II), 4.59 (1H, dd, J2,3 = 3.4 and
J3,4 = 9.6 Hz, H-3I), 4.39–4.29 (1H, m, H-5I), 4.20–4.11 (1H, m,
H-5II), 3.08 (1H, bs, OH-1), 1.37 (3H, d, J5,6 = 6.3 Hz, H-6I),
1.18 (3H, d, J5,6 = 6.2 Hz, H-6II); dC (CDCl3, 75 MHz): 166.2,
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165.8, 165.6, 165.0, 164.7 (COPh), 133.5–128.1 (COPh), 99.2,
92.0 (C-1I and II), 75.8, 73.1, 72.6, 71.5, 70.7, 69.3, 67.4, 66.9 (C-2 to
C-5I and II), 17.8, 17.4 (C-6I and II); ES-MS: m/z = 853.3 (M + Na)+.


2,3,4-Tri-O-benzoyl-a-D-rhamnopyranosyl-(1→3)-2,4-di-O-ben-
zoyl-D-rhamnopyranosyl trichloroacetimidate (14). To a solution
of the hydroxy compound 13 (47 mg, 57 lmol) in CH2Cl2 (5 mL)
was added trichloroacetonitrile (29 lL, 283 lmol, 5 equiv.) and
DBU (4 lL, 26 lmol, 0.5 equiv.). The solution was stirred for 1 h
at rt, then concentrated and purified by flash chromatography
(hexane–EtOAc, 3 : 1 v/v) using silica gel neutralized with
triethylamine to give the trichloroacetimidate 14 (52 mg, 94%). dH


(CDCl3, 300 MHz): 8.83 (1H, s, NH), 8.29–7.18 (25H, m, COPh),
6.51 (1H, d, J1,2 = 1.6 Hz, H-1I), 5.75–5.69 (2H, m, H-2I or II and
H-4I or II), 5.61 (1H, dd, J3,4 = 10.0 Hz, H-3II), 5.52 (1H, t, J4,5 =
10.0 Hz, H-4I or II), 5.34 (1H, dd, J2,3 = 3.3 Hz, H-2I or II); 5.26
(1H, bs, H-1II), 4.60 (1H, dd, J2,3 = 3.3 and J3,4 = 9.9 Hz, H-3I),
4.33–4.18 (2H, m, H-5I and II), 1.41 (3H, d, J5,6 = 6.3 Hz, H-6I or II),
1.20 (3H, d, J5,6 = 6.0 Hz, H-6I or II); dC (CDCl3, 75 MHz): 165.8,
165.6, 165.5, 164.9, 164.7 (COPh), 159.9 (CNH), 133.7–128.1
(COPh), 99.3, 94.6 (C-1I and II), 75.1, 72.5, 71.4, 70.7, 70.4, 69.8,
69.2, 67.6 (C-2 to C-5I and II), 17.8, 17.4 (C-6I and II); ES-MS: m/z =
996.2 (M + Na)+.


Allyl 2,3,4-tri-O-benzoyl-a-D-rhamnopyranosyl-(1→3)-2,4-di-
O-benzoyl-a-D-rhamnopyranosyl-(1→4)-2,3,6-tri-O-benzoyl-a-D-
galactopyranoside (5). A suspension of trichloroacetimidate 14
(149 mg, 150 lmol, 1 equiv.), acceptor 7 (160 mg, 300 lmol,
2 equiv.) and freshly powdered 4 Å molecular sieves in CH2Cl2


(5 mL) was stirred for 1 h at rt under nitrogen atmosphere, cooled
to −50 ◦C, and followed by the addition of a solution of TMSOTf
(14 lL, 76 lmol, 0.5 equiv.) in CH2Cl2 (1 mL). After stirring for
30 min at −50 ◦C, the mixture was raised to rt, neutralized by
adding triethylamine, filtrated through Celite, and concentrated.
Flash chromatography (hexane–EtOAc, 6 : 1 v/v) afforded the
trisaccharide 5 (132 mg, 66%). [a]25


D = −7 (c 1.0 in CHCl3); dH


(CDCl3, 300 MHz): 8.16–7.17 (40H, m, COPh), 5.92–5.73 (3H, m,
including OCH2CHCH2 and H-3I), 5.64–5.60 (2H, m, including
H-2II), 5.56–5.47 (2H, m, H-4II and III), 5.43 (1H, d, J = 2.7 Hz),
5.38–5.34 (2H, m), 5.24 (1H, d, J = 1.4 Hz), 5.30–5.11 (2H, m,
OCH2CHCH2), 4.88 (1H, dd, J5,6a = 5.5 and J6a,6b = 9.9 Hz, H-6aI),
4.66 (1H, bd, J = 1.9 Hz, H-4I), 4.61–4.89 (3H, m, H-3II, H-5I and
H-6bI), 4.29–4.23 (2H, m, H-5II and OCH2CHCH2), 4.18–4.06
(2H, m, H-5III and OCH2CHCH2), 1.16 (3H, d, J5,6 = 6.0 Hz, H-
6III), 0.66 (3H, d, J5,6 = 6.0 Hz, H-6II); dC (CDCl3, 75 MHz): 166.1,
166.1, 166.0, 165.9, 165.7, 165.5, 164.9, 164.7 (COPh), 133.4–
128.1 (COPh and OCH2CHCH2), 117.8 (OCH2CHCH2), 99.5,
98.7, 95.6 (C-1I, II and III, 1JC-1,H-1 = 171.4, 173.4 and 172.3 Hz), 76.2,
75.9, 72.6, 72.5, 71.5, 70.5, 70.1, 69.5, 68.8, 68.8, 67.8, 67.7, 67.5
(C-2 to C-5I, II and III and OCH2CHCH2), 62.0 (C-6I), 17.3, 17.2 (C-
6I and II); ES-MS: m/z = 1367.4 (M + Na)+; ES-HRMS: m/z (M +
Na)+, C77H68O22Na requires 1367.4094; found: 1367.4062. Anal.
calcd for C77H68O22: C 68.74, H 5.09; found: C 68.85; H, 5.71.


N-Acetyl-(S)-{3-[2,3,4-tri-O-benzoyl-a-D-rhamnopyranosyl-(1→
3)-2,4-di-O-benzoyl-a-D-rhamnopyranosyl-(1→4)-2,3,6-tri-O-ben-
zoyl-a-D-galactopyranosyloxy]propyl}-L-cysteine methyl ester
(15). To a solution of trisaccharide 5 (33.2 mg, 25 lmol) in
deoxygenated THF (3 mL) was added N-acetyl-L-cysteine methyl
ester (22.4 mg, 126 lmol, 5 equiv) and a catalytic amount of


AIBN. The reaction was irradiated at 254 nm under nitrogen
atmosphere for 24 h, and then the solvent was evaporated and
taken up in CH2Cl2 (4 mL). Resin Trt-Cl (350 mg, 0.9 mmol g−1)
and DIPEA (20 lL, 121 lmol, 5 equiv.) were added and stirred
for 2 h. The solution was then filtrated and concentrated. Flash
chromatography (toluene–AcOEt, 7 : 3 v/v) afforded derivative
15 (29.7 mg, 79%). [a]25


D = +10 (c 1.0 in CHCl3); dH (CDCl3,
300 MHz): 8.16–7.20 (40H, m, COPh), 6.47 (1H, d, J = 7.8 Hz,
NH), 5.78–5.67 (2H, m), 5.64–5.59 (2H, m), 5.56–5.47 (2H, m,
H-4II and III), 5.38–5.34 (3H, m), 5.24 (1H, d, J = 1.5 Hz), 4.87
(1H, dd, J = 6.2 and 10.7 Hz), 4.80–4.74 (1H, m, SCH2CH),
4.63–4.46 (4H, m), 4.29–4.23 (1H, m, H-5II), 4.15–4.10 (1H,
m, H-5III), 3.89–3.82 (1H, m, OCH2CH2CH2S), 3.73 (3H, s,
CO2CH3), 3.58 (1H, m, OCH2CH2CH2S), 2.93–2.80 (2H, m,
SCH2CH), 2.58–2.53 (2H, m, OCH2CH2CH2S), 2.03 (3H, s,
NHCOCH3), 1.88–1.78 (2H, m, OCH2CH2CH2S), 1.15 (3H,
d, J5,6 = 6.3 Hz, H-6III), 0.66 (3H, d, J5,6 = 6.0 Hz, H-6II); dC


(CDCl3, 75 MHz): 171.2, 169.8 (NHCOCH3 and CO2CH3),
166.1, 166.1, 166.1, 166.0, 165.7, 165.5, 164.9, 164.7 (COPh),
133.5–128.1 (COPh), 99.5, 98.7, 96.5 (C-1I, II and III), 76.2, 75.8, 72.6,
72.5, 71.5, 70.5, 70.1, 69.5, 69.0, 67.7, 67.6, 67.5, 66.5 (C-2 to
C-5I, II and III and OCH2(CH2)2S), 62.0 (C-6I), 52.6, 51.8 (SCH2CH
and CO2CH3), 34.3, 29.5, 29.0, 23.0 (OCH2(CH2)2SCH2CH and
NHCOCH3), 17.3, 17.2 (C-6I and II); ES-MS: m/z = 1522.0 (M +
H)+; ES-HRMS: m/z (M + H)+, C83H80NO25S requires 1522.4735;
found: 1522.4724.


Methyl 2-(S)-acetamido-6-[2,3,4-tri-O-benzoyl-a-D-rhamnopy-
ranosyl-(1→3)-2,4-di-O-benzoyl-a-D-rhamnopyranosyl-(1→4)-
2,3,6-tri-O-benzoyl-a-D-galactopyranosyloxy]hexanoate (16). To
a solution of 5 (20.6 mg, 15.3 lmol) and N-acetyl-L-allylglycine
methyl ester (13.1 mg, 76.5 lmol, 5 equiv.) in CH2Cl2 (1 mL)
was added Grubbs’ first-generation catalyst (1.2 mg, 1.5 lmol,
0.1 equiv) and the reaction was refluxed. After 8 h, the so-
lution was concentrated and purified by flash chromatography
(toluene–EtOAc, 1 : 1 v/v). The resulting mixture of isomers
was dissolved in MeOH (1 mL), and Pd/C (1 mg) was added.
Hydrogen was bubbled into the solution until disappearance of the
starting material. After this time, the reaction mixture was filtered
over Celite, concentrated and purified by flash chromatography
(toluene–EtOAc, 1 : 1 v/v) to give 16 (13.6 mg, 60%). [a]25


D =
+3 (c 0.3 in CHCl3); dH (CDCl3, 500 MHz): 8.16–7.05 (40H,
m, COPh), 6.20 (1H, d, J = 8.1 Hz, NH), 5.74–5.68 (2H,
m, H-3I and H-2II), 5.64–5.60 (2H, m), 5.55–5.48 (2H, m, H-
4II and III), 5.36–5.33 (3H, m), 5.29–5.25 (1H, m), 4.90–4.87 (1H,
m, H-6aI), 4.67–4.57 (2H, m, O(CH2)4CH and H-4I), 4.55–4.45
(3H, m, H-3II, H-5I and H-6bI), 4.31–4.22 (1H, m, H-5II), 4.17–
4.06 (1H, m, H-5III), 3.78–3.75 (1H, m, OCH2(CH2)3CH), 3.69
(3H, s, CO2CH3), 3.54–3.47 (1H, m, OCH2(CH2)3CH), 2.01 (1H, s,
NHCOCH3), 1.66–1.58 (2H, m, O(CH2)3CH2CH), 1.36–1.26 (4H,
m, OCH2CH2CH2CH2CH), 1.15 (3H, d, J5,6 = 6.3 Hz, H-6III), 0.65
(3H, d, J5,6 = 6.1 Hz, H-6II); dC (CDCl3, 125 MHz): 170.1, 169.6
(NHCOCH3 and CO2CH3), 166.5, 166.3, 166.2, 166.1, 166.1,
166.0, 165.8, 165.5 (COPh), 133.3–128.1 (COPh), 99.5, 98.7, 96.3
(C-1I, II and III), 77.9, 76.5, 72.6, 72.6, 71.4, 70.5, 69.4, 68.9, 68.8, 68.1,
67.6, 67.5, 67.3 (C-2 to C-5I, II and III and OCH2(CH2)3CH), 61.8
(C-6III), 52.3, 51.9 (O(CH2)4CH and CO2CH3), 32.1, 29.7, 28.8,
21.9 (OCH2(CH2)3CH and NHCOCH3), 17.3, 17.2 (C-6I and II);
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ES-HRMS: m/z (M + H)+, C83H80NO25 requires 1490.5030; found:
1490.5013.


N -Acetyl-(S)-{3-[a-D-rhamnopyranosyl-(1→3)-a-D-rhamnopy-
ranosyl-(1→4)-a-D-galactopyranosyloxy]propyl}-L-cysteine methyl
ester (17). To a solution of 15 (19.8 mg, 13 lmol) in THF (0.2 mL)
was added a solution of LiOH (9.0 mg, 210 lmol, 16 equiv.) in H2O
(0.5 mL). The reaction was stirred overnight at rt and then acidified
using Amberlite IR-120 (H+) resin. After filtration, the filtrate
was concentrated and lyophilized, to afford the trisaccharide 17
(8,7 mg, quantitative yield). [a]25


D = +86 (c 0.1 in MeOH); dH (D2O,
300 MHz): 5.05 (1H, d, J = 1.2 Hz), 4.95–4.76 (3H, m), 4.36 (1H,
q, J = 4.5 and 8.1 Hz), 4.18–3.78 (11H, m), 3.72–3.70 (2H, m),
3.63–3.44 (3H, m), 3.05 (1H, dd, J = 4.1 and 13.8 Hz), 2.91–
2.83 (1H, m), 2.70 (2H, t, J = 6.7 Hz), 2.05 (3H, s), 2.00–1.89
(2H, m), 1.30 (3H, d, J5,6 = 6.3 Hz, H-6II or III), 1.26 (3H, d, J5,6 =
6.2 Hz, H-6II or III); dC (D2O, 75 MHz): 180.8, 180.8 (NHCOCH3 and
CO2H), 103.0, 102.2, 99.0 (C-1I, II and III), 79.1, 78.5, 72.6, 71.9, 71.8,
70.8, 70.8, 70.7, 70.0, 69.8, 69.5, 69.1, 67.3 (C-2 to C-5I, II and III and
OCH2(CH2)2S), 61.3 (C-6I), 55.1 (SCH2CH), 34.4, 29.2, 29.0, 23.1
(OCH2(CH2)2SCH2CH and NHCOCH3), 17.3, 17.2 (C-6I and II);
ES-HRMS: m/z (M + Na)+, C26H45NO17SNa requires 698.2300;
found: 698.2279.
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1H NMR measurements have shown that eight out of twelve methylene hydrogen atoms of
5-hydroxycyclooctanone (1HK) are exchanged for deuterium atoms under acidic and basic conditions.
For the reaction in 7.9 M DCl/D2O, an activation energy Ea = 19.2 ± 0.4 kcal mol−1 is found. In order
to explain these findings, a degenerate transannular 1,5-hydride shift is essential, and this reaction has
been analyzed by quantum chemical calculations. Hydride transfer takes place via a tight transition
state with a six-membered ring. The activation barrier is lowest in the presence of base. The molecular
conformation of the eight-membered ring in the transition state resembles that of the starting structure.
It is unlikely that solvent molecules such as water participate in the formation of the transition state.


Introduction


The phenomenon of transannular hydride shifts in medium-sized
cycloalkane rings (C8 to C11) involving carbocation intermediates
was first observed by Prelog,1 Cope2 and their respective co-
workers. Over the last few decades, a number of experimental
and theoretical studies on such reactions have held the interest of
chemists, as a means of investigating both transannular interac-
tions and the mechanism of transannular reactions.3–10 Several ex-
amples have been reported in the literature of degenerate and non-
degenerate rearrangements of compounds containing functional
groups (such as carbonyl and hydroxy) taking place in the presence
of acid11–13 or base.5,6,9,14–17 Such hydride shifts have implications on
the synthesis of natural products.9,18 We now have investigated the
transannular 1,5-hydride shift in 5-hydroxycyclooctanone (1HK).
The degenerate 1,6-hydride shift in the homologous compound
6-hydroxycyclodecanone has previously been investigated.19


Results and discussion


NMR studies


We investigated the exchange of hydrogen for deuterium atoms in
1HK in the presence of different amounts of deuteriohydrochloric
acid (DCl) or sodium deuteriohydroxide (NaOD) in deuterium
oxide (D2O) (Scheme 1). Under such conditions, in addition to a
transannular 1,5-hydride shift, a competing reaction is intramolec-
ular hemiacetal formation, leading to 9-oxabicyclo[4.4.1]nonan-1-
ol (1HA). Actually, 1HA is thermodynamically more stable than
1HK, and only the bicyclic isomer can be isolated.20 However, that
both forms are in equilibrium in polar solvents, in particular at
elevated temperatures, has been proved by NMR spectroscopy.21


Institut für Organische Chemie, Universität Duisburg–Essen, 45117, Essen,
Germany. E-mail: paul.rademacher@uni-duisburg-essen.de; Fax: +49 201-
1834252; Tel: +49 201-1832404
† Electronic supplementary information (ESI) available: Colour versions
of Fig. 1–3; H/D-exchange data; 1H-NMR spectra; deuteration profiles.
See DOI: 10.1039/b708448j


Scheme 1 Equilibrium between 1HA and 1HK, transannular 1,5-hydride
shift and H/D exchange.


In the H/D exchange experiments, the degree and rate of
deuteration was measured from the relative intensities of the
1H NMR signals of the methylene groups, which appear as
complex multiplets in the range d 1.2–1.8 ppm. Thus, 33.3%
deuteration would indicate that only the hydrogen atoms of the two
methylene groups a to the carbonyl group of 1HK were replaced by
deuterium atoms, whereas 66.7% deuteration would indicate that
the methylene groups a to the hydroxy group were also affected.


For the H/D exchange experiments, 1HA was dissolved in D2O
with different concentrations of DCl or NaOD in a clean and
dry NMR tube at room temperature. Initial 1H and 13C NMR
spectra were recorded immediately after mixing the reactants.
Spectra were recorded until the final state was reached (about
24 hours to several days, varying with concentration of acid or
base and temperature, see the Experimental section and Electronic
Supplementary Information†). Deuteration degrees of 54 to 63%
were observed, which are close to 2


3
, the value expected for H/D


exchange in all four a-methylene groups.
In a control experiment, H/D exchange was studied in DCl in


the presence of 1,4-dioxane as an internal standard. Equimolar
amounts of 1,4-dioxane and 1HA were used. The relative intensity
of the 1H NMR signal of the methine group (C5H, d 4.08 ppm)
in 1HK with respect to that of the hydrogen atoms of 1,4-dioxane
did not change, even after 208 hours, indicating that this hydrogen
atom is not exchanged for deuterium. In this experiment, a degree
of deuteration of 62.6% was reached.


These results can be explained by a mechanism which includes
a degenerate intramolecular (transannular) 1,5-hydride shift as
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Scheme 2 Proposed mechanism for H/D exchange and acid-catalyzed transannular 1,5-hydride shift in 1HK.


the essential step by which the four a-methylene groups become
equivalent and H/D exchange occurs by keto–enol tautomerism.


Under acid conditions, the following steps can be distinguished
(Schemes 1 and 2):


1. Equilibrium between 1HA and 1HK and enolization of 1HK
are catalyzed by the acid. This leads to exchange of the four
hydrogens a to the carbonyl group for deuterium.


2. By protonation of the carbonyl oxygen atom a highly
electrophilic center at C1 is generated. The methine hydrogen atom
(at C5) is shifted to the electrophilic center as a hydride ion. As a
result, the former alkanol group becomes a carbonyl group and
vice versa. Thus, the two functional groups are exchanged with
each other. This step is assumed to be rate-determining.


3. The four hydrogen atoms a to the new carbonyl group are
exchanged for deuterium atoms by keto–enol tautomerism.


4. Finally, the hemiacetal 1HA with eight methylene deuterium
atoms is generated since it is thermodynamically more stable than
the hydroxyketone 1HK.


Under basic conditions, the mechanism is slightly modified
(Scheme 3): the hydroxy group in 1HK is deprotonated and the
nucleophilicity of the C5-H group is considerably increased.22 The
hydride ion is shifted to the carbonyl group. Transannular 1,5-
hydride shift is completed by reprotonation.


Assuming pseudo-first-order kinetics for the multi-step re-
action, overall rate constants k for H/D exchange have been
determined (Table ESI-1†). The results indicate that logk is linearly
proportional to the acid concentration (correlation coefficient
R2 = 0.961, 3 points), suggesting general acid catalysis. Since
one experiment in 7.9 M DCl/D2O was done at 100 ◦C, an
Arrhenius plot is possible, from which an activation energy Ea =
19.2 ± 0.4 kcal mol−1 and a frequency factor A = (7.2 ±
0.5) × 108 s−1 are obtained. The corresponding thermodynamic
activation parameters are: DH# = 18.6 ± 0.4 kcal mol−1, DS# =
−20.0 ± 0.1 cal mol−1 K−1, and DG# = 24.4 ± 0.4 kcal mol−1.
The last value can be compared with that found by Mills et al.13


for hydride transfer in a rigid polycyclic hydroxy ketone (DG# =
14.7 kcal mol−1).


Theoretical mechanistic studies


We have carried out an intensive theoretical investigation on the
transannular 1,5-hydride shift in 1HK making use of the density
functional theory (DFT)23 B3LYP method.24 The reaction path-
way was studied for the uncatalyzed, acid-catalyzed (simulated
with a protonated carbonyl oxygen atom) and base-catalyzed
reaction (simulated by replacing OH with OLi). The importance of
geometric factors such as proximity between the methine hydrogen
atom and the carbonyl carbon atom were essential points in our
investigation.


Structural features and energetics


Initially a conformational search (at MMFF level) available in
SPARTAN 04 was carried out, since compound 1HK is rather
flexible. The structures of selected conformers were optimized on
the B3LYP/6-31+G* level of theory. Some relevant results are
summarized in Table 1. The most stable conformer is the boat-
chair form (1bc), which is more stable by 3.38 kcal mol−1 than
the boat-boat form (1bb) and by 1.66 kcal mol−1 than the chair-
chair form (1cc). In 1bb and 1bc, the distance between the methine
hydrogen and the carbonyl carbon atom is less than the van der
Waals distance between carbon and hydrogen (2.95 Å); the closest
proximity (2.4 Å) of the interacting groups (H and C) is found
in 1bb. The close approach of the two atoms leads to partial


Table 1 Total energies E (including zero-point energies), relative energies
DE and important geometrical parameters in conformers 1bc, 1bb and 1cc


E/au DE/kcal mol−1 dH
a/Å hH


b/◦ DH/Åc


1bc −463.525162 0.000 2.643 89.8 0.008
1bb −463.519787 3.375 2.425 94.1 0.038
1cc −463.522534 1.655 3.051 88.9 0.016


a Distance between methine hydrogen and carbonyl carbon atom. b Attack
angle between developing C · · · H bond and C=O bond. c Distance of
carbonyl carbon atom from the plane of its substituents.


Scheme 3 Proposed mechanism for H/D exchange and base-catalyzed transannular 1,5-hydride shift in 1HK.
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pyramidalization of the carbonyl carbon atom, which is expressed
by its distance DH from the plane of its substituents (0.038 Å in
1bb).


The angle hH between the methine hydrogen atom and the
carbonyl bond can be considered as the angle of attack in the
nucleophilic hydride transfer. A value of 94.1◦ is found in 1bb,
which is closest to the optimal value (107 ± 5◦) suggested by the
Bürgi–Dunitz trajectory.25 Comparison of the geometrical param-
eters of the three conformers clearly indicates that conformer 1bb
allows the best interaction for the nucleophilic methine hydrogen
atom and the electrophilic carbonyl carbon atom.


Bonding and interactions


A natural bond order analysis (NBO)26 can be carried out in order
to understand second-order interactions and to get insight into the
charge distribution on atoms in reactants. The bonding properties
can be investigated with Bader’s topological electron density
analysis.27–30 The one-electron density distribution q(r) is analyzed
with the aid of the Laplacian ∇2q(r), which also determines
the regions in space where electronic charge is concentrated or
depleted. Bond-critical points are characterized by a minimum
value in q(r) along the maximum electron density path connecting
two nuclei. We have performed such an analysis for the interaction
between the methine hydrogen and carbonyl carbon atom in the
optimized conformers 1bc, 1bb and 1cc in their respective ground
states. The relevant results are summarized in Table 2. The second
order energy is only 0.51 kcal mol−1 in 1bc. The interaction
between rC–H (donor) and p*C=O (acceptor) is maximal in 1bb
(1.33 kcal mol−1). This leads to an increase in the occupancy of
p*C=O to 0.089 e.


To simulate acidic conditions we have taken the corresponding
protonated optimized conformers of 1HK, namely 2bc, 2bb and
2cc. It is well known that protonation of the oxygen atom
of a carbonyl group initiates nucleophilic attack of a hydride
ion from a nonactivated CH group.31 In conformer 2cc, in-
teraction between donor and acceptor is found to be absent
(Table 2). The second order interaction between donor and
acceptor orbitals in the protonated conformer 2bb is strongest
(6.55 kcal mol−1) and is about five times greater than in the neutral
conformer 1bb. The electron population in p*C=O of 2bb is 0.275 e,
compared to the low occupancy (0.089 e) in 1bb. Also in the
protonated conformer 2bc the second-order interaction energy


is large (1.48 kcal mol−1) compared to the corresponding neutral
conformer 1bc (0.51 kcal mol−1).


For the 1,5-hydride shift reaction, we simulated basic conditions
by replacing the hydrogen atom of the hydroxy group by a lithium
cation (Li+) as a metal counter-ion. We chose Li+ instead of other
alkali ions such as Na+ or K+ in order to save computation
time. The second-order interaction energies between the donor
and acceptor orbitals in conformers 3bc and 3bb are 0.67
and 1.68 kcal mol−1, respectively (Table 2). The p*C=O electron
population is maximal in 3bb (0.095 e). These results show that
the donor–acceptor interactions are strongest when the carbonyl
oxygen atom is protonated under acidic conditions. The lithium
cation is a weak Lewis base. Earlier experimental and theoretical
studies have clearly shown that the rate of the hydride shift depends
on the metal counter-ion.14,32 Under all conditions (neutral, acidic
and basic) in the boat-chair (bc) and boat-boat (bb) conformers,
considerable donor–acceptor interactions in the ground state are
found. The energy difference between these conformers is low
enough to allow interconversion at room temperature.


Transition state calculations


Several transition state structures for the transannular 1,5-hydride
shift occurring in 1HK are possible because of the flexibility
of the carbocyclic ring, and it is very difficult to simulate the
real situation. Only the optimized conformers 1bc and 1bb were
selected for the calculation of transition states, since they already
show donor–acceptor interactions between the electrophilic car-
bonyl and the nucleophilic methine group in their ground states.
Starting with these conformers, transition states 4bc and 4bb,
respectively, were obtained. The transition states are depicted in
Fig. 1, some geometrical details are summarized in Fig. 2, and the
calculated activation energies are collected in Table 3. Interesting
results are the almost equal activation energies for 1bc → 4bc
(46.58 kcal mol−1) and 1bb → 4bb (46.57 kcal mol−1).


In the transition states 4bc and 4bb the conformers of the
starting structures, boat-chair and boat-boat, respectively, are
preserved. The transfer of the methine hydrogen to the carbonyl
carbon atom and of the hydroxy hydrogen to the carbonyl oxygen
atom takes place via a symmetric six-membered ring irrespective of
the conformation of the molecule. Both transition states, 4bc and
4bb, are characterized by a single imaginary frequency (−1401i and


Table 2 NBO analysis of different conformers (bc, bb, cc) of neutral (1), protonated (2) and lithiated (3) 5-hydroxycyclooctane. Only energies greater
than the default threshold 0.5 kcal mol−1 are given


Interaction E(2) a/kcal mol−1 E j − E i /aub Fij
c c/au rC–H


d p*C=O
d


1bc rC–H → p*C=O 0.51 0.52 0.015 1.980 0.085
1bb rC–H → p*C=O 1.33 0.52 0.024 1.974 0.089
1cc rC–H → p*C=O — — — 1.972 0.084
2bc rC–H → p*C=O 1.48 0.38 0.022 1.971 0.237
2bb rC–H → p*C=O 6.55 0.40 0.048 1.923 0.275
2cc rC–H → p*C=O — — — 1.983 0.081
3bc rC–H → p*C=O 0.67 0.49 0.016 1.975 0.089
3bb rC–H → p*C=O 1.68 0.49 0.026 1.966 0.095
3cc rC–H → p*C=O — — — 1.979 0.082


a Second order perturbation energy between Ui and Uj . b Energy difference between NBOs Ui and Uj. c Fock matrix element. d Occupancy (q).
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Table 3 Total energies including zero-point energies E and activation
energies Ea for the 1,5-hydride shift in 1HK


Transition state Ea/au Ea/kcal mol−1


4bcb −463.450931 46.58
5bcc −463.775939 40.73
4bbb −463.445576 46.57
5bbc −463.770597 41.90
6bbd −467.479572e 18.80


a B3LYP/6-31+G* results. b Uncatalyzed. c Acid-catalyzed. d Base-
catalyzed. e HF/6-31G**.


Fig. 1 Transition states for the 1,5-hydride shift reaction.


−1432i, respectively) corresponding to the motion of the hydrogen
atoms.


The migrating methine hydrogen atom has the same distance
from the donating and the accepting carbon atoms (C5 and C1,
respectively) of 1.21 in 4bc and 1.20 Å in 4bb. According to
Bürgi et al.,33 the minimum-energy position for a hydride ion in
a nucleophilic attack is at a distance of 1.9 Å (as the hydride
ion is approaching or leaving) in the plane perpendicular to the
carbonyl group running through the carbonyl carbon atom. The
deviations of this parameter in 4bc and 4bb are certainly caused
by the constraints of the medium-sized ring which connects the
participating groups.


The tight geometry of the transition states 4bc and 4bb leads to
non-bonded repulsions, and these result in high activation barriers.
Evidence for this was obtained by strain energy calculations at the
MMFF level. The strain energies for 4bc and 4bb are 763.5 and
791.1 kcal mol−1, respectively. When a methylene group of the ring
flips, converting 4bb to 4bc, about 27.6 kcal mol−1 of strain energy
is thus released.


Fig. 2 Six-membered cyclic transition states in the hydride shift reaction.


We have also investigated the transition states 5bc and 5bb
corresponding to the protonated conformers 2bc and 2bb as
starting structures (Table 3, Fig. 1 and 2). 5bc and 5bb are
unsymmetrical, as is indicated by the different distances and angles
of the atoms involved in the six-membered cycle. The migrating
hydrogen is localized on the carbinol carbon atom rather than
forming a symmetrical three-center two-electron bond as reported
by Sorensen and McMurry.34,35 The C · · · H · · · C angle in 5bc and
5bb is 163.7◦ and 168.6◦, respectively. This implies that the transfer
of hydride is nearly linear, and this is consistent with the predicted
preference.36–40 Slightly different activation energies were found,
namely 40.73 and 41.90 kcal mol−1, respectively. These values are
more than twice as large as the experimental result (see above), in-
dicating that the actual conditions in strong acid are insufficiently
simulated by the mono-protonated systems. However, comparing
the calculated data with the experimental, one has to take into
account that the latter value has been determined for the multi-
step H/D exchange reaction in concentrated deuteriohydrochloric
acid, and not simply for the hydride transfer.


For the protonated molecules the calculated activation energy
is clearly lower than for the neutral molecules: For 2bc → 5bc the
difference relative to 1bc → 4bc is 5.85 kcal mol−1, and for 2bb →
5bb the difference relative to 1bb → 4bb is 4.7 kcal mol−1. The DG#


value found experimentally for the 1,5-hydride shift in the 2,4,4,6-
tetramethylheptyl cation is 5.20 ± 0.15 kcal mol−1 at −122 ◦C and
5.0 ± 0.5 kcal mol−1 in the 2,6-dimethyl-2-heptyl cation.41,42 These
low barriers were considered either to be due to a linear or a less
strained six-membered transition state.


Attempts were made to calculate transition states starting with
the lithiated conformers 3bb and 3cc at the B3LYP/6-31+G* level
of theory. However, frequency calculations indicated an absence
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of imaginary frequencies, thus characterizing these structures as
minima. Despite much effort, no transition state structure could
be located at this level. On the other hand, Hartree–Fock (HF/6-
31G**) calculations were successful in finding transition state 6bb
(Fig. 1). 6bb was obtained starting from both 3bb and 3cc (also
optimized at HF/6-31G**). It is highly likely that the reaction
takes place with the initial formation of a low-energy complex in
which the lithium cation is coordinated with both oxygen atoms
of the carbinol and the carbonyl group, but we were not able
to localize such a low-energy complex. The activation barrier is
18.8 kcal mol−1 for 3cc → 6bb. The activation energy calculated by
B3LYP/6-31+G*//HF/6-31G** is only 4.3 kcal mol−1, but the
atoms C · · · H · · · C are almost linear in 6bb (Fig. 2).


The natural charge calculated for the migrating hydrogen atom
in the transition states under neutral, acidic and basic conditions
was found to be positive (Fig. 3).


Fig. 3 Natural charges on atoms in the six-membered cyclic transition
states in the hydride shift reaction.


The role of a catalytic amount of water in dihydrogen transfer
between formaldehyde and methanol has been reported,43 and the
calculated enthalpic barriers for the uncatalyzed and catalyzed
processes were found to be similar. This implies that the reaction
is not catalyzed by the presence of water, but whether this also
holds for our case remains to be investigated.


Conclusion


The transannular 1,5-hydride shift in 5-hydroxycyclooctanone
(1HK) occurs both in the presence of acid and base. The rate
of the reaction is dependent on the concentration of the acid
or base and the temperature. In the uncatalyzed reaction, the
potential energy profile has global minima that correspond to the
two interchanging hydroxy-ketones and a high-lying symmetrical
six-membered cyclic transition state. The calculated activation


barriers for two conformers, 1bc → 4bc and 1bb → 4bb, are nearly
the same (Table 3).


The acid-catalyzed 1,5-hydride shift occurs through an unsym-
metrical six-membered cyclic transition state, and the activation
energy is about 5.0 kcal mol−1 lower than for the uncatalyzed
reaction. The base-catalyzed rearrangement has a much lower
activation barrier, and proceeds via a symmetrical six-membered
cyclic transition state.


In addition, the natural charge on the migrating hydrogen atom
remains positive, the structures of the transition states resemble
those of the starting conformers, and the tight transition states
indicate that participation of solvent molecules such as water is
unlikely.


Experimental


Methods


NMR spectra were recorded using a Bruker Avance 500 (DRX)
spectrometer. The following frequencies were used: 499.7 MHz
(1H), 125.7 MHz (13C). Chemical shifts are reported in units
of parts per million (d) relative to tetramethylsilane as internal
standard.


Compound 1HA (about 60.0 mg, 0.42 mmol) was weighed
into a clean and dry 5 mm NMR tube. A solution (about
0.7 ml) of known concentration of DCl or NaOD in D2O was
added at room temperature. 1HA dissolves readily in acidic
or basic solution. 1H NMR spectra were recorded at intervals
until equilibrium was reached. For details see the Electronic
Supplementary Information†.


Calculations were performed using SPARTAN 04,44 GAUS-
SIAN 9845 and GAUSSIAN 03.46 Molecular orbitals and modes
of nuclear motion corresponding to imaginary frequencies were
viewed using MOLDEN,47 PCMODEL48 and PERGRA.49 If not
stated otherwise, structures and transition states were investigated
at the B3LYP/6-31+G* level of theory, which has generally been
found to give a good representation of reaction energies.50 Diffuse
functions were included in order to correctly represent the lone
pair electrons on oxygen. Frequency calculations were done for
all stationary points to characterize them as minima (NIMAG =
0). Each transition state structure was characterized as possessing
one imaginary frequency (NIMAG = 1), corresponding to the
motion which carries the system over the energy barrier. Zero-
point energies are unscaled. To represent a hydride ion properly, p-
polarization for the H atom is needed, so single-point calculations
were carried out at the B3LYP/6-31+G**//B3LYP/6-31+G*
level of theory.


Materials


The hemiacetal 9-oxabicyclo[4.4.1]nonan-1-ol (1HA) of 5-
hydroxycyclooctanone (1HK) was synthesized as described by
Meier and Peterson.51
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Design, synthesis and evaluation of advanced rigid-rod p-
stack photosystems with asymmetric scaffolds are reported.
The influence of push–pull rods on self-organization, pho-
toinduced charge separation and photosynthetic activity is
investigated and turns out to be surprisingly small overall.


The design and synthesis of advanced optoelectric nanomaterials
is a topic of current scientific interest.1–18 In this report, we describe
the synthesis and characteristics of push–pull p-octiphenyl 1, a
rigid-rod molecule that carries blue naphthalenediimides (N,N-
NDIs) along the rigid-rod scaffold, a p-donating methoxy at one
rod terminus and a p-accepting amide plus a negative charge at the
other (Fig. 1). Compared to the previous photosystems 2 and 3,16–18


the new push–pull rod 1 contains a macrodipole along the rigid-
rod scaffold. This axial macrodipole was of interest to explore
the possibility of controlling photosynthetic and photophysical
characteristics of 2 and 3 such as stabilization of the symmetry-
breaking2,16 photoinduced charge separation. These effects would
be amplified with the parallel self-assembly of rod 1 into p-M-
helix 4. This supramolecule might form in lipid bilayers because
of hindered translocation of the anionic carboxylate anchors
across the membrane. In solution, dipole–dipole attraction should
cause antiparallel self-assembly into quadruple p-M-helix 5 with
reduced effects. These high expectations appeared meaningful
considering the extensive evidence for remote control of opto-
electric properties by a-helical macrodipoles. Highlights include
fluorescence quenching in donor–acceptor dyads by a-helical
dipoles,19 amplified dark current along single a-helical dipoles,20


and amplified photocurrents across monolayers of parallel a-
helices on gold.3 Moreover, rigid push–pull rods have been of
use previously to create several variations of voltage-gated ion
channels.21,22


The synthesis of rod 1 is summarized in Scheme 1. The p-
sexiphenyl 6 was envisioned as an ideal building block to attach
the p-attracting and p-donating rod termini 7 and 8, respectively,
and the blue N,N-NDIs 9 along the rigid-rod scaffold. Rapid
access to p-sexiphenyl 6 from the commercially available biphenyl
10 and tert-butyl bromoacetate 11 has been reported previously.22


Last year, we also synthesized N,N-NDI 9 starting with oxidation
of pyrene 12, reaction of the resulting dichlorodianhydride first


aDepartment of Organic Chemistry, University of Geneva, Geneva, Switzer-
land. E-mail: stefan.matile@chiorg.unige.ch; Fax: (+41 22) 379 5123;
Tel: (+41 22) 379 6523
bDepartment of Physical Chemistry, University of Geneva, Geneva, Switzer-
land
† Electronic supplementary information (ESI) available: Experimental
section. See DOI: 10.1039/b708449h
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Fig. 1 Notional self-assembly of the blue, asymmetric push–pull rod 1
into parallel p-helix 4 in lipid bilayer membranes and antiparallel p-helix
5 in solution; for p-donor D and p-acceptor A with anionic anchor, please
see Scheme 1. The symmetric blue and red controls 2 and 3 have been
described.18–20


with amines 13, 14 and then with 15 to give 16, followed by
chemoselective removal of Alloc.16


Rod terminus 7 was synthesized from benzaldehyde 17, which
was converted into iodinated compound 18 in four steps.23 After
acidic deprotection, benzaldehyde 19 was reacted first with tert-
butyl bromoacetate 11, followed by oxidation. Coupling of the
resulting acid 20 with C-protected glycine 21 gave the desired
p-accepting amide 22 with a protected carboxylate anchor. Pina-
colboronate 23 was obtained by Pd-catalyzed conversion of aryl
iodide 22.24 It was directly converted to the pull-fragment 7 with
KHF2 to benefit from increased stability, easier purification and
higher reactivity of potassium trifluoroborates.25–27


The push-fragment 8 was synthesized from phenol 24. The
previously reported ortho-iodination gave pure regioisomer 25,28


which was subjected to Williamson ether synthesis with tert-butyl
bromoacetate 11. The obtained aryl iodide 26 was transformed
via boronate 27 into the desired, air-stable and solid potassium
trifluoroborate 8.


Pull-fragment 7, push-fragment 8 and chromophores 9 were
coupled sequentially to p-sexiphenyl 6. Suzuki coupling of p-
sexiphenyl 6 first with push-fragment 8 gave p-septiphenyl 28 in
42% conversion yield, subsequent attachment of the pull-fragment
7 at the other terminus gave the final push–pull rod 29. The lateral
tert-butyl esters in 29 were cleaved with TFA without damage to
the terminal benzyl esters. The liberated carboxylic acids along the
rigid-rod scaffold of 30 were reacted with eight N,N-NDI amines
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Scheme 1 (a) Four steps, see ref. 23. (b) HCl (aq), THF, 88%. (c) 1. Cs2CO3, DMF, 91%; 2. NaClO2, NaH2PO4, H2O2, 91%. (d) HATU, iPr2NEt, quant.
(e) Pinacolborane, PdCl2(dppf), Et3N, CH3CN, 1 h, reflux. (f) KHF2, MeOH–H2O, 2 h, rt, 47% from 22. (g) AgOTf, I2, CHCl3.27 (h) Cs2CO3, DMF, 92%.
(i) Pinacolborane, PdCl2(dppf), Et3N, CH3CN, 1 h, reflux, 88%. (j) KHF2, MeOH–H2O, 2 h, rt, quant. (k) PdCl2(dppf), Et3N, MeOH–THF 1 : 1, 30 min,
reflux, 25%, conversion yield 42%. (l) PdCl2(dppf), Et3N, MeOH–THF 5 : 1, 30 min, reflux, 49%, conversion yield 66%. (m) TFA, CH2Cl2, 30 min, rt.
(n) HATU, Et3N, 2,6-di-tBu-pyridine, DMF, rt, 24 h, 75% from 29. (o) HBr, AcOH, TFA, thioanisole, pentamethylbenzene, 90 min, rt, quant. (p) Five
steps, see ref. 22. (q) Four steps, see ref. 16. (r) Bu3SnH, Pd(PPh3)2Cl2, CH2Cl2, rt, 30 min, 86%, see ref. 16.


9, and the obtained conjugate 31 was fully deprotected with HBr–
AcOH to give target molecule 1.


The hypsochromic shoulder of the band around 600 nm in the
absorption spectrum of the push–pull system 1 ↔ 5 was indicative
of face-to-face p-stacking of the N,N-NDI chromophores.2,16


The bisignate CD Cotton effect of this transition supported
self-organization with M-helicity (Fig. 2C).16,17 Strong in iso-
propanol, intermediate in methanol (MeOH) and weak in 2,2,2-
trifluoroethanol (TFE), both effects exhibited identical solvent
dependence (Fig. 2B). Unrelated to solvent polarity (Fig. 2A),
this trend could reflect self-assembly of rod 1 into antiparallel
p-helix 5 in isopropanol and MeOH but not as much in TFE.


Fig. 2 Relative absorption of hypsochromic shoulder/absorption maxi-
mum in the absorption spectra (A, �) and amplitude A in the CD spectra
of 1 (A, �) in, with decreasing dielectric constant, MeCN, MeOH (red),
TFE (blue), isopropanol (purple) and THF. (C) Original CD spectra in
isopropanol (purple), MeOH (red) and TFE (blue).


In MeOH, push–pull system 1 (Ufl = 4 × 10−4) was 20-times
less fluorescent than the symmetric control 2 (Ufl = 9 × 10−3).
The same weak emission was found for 1 in vesicles. This effect
could imply more efficient photoinduced charge separation along
the macrodipole in monomeric 1. Alternatively, dipole–dipole
attraction might promote antiparallel self-assembly, and increased


charge separation might be the result of an increased concentration
of p-stacked N,N-NDI chromophores in p-helix 5. Moving from
MeOH to TFE, the quantum yield of push–pull system 1 (Ufl =
3 × 10−4) did not change significantly. This independence on
partial disassembly of p-helix 5 into 1 suggested that indeed the
macrodipole contributes to photoinduced charge separation in
monomer 1.


The early fluorescence dynamics were monitored using the
fluorescence up-conversion technique (400 nm excitation, 100 fs
pulses). In all cases, fluorescence decay was highly non-
exponential, and at least 5 exponential functions were needed to
reproduce the fluorescence decay. The average lifetime of push–
pull system 1 (sav = 20–50 ps) was 4- (in MeOH) to 15-times
(in TFE) shorter than that of the symmetric control 2 (sav =
200–310 ps). Particularly, the extent of ultrafast decay within the
first 15 ps for push–pull system 1 (89% in MeOH, 76% in TFE)
compared to 2 (66% in MeOH, 56% in TFE) could be interpreted
as accelerated charge separation in push–pull photosystem 1
(Fig. 3A).


Fig. 3 Intensity-normalized time profiles of (A) fluorescence decay and
(B) decay of the transient N,N-NDI•− absorption of 1 (�) and 2 (�) in
TFE. For full data sets, see ESI.†
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The existence of photoinduced charge separation was confirmed
by the transient absorption of the N,N-NDI•− radical anion at
510 and above 670 nm following excitation with a 50 fs laser pulse
at 610 nm.16 According to the decay kinetics of the N,N-NDI•−


radical anion, the lifetime of the photoinduced charge-separated
species of push–pull system 1 (MeOH: s = 50 ps, TFE: s = 40 ps,
Fig. 3B) was quite similar to that of the blue control 2 (MeOH: s =
65 ps,16 TFE: s = 50 ps) but clearly, about 10-times shorter than
that of the red control 3 (MeOH: s ≈ 500 ps18). This suggested that,
in contrast to accelerated charge separation, scaffold asymmetry
in push–pull photosystem 1 did not affect charge recombination
much.


The delivery of functional nanoarchitecture to bilayer mem-
branes is an underrecognized and underexplored process that
often determines the finally observed apparent activities.29,30 For
membrane delivery, concentrated solutions in various solvents
(and eventual additives) are simply added to the vesicle sus-
pension, and the functional compounds are hoped to reach
the membrane before precipitation. To determine the solvent
that best delivers photosystem 1, large egg yolk phosphatidylcho-
line vesicles (EYPC LUVs) were labeled with N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phospho-
ethanolamine (NBD-PE: kex 463 nm, kem 535 nm). Quenching of
lipid-bound NBD by FRET to N,N-NDIs indicates the relative
quantity of delivered photosystem 1. With the disassembling TFE
as best (�) and the assembling MeOH as worst transporter
(�), significant differences were found in the ability of solvent
additives to deliver photosystem 1 to EYPC LUVs. Controls with
monomeric N,N-NDIs 9a (�)16,18 confirmed that poor delivery by
MeOH is compound-specific and not intrinsic (Fig. 4A).


Fig. 4 Intensity-normalized concentration dependence for (A) membrane
delivery and (B) photosynthetic activity of push–pull photosystem 1 (�),
2 (�) and 3 (�). (A) Relative emission I of NBD (kex 463 nm, kem 535 nm)
upon addition of 1 and monomeric N,N-NDI 9a16 (�) in TFE (�), DMSO
(X), DMF (+), THF (�) and MeOH (�,�) to NBD-PE-labeled EYPC
LUVs. (B) Fractional reduction of [Co(bpy)3]3+ within EYPC LUVs with
external EDTA after 15 min of irradiation of 1 (�), 2 (�) and 3 (�), all
delivered with TFE.


The photosynthetic activity13–18 of TFE-delivered push–pull
photosystem 1 in EYPC LUVs was determined with the “Hurst
assay”.15,18 In this assay, EDTA is used as an extravesicular sacrifi-
cial electron donor, and activity is detected optically at 320 nm
as photoreduction of the intravesicular acceptor [Co(bpy)3]3+.
Because EDTA oxidation is irreversible, the highest activity
is found without membranes, a characteristic that allows for
convenient assay calibration by lysis. Under these conditions,
the photosynthetic activity of the push–pull photosystem 1 (�)
was slightly weaker than that of the blue control 2 (�) and
clearly weaker than with the red control 3 (�, Fig. 4B).18


Interestingly, the Hill plot of the push–pull photosystem 1 ↔


4 ↔ 5 exhibited no cooperativity under the present conditions.17


Different to both symmetric controls, this finding suggested that
the introduced asymmetry has a negative effect on the formation
of active self-assembly. Facilitated antiparallel self-assembly into
the hydrophobic p-helix 5 by dipole–dipole attraction before
reaching the membrane could explain both poor activity and
lack of cooperativity. Alternatively, these results could also be
explained by hindrance of parallel self-assembly into 4 by dipole–
dipole repulsion in the membrane. Moreover, vectorial control
of partitioning by the terminal carboxylate might be lacking or
opposite to expectations. Overall, we caution that a number of
pathways to the functional system are conceivable to account
for the reduced activity and cooperativity found with push–pull
photosystems.


In summary, the introduction of asymmetry in photoactive
rigid-rod p-stack nanoarchitecture is found to reduce fluorescence,
to accelerate photoinduced charge separation, but to have little
effect on charge recombination. These overall favorable properties,
however, were not reflected in higher photosynthetic activity
in lipid bilayer membranes. Hindered formation of the active
suprastructure might account at least in part for these overall
complex and surprisingly small effects. We conclude that vectorial
self-assembly of asymmetric photosystems in lipid bilayers will be
very challenging.
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Microcin J25 is a ribosomally synthesised 21-residue antimi-
crobial peptide produced by certain strains of enterobacteria,
that adopts an extraordinary ‘threaded lasso’ structure. To
date, the biosynthesis of this peptide is little understood.
Here we report the in vitro maturation of the microcin
precursor peptide into active microcin J25 for the first time.
Furthermore, we show that the enzymes required for the
posttranslational modification of this precursor peptide are
associated with the bacterial inner membrane.


Microcins are a family of antibacterial peptides produced by
enterobacteria such as Escherichia coli which display potent
activity against Gram-negative bacteria related to the producer
strain.1 They are synthesised on the ribosome as precursors, and
undergo further enzymatic posttranslational modification which
generates a family displaying a wide range of unusual structural
features.
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Fig. 2 (A) Bioassay for MccJ25 production. Single colonies of E. coli Novablue transformed with plasmids—wild type pTUC202 (WT, left) or
pTUC203C6H (CH6, right) were stabbed into minimal agar and pre-grown for 16 hours at 37 ◦C before they were overlaid with top agar containing 1 ×
106 colony forming units (CFUs) of E. coli DH5a sensitive cells. (B) Bioassay for MccJ25 synthase activity. Top row; negative controls of cell free extract
(CFE), NLS and DDM. Middle row, assays; CFE, NLS and DDM membrane extraction of pTUC203C6H expressing cells were assayed for their ability
to mature McjA into active MccJ25. McjA treated with either NLS and DDM extracted membranes displayed antimicrobial activity whereas the soluble
CFE was inactive. Bottom row, positive control, 2 lg purified MccJ25 isolated by reverse-phase chromatography was active.


Microcin J25 (MccJ25) is a gene-encoded, hydrophobic
21 amino acid peptide, originally isolated from the cul-
ture medium of Escherichia coli strain AY25 that adopts
an extraordinary three dimensional lariat structure, termed
‘a threaded lasso’ (Fig. 1).2 The cyclic peptide contains an amide
bond between the N-terminal amino group and the c-carbonyl
group of Glu8 and, as a result, the first 8 amino acids form a closed
ring.3–5 The C-terminal 12 amino acids of the peptide contain a
tight b-hairpin and the C-terminal tail is threaded back through


Fig. 1 The microcin J25 biosynthetic operon. The proposed role of each
gene product is highlighted. McjA encodes a 58 amino acid precursor
peptide. McjB and mcjC are involved in posttranslational modification of
the McjA protein to produce MccJ25, and together are termed “MccJ25
synthase”. McjD encodes a proposed ABC transporter which is believed to
be responsible for export of mature MccJ25. The MccJ25 NMR structure
(PDB code: 1Q71) is adapted from reference 4.
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the ring. The aromatic residues Phe19 and Tyr20 flank each
side of the ring, sterically preventing slippage of the lasso. This
remarkable structure is exceptionally stable—MccJ25 is resistant
to strong denaturing conditions, proteolysis, and temperatures in
excess of 100 ◦C.6 MccJ25 enters the cell via protein receptors
(e.g. FhuA) and the primary target is DNA-dependant RNA
polymerase (RNAP). The peptide binds to the secondary channel
of RNAP, inhibiting access of substrates to the RNAP complex.7,8


Four genes, mcjABCD, encoded on a large, low-copy number
plasmid, are required to produce and export MccJ25 in its active
form (Fig. 1).9 The mcjA gene encodes a 58 amino acid MccJ25 pre-
cursor peptide; the first 37 residues form a leader peptide which is
cleaved during maturation (see supplementary information†).10,11


McjD encodes a protein with 6 predicted transmembrane regions
and a C-terminal ATP binding domain, characteristic of bacterial
ABC transporters.10 Biochemical studies have shown that McjD
expression is not necessary for the biosynthesis of MccJ25, but
is required for secretion of the active antibiotic peptide out of
the producing cell. Both the gene products of mcjB and mcjC
are required for MccJ25 maturation, which implies they are


Fig. 3 Mass spectrometry analysis of McjA maturation in vitro. Recombinant McjA precursor peptide displays a mass of 6068.1 Da, consistent with
its predicted mass (Fig. 3A). Upon incubation with the DDM membrane extraction of pTUC203C6H expressing cells a thermostable species of mass
2107.0 Da was observed (Fig. 3B). This species has a mass consistent with mature, purified and active MccJ25 isolated from expressing cells containing
pTUC202 (2107.1, Fig. 3C).


responsible for cleavage of the leader peptide and cyclisation of
the ring, in effect the breaking and making of two amide bonds.
To date very little is known about these enzymes, or how they
form the machinery responsible for the biosynthesis of MccJ25 (an
“MccJ25 synthase”). Here we present, for the first time, the in vitro
reconstitution of MccJ25 synthase activity. By using a membrane
protein extract from E. coli cells expressing the mcjABCD operon
we have successfully matured a recombinant McjA precursor
peptide into active MccJ25.


To be able to monitor expression of the operon, site directed
mutagenesis was used to introduce a hexahistidine tag at the N-
terminus of the mcjC gene within the MccJ25 operon. This operon
was cloned into a pACY derived plasmid, named pTUC203C6H.
Cells (E. coli DH5a) transformed with this plasmid produced
MccJ25 in comparable amounts to the wild type plasmid as
judged by a spot-on-lawn antimicrobial assay using a susceptible
strain of E. coli (Fig. 2A). These cells were lysed by sonication
and the supernatant prepared by centrifugation. The resultant
lysate was further subjected to ultracentrifugation at 100 000g
for two hours at 4 ◦C and soluble supernatant was decanted.
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The remaining glassy membranous material (containing inner
and outer membranes) was resuspended in aqueous buffer prior
to solubilisation. This was performed by treating the membrane
suspension with two detergents (1% dodecyl-b-D-maltoside, DDM
or 0.5% N-lauroyl sarcosine, NLS)‡. Histidine tagged McjC
was detected in membrane fractions using Western blot (see
ESI†). Insoluble debris was removed by ultracentrifugation and
each detergent-soluble extract, as well as the original soluble
lysate, was tested for its ability to mature recombinant McjA
precursor peptide into MccJ25§. This was carried out by treating
recombinant McjA (50 lg, which is inactive) with each extract
at room temperature for four hours. The reaction was terminated
by heating the mixture to 80 ◦C for 10 minutes and the resulting
precipitate was removed by centrifugation. The remaining soluble
fraction was tested for antimicrobial activity using a spot-on-lawn
assay (Fig. 2B). Activity was clearly observed in the McjA samples
that had been incubated with the DDM and NSL extracts. In
contrast, no antimicrobial activity was detected in the sample
containing McjA treated with the soluble protein extract prepared
from the pTUC203C6H MccJ25-expressing cells. The conversion
of McjA into MccJ25 was also monitored by mass spectrometry
(Fig. 3). Analysis of McjA (observed mass 6068.1 ± 0.5 Da,
Fig. 3A) after treatment with the membrane protein fraction
of pTUC203C6H expressing cells clearly shows the presence of
MccJ25 (observed mass 2107.0 ± 0.5 Da, Fig. 3B) which is
identical to that observed in the isolated MccJ25 (Fig. 3C, see
ESI†).


Amino acid sequence analysis of McjC predicts a protein
that exhibits modest sequence similarity to both NAD-synthase
and asparagine synthase—two ATP-dependant enzymes which
catalyse the activation of a specific carboxyl group as an adenylate,
followed by amide bond formation by reaction with an amine.
This suggests that the formation of the amide bond required for
lariat formation in MccJ25 biosynthesis may be ATP dependent.
Indeed, we found that McjA maturation was greatly decreased
if ATP was omitted from the membrane extraction buffer and
Western blot analysis revealed that ATP was required for efficient
extraction of McjC from the bacterial membrane (data not shown).
Bioinformatic analysis (BLAST) with McjB identifies a small
number of homologs, none of which currently have a known
function.


Membrane protein extraction using NLS is specific for inner
membrane proteins. Since extracts using this detergent can convert
the mcjA precursor to the active microcin our results suggest
that both McjB and McjC are located in the inner membrane
fraction. Bioinformatic analysis of the MccJ25 exporter, McjD,
predicts this protein to contain a cytoplasmic domain and several
transmembrane regions, suggesting that it is located in the


bacterial membrane. In contrast, no such membrane-spanning
motifs are found in McjB and McjC. It is possible that McjB
and McjC are membrane associated, perhaps in complex with the
cytoplasmic domain of McjD. This would allow efficient shuttling
of the mature MccJ25 from a McjB–McjC complex to the exporter,
thus reducing the amount of potentially harmful free microcin in
the cytoplasm. With the tools described in this work, we are now
currently investigating this hypothesis.
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A family of terpyridine metallo-organic complexes has been
designed and its recognition properties of G-quadruplex-
DNA investigated. The series combines easy synthetic access
and good affinity–selectivity ratio for quadruplex-DNA. Our
study also highlights that the geometry of the metal center
strongly governs the ability of the compounds to discriminate
quadruplex from duplex-DNA.


G-quadruplex-DNA is a highly dynamic and polymorphic DNA-
structure, making it a particular challenge to target in rational
drug design.1,2 Nevertheless, since its targeting via specific ligands
is emerging as a novel anti-cancer strategy,3 the past few years
have seen considerable scientific efforts for designing and syn-
thesizing novel and efficient G-quadruplex ligands.1,3 Actually,
an impressive number of compounds with various architectures
have been developed, some of them being challenging in terms of
synthesis. This is especially exemplified by telomestatin,4 a potent
G-quadruplex ligand that is accessible via a low-yielding multistep
process5 which dramatically restrains future pharmaceutical de-
velopments. Therefore, a current trend resides either in designing
ligands that are structurally simpler6 or in simplifying synthetic
access to interesting ligands.7


In this line, a promising recent approach is based on the use
of metallo-organic complexes. Actually, recent results reporting
on the high performances of Ni(II)-salphen8 and Mn(III) cationic
porphyrins9 gave much impetus to this approach.10 It is worth
pointing out that the use of metal complexes for G-quadruplex-
DNA recognition is still under-developed in contrast to their
considerable use as duplex-DNA binders.11 In metallo-organic
chemistry, the main synthetic challenge often resides in the
synthesis of the ligand that surrounds the metal, but more rarely
in the association of the metal with its ligand. Thus, by a careful
choice of commercially available or readily accessible complexing
agents, it should be possible to considerably simplify access to
G-quadruplex ligands. Finally, other clear advantages of metallo-
organic complexes are their defined and controllable geometry


aInstitut Curie, Section Recherche, CNRS UMR176, Centre Universitaire
Paris XI, Bât. 110, 91405 Orsay, France. E-mail: marie-paule.teulade-
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cInstitut de Chimie Moléculaire et des Matériaux d’Orsay, CNRS
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that, along with their usual crystalline nature, offers an ideal
platform for sharp drug design and rationalization of structural
interactions.


In this context, we designed a series of metal–terpyridine
complexes, which show a good affinity and high selectivity for
quadruplex-DNA. Herein, we would like to report on the synthesis
and on G-quadruplex interaction properties of this series.


Terpyridine (2,2′:6′,2′′ terpyridine, tpy) and tolyl-terpyridine
(4′-(4-methylphenyl)-2,2′:6′,2′′-terpyridine, ttpy) are tridentate
nitrogen-containing ligands, widely used in coordination chem-
istry since they offer a planar, convergent and well-defined triple
chelation.12 For many years, a considerable number of terpyridine
derivative complexes with various transition metals have been
synthesized and are well-characterized in the literature.13 They
are simply obtained by mixing the ligand and the appropriate
metal salt. Following this simple route, we prepared an array of
complexes using four transition metals i.e. Cu(II), Pt(II), Zn(II) and
Ru(III) and three terpyridine derivatives: tpy, ttpy and ctpy (Fig 1).
ctpy is a cationic derivative obtained via successive bromination
and amination of ttpy (see ESI†); this ligand was synthesized
in an attempt to increase the water solubility and to afford
supplementary electrostatic interactions with the DNA target, as
already observed for polyammonium substituted G-quadruplex
binders.14


Fig. 1 Structure of terpyridines tpy, ttpy and ctpy and of their related
metallo-organic complexes with Cu(II), Pt(II), Zn(II) and Ru(III). Full
structures are given in the ESI†; Cl− is the counter-ion for Pt-complexes.


The ability of the terpyridines and terpyridine complexes to
bind G-quadruplex DNA was then evaluated via two biophysical
assays, i.e. the recently reported G4-FID assay15 and the well-
established FRET-melting assay.16 The principle of the G4-
FID assay relies on the ability of a given ligand to displace
the fluorescent probe thiazole orange (TO) from a quadruplex-
architecture (22AG, an oligonucleotide that mimics the human
telomeric repeats d[AG3(T2AG3)3]). This method allows the semi-
quantitative analysis of ligand affinity,15 which is expressed as the
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concentration required to displace 50% of the TO from 22AG
(G4DC50). The FRET-melting assay is based on the monitoring
of the stability imparted by a ligand to a fluorescently labeled
quadruplex-structure (F21T, FAM-G3(T2AG3)3-Tamra). This sta-
bilization, measured via a fluorescence resonance energy transfer
(FRET) effect between the two fluorescent partners, is expressed
as an increase in melting temperature of F21T (DT 1/2) induced by
the presence of the ligand.


We have firstly performed G4-FID and FRET-melting assays
with the free terpyridines tpy, ttpy and ctpy. As depicted in Fig. 2A
(white motifs), none of the three terpyridines was able to reach
the 50% threshold of displacement of the fluorescent probe in
the concentration range examined and were thus characterized
by G4DC50 > 2.5 lM. The weak quadruplex affinity of the
free terpyridines was subsequently confirmed by FRET-melting
assay, as the three compounds exhibit DT 1/2 lower than 8 ◦C
(Fig. 3 and Table 1). These results are nevertheless of poor
significance per se since tpy and ttpy show a poor solubility in
water. However, they can be used as references for evaluating
the effect of the metal on quadruplex recognition. The expected
positive impact related to the introduction of a metallic cation
is based on the following assumptions: (i) the metallic cation
may act as a “pseudo-potassium ion” lying above the central ion
channel of the quadruplex,1,2,14a and (ii) the positioning of the
aromatic surface around the metal could stabilize the quadruplex-


Fig. 2 G4-FID results for compounds tpy (�), ttpy (�), ctpy (♦), Cu-tpy
( ), Cu-ttpy ( ), Cu-ctpy ( ), Pt-tpy ( ), Pt-ttpy ( ), Pt-ctpy ( ), Zn-ttpy
( ) and Ru-ttpy (�), for experiment carried out with quadruplex-DNA
(22AG (0.25 lM), A) or duplex-DNA (ds26 (0.25 lM), B), with TO (0.50
and 0.75 lM for A and B respectively) in 10 mM sodium cacodylate buffer
(pH 7.2) with 100 mM KCl.


Fig. 3 FRET-melting results for terpyridines tpy, ttpy and ctpy, and
for their related metallo-organic complexes with Cu(II), Pt(II), Zn(II) and
Ru(III), at 1 lM concentration, carried out with F21T (0.2 lM) without
(red bars) or with 3 lM (orange bars) or 10 lM (yellow bars) of ds26, in
10 mM lithium cacodylate (pH 7.2) with 100 mM NaCl.


structure by stacking on the external G-quartet.8 Results from
G4-FID (Fig. 2A) and FRET-melting measurements (Fig. 3) are
summarized in Table 1. Cu and Pt-complexes (blue and red motifs
respectively) are much more potent G-quadruplex binders than the
corresponding free terpyridines (with G4DC50 < 0.30 lM), with the
notable exception of tpy-complexes (G4DC50 > 2.5 and = 1.46 lM
for Cu-tpy and Pt-tpy respectively, Fig. 2A). This trend is further
confirmed by FRET-melting assay since stabilizations comprised
between 10 and 16 ◦C are observed for complexes Cu-ttpy, Cu-
ctpy, Pt-ttpy and Pt-ctpy (Fig. 3 and Table 1), while a stabilization
of only ∼1 ◦C was obtained with Cu-tpy and Pt-tpy. Altogether,
these results underscore the importance of the aromatic ligand and
imply that extended terpyridines ttpy and ctpy are more favorable
to target quadruplex-DNA than tpy, even when coordinated to a
metal moiety.


In contrast, Zn-ttpy and Ru-ttpy (grey and black motifs
respectively, Fig. 2A) were found to be poor TO displacers
(G4DC50 > 2.5 lM, Table 1) and poor quadruplex stabilizers
(DT 1/2 < 4 ◦C, Fig. 3 and Table 1). The striking difference between
the binding ability of Zn and Ru-complexes as compared to Pt
and Cu-complexes indicate that the nature of the metal is a
strong determinant for target recognition. Logically, this difference
may originate in the different geometries of the complexes:
actually square planar (Pt(II))17 and square pyramidal (Cu(II))18


complexes feature one flat face whereas metals that adopt trigonal
bipyramidal (Zn(II))19 and octahedral (Ru(III))20 geometries lead
to the steric hindrance of both faces of the complex as schematized
in Fig. 4. Therefore p–p interactions with the external G-quartets
should be favored in the former cases whereas they might be
impeded in the latter cases.


Finally, the quadruplex vs. duplex-DNA selectivity of the com-
plexes was investigated since this is a critical issue for the design
of specific G-quadruplex ligands. To this end, comparative G4-
FID and competitive FRET-melting assays were performed.15,16


As previously described, the former relies on the displacement of
TO from a 17bp duplex-DNA matrix (see ESI†) while the latter
is based on ligand-induced stabilization of the quadruplex-DNA
F21T in the presence of various amounts of a 26bp duplex-DNA
competitor (ds26, see ESI†). In order to work under identical
conditions (especially in terms of electrostatic interactions), G4-
FID was carried out herein with ds26 as a duplex-DNA matrix
(see ESI†). Comparative G4-FID was then performed with the
more promising Cu and Pt-derivatives. As depicted in Fig. 2B,
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Table 1 Comparative G4-FID and competitive FRET-melting assay results for terpyridines tpy, ttpy and ctpy, and their related metallo-organic
complexes


Competitive FRET


Comparative G4-FID DT 1/2/
◦Cd


22AG ds26 G4-FID +0 lM +3 lM +10 lM


Ligand G4DC50/lM dsDC50/lM Sel.b ds26e ds26e ds26e


tpy >2.5 n.d.a — 7.8 2.3 1.5
ttpy >2.5 n.d. — 1.6 2.4 1.6
ctpy >2.5 n.d. — 6.8 7.0 6.3
Cu-tpy >2.5 >2.5 — 1.1 1.1 1.4
Cu-ttpy 0.30 >2.5 22c 15.3 14.6 13.5
Cu-ctpy 0.19 >2.5 19c 10.0 8.5 4.8
Pt-tpy 1.46 >2.5 2c 1.1 0.7 0.6
Pt-ttpy 0.18 1.74 10 11.3 9.1 6.5
Pt-ctpy 0.25 1.37 5 16.2 10.2 6.0
Zn-ttpy >2.5 n.d. — 2.9 2.8 3.3
Ru-ttpy >2.5 n.d. — 0.1 0.1 0.1


a n.d. stands for not determined. b G4-FID selectivity is defined as dsDC50/G4DC50 ratio. c In the case of dsDC50 > 2.5 lM, the selectivity is estimated on
the basis of TO displacement (%) obtained with 2.5 lM of ligand with ds26 and the concentration required with 22AG to reach the same displacement
(G4C): Sel. = 2.5/G4C. d DT 1/2 = [T 1/2(F21T + ligand) − T 1/2(F21T)]. e Expressed in strand concentration. Experimental errors are estimated at ±5% for
G4-FID assay.


Fig. 4 Schematic representation of metallo-organic terpyridine com-
plexes with square planar (A), square pyramidal (B), trigonal bipyramidal
(C) and octahedral (D) geometry.


Pt-complexes (red motifs) appear to be better TO displacers
from duplex-DNA than Cu-complexes (blue motifs). Again, this
observation can be rationalized in terms of structural differences
between Pt and Cu-complexes: the square planar Pt complexes
exhibit two flat faces; they are consequently prone to intercalate
within a duplex-DNA, as it has been extensively studied.11 On the
contrary, the square pyramidal Cu-complexes are characterized by
the presence of an apical ligand (here a nitrate group) that might
impede intercalation. Expectedly, in both series (Cu and Pt), the
presence of an amino side-chain (ctpy) (diamond motifs, Fig. 2B)
favors electrostatic associations with duplex-DNA, resulting in
better TO displacement than tpy or ttpy complexes (square and
circle motifs respectively, Fig. 2B). The ratio of dsDC50 obtained
with ds26 and G4DC50 obtained with 22AG allows an evaluation of
the quadruplex- over duplex-DNA selectivity (Table 1). Selectivity
values of 22 and 19 were found for the two Cu-complexes Cu-
ttpy and Cu-ctpy, whereas values of 10 and 5 were obtained


for the Pt analogues Pt-ttpy and Pt-ctpy underlining the critical
impact of both the metal geometry and the nature of the ligand
surrounding the metal center. It is worth noting that similar
results were obtained when comparative G4-FID was classically
performed with 17bp as a duplex-DNA matrix (see ESI†).
These results were subsequently confirmed by competitive FRET-
melting assay. As depicted in Fig. 3, upon competition with ds26
(3 lM (15-fold excess), orange bars), the stabilization is highly
maintained for Cu-ttpy, Cu-cttpy and Pt-ttpy (95, 84 and 80%
respectively), while this effect is more modest in the case of Pt-ctpy
(63%). At higher concentration in duplex-DNA (10 lM (50-fold
excess), yellow bars), Cu-ttpy appears clearly the most resistant
compound.


To gain preliminary insights into the putative binding mode of
Cu-ttpy with quadruplex-DNA, given that this complex represents
the best compromise in terms of quadruplex stabilization and
selectivity, X-ray analysis of Cu-ttpy was performed.21 As depicted
in Fig. 5, the structure that has been solved (P21/C space group‡)
confirmed the pseudo-square pyramidal geometry of Cu-ttpy, with
a deviation of 20.4◦ of the Cu-O(2) bond, as compared to the
plan defined by the terpyridine unit. The Cu atom appears exactly
in the N(1)–N(2)–N(3) plan. The apical nitrate group appears
to be disordered; the occupancy factor was fixed in the ratio
50 : 50 for the N(4) atom and two oxygen atoms (O(5) and
O(6)), O(4) being refined with an occupancy factor of 1. O(2)–
Cu–O(5a) and O(2)–Cu–O(6b) angles have been determined as
102.3 and 76.4◦ respectively, which represents an average angle of
89.3◦. As already reported in the case of the Cu(terpyridine)Cl2


structure,18 the central metal adopts an ‘apically elongated’ square
pyramidal coordination, since apical nitrate groups appear more
loosely bound to the metal, the Cu–O(5a) and Cu–O(6b) distances
being greater than the Cu–O(2) one (2.15 and 2.28 vs. 1.99 Å
respectively). Thus, the structure of Cu-ttpy indicates that the
complex could fit nicely on quadruplex-DNA given that one of its
faces is planar and thus fully accessible for p-stacking on the top
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Fig. 5 Ortep view of the crystal structure of the [Cu-ttpy][(NO3)2] complex
with ellipsoids depicted at the 50% probability level (H-atoms are shown
as small spheres of arbitrary radii) that shows a disordered apical nitrate
group (see text for explanation), and selected bond lengths and angles.


G-quartet. Additionally, the presence of the apical nitrate ligand
on the other face should prevent intercalation within base pairs of
duplex-DNA.


In conclusion, the series of terpyridine–metal complexes pre-
sented herein represent an interesting compromise between easy
synthetic access and efficiency in terms of quadruplex-recognition.
In particular, complex Cu-ttpy exhibits remarkable features: its
synthesis is a one-step process from commercially available materi-
als (tolyl-terpyridine and Cu(NO3)2), and it displays strong affinity
and selectivity for quadruplex-DNA. Its pseudo-square pyramidal
structure, as shown by X-ray analysis, offers unique means for
rationalizing these results: (i) a planar aromatic face to stabilize the
quadruplex-structure via p-stacking interactions, (ii) the central
position of a Cu2+ metal to lie directly above the central ion channel
of the quadruplex, (iii) a pyramidal shape to impede intercalation
within duplex-DNA, and (iv) an imparted high polarization of
the metal–ligand bond to favor an electrostatic interaction with
negatively charged DNA. Our study also points out the critical
influence of the presence of a metal, the nature of the chelating
agent around the metal center and the complex geometry imparted
by the metal. Further studies are currently being undertaken to
benefit from the selective recognition of quadruplex-DNA by our
metallo-organic complexes, in combination with their potential
redox activity (Cu(II)) and covalent linking properties (Pt(II))
towards DNA.22 Results will be reported in due time.
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A sequential, organocatalysed asymmetric reaction to access chiral 1,2-oxazines and chiral pyridazines
is reported, which proceeds in moderate to good yields and good to excellent enantioselectivities.


Introduction


The synthetic potential of multicomponent, tandem or domino
reactions has been exploited for the efficient and stereoselective
construction of a variety of complex structures from simple
starting materials.1 These one-pot sequential transformations
avoid lengthy purification or protection procedures and thus
greatly reduce both the cost and time taken for chemical syn-
theses. In recent years, spectacular advances have been made in
organocatalytic processes2 and one significant advantage is their
ability to promote several types of reactions through different
activation modes.3 In particular, tandem reactions mediated by
organocatalysts can be applied to generate useful enantiomerically
pure building blocks in the synthesis of biologically active natural
products.4 It was envisaged that such a process might be used
in the preparation of both optically active 1,2-oxazines and 3,6-
dihydropyridazines.


Conventionally, these compounds are prepared by the [4 +
2] cycloaddition of nitroso or azo compounds and dienes,5


or the ring-closing metathesis of suitable alkene precursors.6


However, their asymmetric preparation7 can be difficult to achieve
without control induced by chiral substrates8 or chiral auxiliaries.9


Therefore, the development of an asymmetric organocatalytic
route, which would lead to a variable substitution pattern, was
very attractive.


Following optimisation studies, we first demonstrated an effi-
cient new route to enantiopure 1,2-oxazines from commercially
available achiral precursors using (S)-pyrrolidinyl-tetrazole cata-
lyst 1a (Scheme 1).10 The transformation involves an asymmetric
organocatalytic a-oxyamination11 with nitrosobenzene to afford
an intermediate, which undergoes base-promoted conjugate addi-
tion to a vinylphosphonium salt.12 The resulting ylide then cyclises
to the 1,2-oxazine via an intramolecular Wittig process.


Through this new method, by varying any one of the three
components, a wide range of potentially useful enantiomerically
enriched heterocycles can be accessed. Indeed, by changing the
carbonyl component from aldehyde to ketone or varying the
vinylphosphonium salt used in the Wittig step, more substituted
enantiopure 1,2-oxazines can be obtained. Moreover, alteration
of the electrophilic component to provide a related, synthetically
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Scheme 1 Synthesis of chiral 1,2-oxazines from aldehyde and ketone
substrates.


useful class of compound has been demonstrated, namely 3,6-
dihydropyridazines.13 In a similar manner, these may be obtained
by applying an initial a-amination using an azo compound instead
of a nitroso component (Scheme 2).


Scheme 2 Synthesis of chiral 3,6-dihydropyridazines.


Results and discussion


We have recently demonstrated an efficient new route to enan-
tiopure 1,2-oxazines from commercially available aldehydes10a


and ketones.10b To achieve this, extensive optimisation studies
were conducted. Initial work centred on finding conditions most
appropriate for the organocatalytic a-oxyamination reaction,
while remaining compatible with the subsequent steps in the
one-pot procedure. Solvents, temperatures, order of addition,
reaction times and equivalents of reagents used, were screened.
It was found that conditions similar to those developed by
Zhong,11a where only a small excess of aldehyde partner in
DMSO was required, were optimum for the use of pyrrolidinyl-
tetrazole catalyst 1a. NaH (2 eq.) was needed in the subsequent
intramolecular Wittig process in a mixed solvent system (1 : 1,
DMSO–THF). Interestingly, increased yields were observed with
more substituted aldehydes, suggesting competing homo-aldol
reactions (Table 1). In support of this hypothesis is the observed
reduction in overall yield as the number of equivalents of aldehyde
were increased. The matched/mismatched effect was investigated
using citronellal as the chiral aldehyde to create dihydro-1,2-
oxazines with pendant chirality (Entries 9 and 10). Although yields
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Table 1 Synthesis of 1,2-oxazines from aldehydes


a Isolated yields of material after chromatography. b The ee values were determined directly by chiral HPLC. c The de values were determined directly by
1H NMR of crude material. d The ee value was determined directly by chiral SFC.


were similar, diastereoselectivity did differ with a diastereomeric
excess of only 83% in the mismatched compared with 99% in the
matched case (Entry 9).


The use of (S)-pyrrolidinyl-tetrazole 1a as a catalyst for this
process was based on its improved properties, especially solu-
bility, when compared, for example, to L-proline. As with other
chemistries developed independently by ourselves,14 Yamamoto
et al.,11f,11g,15 Hartikka and Arvidsson16 and others17 where 1a was
an especially effective catalyst, it also proved to be the compound
of choice in this work.18


In order to probe the synthetic scope of the method, linear
aldehydes with various protecting groups and chain lengths were
prepared by oxidising a suitable mono-protected diol (Scheme 3).19


However, under the optimised reaction conditions although the
enantiomeric excesses were still excellent, the yields were no longer
as high. Most notably, it was found that only traces of the 1,2-
oxazine products 3k and 3l from protected b-hydroxyaldehydes
were observed (Entries 11–12, Table 1). For reasons which are not


Scheme 3 Preparation of protected hydroxyaldehydes.


entirely clear, this suggests a critical aldehyde chain length of four
carbons or more for successful a-oxyamination.


An alternative nitroso compound, 4-nitrosoanisole 4 (Table 2),20


has also been investigated. Under similar reaction conditions, with
slow addition of the nitroso compound, generally lower yields but
excellent enantioselectivities were observed, in comparison with
their nitrosobenzene counterparts (Table 2). It is believed that this
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Table 2 Synthesis of 1,2-oxazines from 4-nitrosoanisole20


a Isolated yields of material after chromatography. b The ee values were
determined directly by chiral HPLC. c 6% obtained without NH4Cl work-
up.


is due to the much more facile dimerisation of the nitroso reagent
during the a-oxyamination step caused by the additional electron-
donating substituent.


Slight alterations in reaction conditions were required to pro-
duce enantiopure 1,2-oxazines from ketone starting materials.10b


The conditions employed for the a-oxyamination were similar to
those used by Yamamoto et al.11g Crucially, these use a much
smaller excess of ketone (3 eq.), such that the subsequent steps may
be carried out in a single pot with greatly reduced catalyst loading
(5 mol%). The problems from the sequential Wittig process were
resolved by the use of KH as a base instead of NaH. Remarkably,
an excess of KH did not cause racemisation of the stereogenic
centre generated during the a-oxyamination process (99% ee). We
were pleased to find that the reaction conditions developed were
then applicable to a range of ketones to give moderate to good
yields of products with excellent ee’s throughout (Table 3).


Use of the more substituted vinylphosponium bromide 6b21 gave
the tri- and tetrasubstituted 1,2-oxazines 9a (Entry 1, Table 4)
and 8f (Entry 6, Table 3) from aldehyde and ketone starting
materials, respectively. When phosphonium salt 6c22 was used,
a diastereomeric ratio of 6 : 1 was observed in the reaction
of isovaleraldehyde, catalysed by (S)-pyrrolidinyl-tetrazole 1a,
compared with 4 : 1 when L-proline was used (Entry 2, Table 4)
each with 9d as a by-product.23 It is also of note that the 1,2-
oxazine 8g from cyclohexanone 7a was generated with complete
diastereoselectivity24 and excellent enantioselectivity (Entry 7,
Table 3).


Table 3 Synthesis of 1,2-oxazines from ketones


a Isolated yields of material after chromatography. b The ee values were
determined directly by chiral HPLC. c Reaction of 20 eq. 7e was conducted
with 20 mol% of 1a. d Compound 8f generated using 6b. e Compound 8g
generated using 6c.


The enantiomer of the pyrrolidinyl-tetrazole catalyst, 1b was
also applied to selected aldehyde and ketone examples to verify
its equivalent utility in these transformations. As expected, this
was successful in providing the corresponding enantiomeric 1,2-
oxazine products (Table 5).


Cleavage of the N–O bond of selected 1,2-oxazines liberated the
synthetically useful cis-allylic alcohols in high yield using zinc in
methanolic HCl, with retention of enantiopurity (Table 6). It is
also worth noting that when N–O cleavage of 3a was performed
on a larger scale (3.38 mmol), the yield significantly increased
from 83% (1.02 mmol) to 93%, highlighting the practicality of the
transformation.


The reactions between nitrosobenzene and activated carbonyl
compounds, for example enamines, are known to provide a-
oxyamination11 or a-hydroxyamination25 products, depending
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Table 4 Synthesis of 1,2-oxazines using alternative Wittig reagents


a Isolated yields of material after chromatography. b The ee was determined
directly by chiral GC. c 4 : 1 dr obtained when catalysed by L-proline. d The
ees for both 9b and 9c are 99% and were determined directly by chiral
HPLC and chiral SFC, respectively.


on the catalyst used. Maruoka and co-workers have recently
developed an axially chiral secondary amine catalyst 14 (Table 7)
to direct enantioselective hydroxyamination of aldehydes.25


By applying catalyst 14, the a-hydroxyaminated intermediate
can be generated chemoselectively. Following base-promoted con-


jugate addition to a vinylphosphonium salt, intramolecular Wittig
cyclisation thus yields dihydro-1,2-oxazines with the stereogenic
centre alpha to nitrogen (Table 7). This illustrates that regioisomers
of these compounds can be generated by simply changing the
catalyst used.26


It has also been shown that an organocatalytic a-amination,27


to provide a-hydrazinocarbonyl compounds, can furnish 3,6-
dihydropyridazines by a similar route.13 Reaction conditions
similar to those developed by Jørgensen et al.27a where
dichloromethane was used as the solvent of choice, were cho-
sen to facilitate the sequential Wittig process. Importantly, a
reduced excess of aldehyde (1.2 eq.) was found to give good
yields, further aiding the following intramolecular Wittig step
by minimising side reactions. Using isovaleraldehyde and diethyl
azodicarboxylate (DEAD, 17a, Table 8) as our model system,
it was found that the use of a mixed solvent system (1 : 1,
CH2Cl2–THF) was optimum, and also provided for an easier
work-up. Comparison of the catalytic activity of L-proline 1c and
(S)-pyrrolidinyl-tetrazole 1a shows that although the ee values
were very similar, the yields varied significantly (Entries 3–6,
Table 8). (S)-Pyrrolidinyl-tetrazole demonstrated much higher
activity leading to significantly reduced reaction times, especially
when low catalyst loadings were applied (Entries 5–8, Table 8).
The reaction scope was then evaluated by examining a variety of
aldehydes and azodicarboxylates under these optimised reaction
conditions (Table 9) and indeed a selection of aldehydes reacted
with DEAD 17a giving the 3,6-dihydropyridazines 18a-18k in
good to excellent yields and enantioselectivities. These results
further support our homo-aldol coupling hypothesis, with un-
branched aldehydes showing lower yields and surprisingly lower
selectivities (Entries 3–5, Table 9). The study has also indicated
that the reaction can successfully be scaled up (Entry 1, Table 9).
Notably, the 3,6-dihydropyridazine product 18k can be obtained


Table 5 Synthesis of 1,2-oxazines catalysed by (R)-pyrrolidinyl-tetrazole from aldehydes and ketones


a Isolated yields of material after chromatography. b The ee values were determined directly by chiral HPLC.
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Table 6 Synthesis of cis-allylic alcohols through N–O bond cleavage


a Isolated yields of material after chromatography. b The ee values were
determined directly by chiral HPLC. c Reaction carried out on 1.02 mmol
scale. d Reaction carried out on 3.38 mmol scale.


from the TBS-protected b-silyloxypropanal 2k (Entry 8, Table 9).
This indicates that no critical aldehyde chain length exists as it
does in the a-oxyamination case. Interestingly, with L-proline as
catalyst, elimination product 19 (Fig. 1) was obtained as the sole
reaction product.


Fig. 1 Elimination product 19.


Using both enantiomers of citronellal as the chiral aldehyde,
although yields were similar, this mismatched case showed not
only lower diastereoselectivity, but also a much longer reaction
time (compare Entry 6 with Entry 7, Table 9).


A comparison of azodicarboxylates was carried out us-
ing isovaleraldehyde under the optimised reaction conditions
(Table 10). It was found that the di-tert-butyl derivative (Entry 1)
provided an improved ee whilst the benzyl analogue (Entry 2) gave


Table 7 Synthesis of 1,2-oxazines from aldehydes catalysed by the
Maruoka catalyst


a Isolated yields of material after chromatography. b The ee values were
assigned according to Maruoka’s values at the hydroxyamination stage25


assuming no epimerisation in the following steps as found in all previous
reactions.


Table 8 Catalyst and solvent screening


a a-Amination reaction time. b Isolated yields of material after chromatog-
raphy. c The ee values were determined directly by chiral SFC.


notably reduced selectivity. An alternative aminating agent, N-
phenyltriazoline dione (PTAD, 17d) was also investigated (Entry 3)
and the reagent was completely consumed in only 20 minutes
in the a-amination step, despite its rather low solubility in
dichloromethane. However, a much longer reaction time (4 h)
was required in the sequential cyclisation step, which could be due
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Table 9 Synthesis of 3,6-dihydropyridazines from aldehydes


a Isolated yields of material after chromatography. b The ee values were
determined directly by chiral SFC. c Reaction carried out on 5 mmol
scale. d 20 mol% of catalyst used. e 330 min required for a-amination.
f Determining the de values directly by 1H NMR of crude material was
difficult due to the number of rotameric forms present in the spectra.
g 83 min required in a-amination. h The product obtained was 19 when
catalysed by L-proline.


to the increased steric bulk of the reagent and might explain the
reduced enantioselectivity.


Following the successful synthesis of chiral 3,6-dihydropyrida-
zines from aldehyde starting materials, application to ketone


Table 10 Alternative aminating agents


a Isolated yields of material after chromatography. b The ee values were
determined directly by chiral SFC. c Complete reaction sequence carried
out at 0 ◦C. d The relative stereochemistry was confirmed by X-ray
crystallography: CCDC reference number 649830. For crystallographic
data in CIF or other electronic format see DOI: 10.1039/b708646f, see
the ESI† for details. e A 4 h reaction time was required for the cyclisation
step.


precursors did not initially prove very effective. a-Amination
was firstly investigated using cyclohexanone and DEAD in
dichloromethane. Compared with the literature values (79% ee,
11 h)27b using L-proline as catalyst, (S)-pyrrolidinyl-tetrazole 1a
provided a definite improvement in both enantioselectivity (84%
ee) and reaction time (5.5 h). An optimisation study was then cen-
tred on the tandem Wittig process. The optimum conditions were
with KH as the base in a mixed solvent system (1 : 1 : 1, CH2Cl2–
DMSO–THF) where a reduced amount of ketone (1.2 eq.) was
key in minimising intermolecular Wittig side reactions (Entry 4,
Table 11).


With this information in hand, the scope of the ketone substrates
was then examined (Table 12). It was pleasing to find that
the reaction conditions developed were indeed applicable to a
range of ketones (1.2 eq.) using (S)-pyrrolidinyl-tetrazole catalyst
(20 mol%) to give generally moderate yields of product and good
enantioselectivities. In only one case (Entry 5, Table 12), that of the
linear butan-2-one substrate, was it necessary to use a higher excess
of ketone (5 eq.) and higher catalyst loading (30 mol%). A mixture
of regioisomers was obtained with this substrate. Interestingly, a
better ratio of 10 : 1 was achieved using L-proline whilst (S)-
pyrrolidinyl-tetrazole gave only 2 : 1.
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Table 11 Optimisation study of ketone substrates


a Co-solvents used in a 1 : 1 ratio with CH2Cl2. b Isolated yields of material
after chromatography. c The ee values were determined directly by chiral
SFC.


Conclusions


A sequential one-pot synthesis of chiral 1,2-oxazines from achiral
aldehyde and ketone starting materials has been developed. A
range of molecular decoration can be successfully achieved by
varying the substitution pattern of the reagents involved. Similarly,
chiral pyridazines can be prepared by applying a-amination
instead of a-oxyamination in the first part of the transformation.
The 1,2-oxazine products undergo facile N–O bond cleavage to
provide cis-allylic alcohols, which are synthetically useful building
blocks. Further efforts to evaluate the use of these methods and
their application to natural product synthesis and related processes
are underway.


Experimental


Solvents: diethyl ether and tetrahydrofuran were distilled from
sodium calcium hydride and lithium aluminium hydride (tetrahy-
drofuran using triphenylmethane as indicator); chloroform,
dichloromethane, methanol and toluene from calcium hydride
prior to use. Anhydrous dimethylsulfoxide was used as supplied.
Petrol refers to petroleum ether b.p. 40–60 ◦C, and ether to diethyl
ether, which were distilled before use. Reagents: all reactions
were performed under an argon atmosphere unless otherwise
stated. Reagents: were used as supplied or purified using standard
procedures as necessary. Chromatography: flash column chro-
matography was carried out using silica gel 60 (0.040–0.063 mm)
230–400 mesh under pressure unless otherwise indicated. Analyt-
ical thin layer chromatography was performed using pre-coated
glass-backed plates (Merck Kieselgel 60 F254) and visualised by
ultraviolet radiation (254 nm), acidic ceric ammonium molybdate,
or basic potassium permanganate solutions as appropriate. Data
collection: melting points were performed on a Reichert hot-stage
apparatus, and are uncorrected. Optical rotations were measured
on a Perkin Elmer 343 digital polarimeter using a sodium lamp
(589 nm) as the light source, [a]D values are reported in 10−1


deg cm2 g−1. Infrared spectra were recorded as thin films on a
Perkin Elmer Spectrum One FT-IR 1600 spectrometer fitted with
an ATR sampling accessory. 1H NMR spectra were recorded at


Table 12 Synthesis of pyridazines from ketones


a Isolated yields of material after chromatography. b The ee values were
determined directly by chiral SFC. c 67% with ratio of 10 : 1, 21e–21f
obtained when L-proline used.


400, 500 and 600 MHz on Bruker Advance DPX-400, Bruker
Advance DRX-500 (cryoprobe) and Bruker Advance DRX-600
spectrometers, respectively with residual protic solvent CDCl3


as the internal reference (dH = 7.26 ppm) and are reported as
follows: chemical shift d/ppm (number of protons, multiplicity,
coupling constant J/Hz, assignment). 13C NMR spectra were
recorded at 100, 125 and 150 MHz on Bruker Advance DPX-
400, Bruker Advance DRX-500 (cryoprobe) and Bruker Advance
DRX-600 spectrometers, respectively. The resonance of CDCl3


(dC = 77.0 ppm, t) was used as an internal reference. 13C DEPT-
135 and two-dimensional (COSY, HMQC, HMBC and NOESY)
NMR experiments were used where appropriate, to support the
assignment of signals in the 1H and 13C spectra. Two-dimensional
NOESY experiments were performed on a Bruker Advance
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DPX-700 spectrometer at 700 MHz to assign through-space
correlation where appropriate. NMR resolution enhancement was
also used to assist coupling assignment in most 1H NMR spectra.
The 31P NMR spectrum was recorded on a Bruker Advance DPX-
400 spectrometer at 162 MHz. Mass spectra and accurate mass
data were obtained on an LCT Premier spectrometer by Waters
using a Micromass MS software at the Department of Chemistry,
University of Cambridge. The enantiomeric excesses (ee) were
determined by high performance liquid chromatography (HPLC),
performed on Hewlett–Packard Agilent 1100 chromatographs,
or by supercritical fluid chromatography (SFC) on a Berger
Minigram using a Chiralpak AD (0.46 × 25 cm), Chiralpak AD-
H (0.46 × 25 cm), Chiralcel OD (0.46 × 25 cm) or Chiralcel
OD-H (0.46 × 25 cm) column as noted, or gas chromatography
(GC), performed on an Agilent 6890N chromatograph using
an Astec Chiraldex column. The diastereomeric excesses (de)
were determined by 1H NMR spectroscopy of crude products.
The racemic materials were prepared using DL-proline or a
50 : 50 mixture of (2S) and (2R)-5-pyrrolidin-2-yl-1H-tetrazoles
as catalyst in the same procedure as their corresponding optically
active compounds. In the experimental section, compounds are
divided according to general reaction type, rather than table by
table.


For full experimental data of compounds 3a–3j, 9a and
12a–12d see10a: http://pubs3.acs.org/acs/journals/supporting_
information.page?in_manuscript=ol051577u. General experi-
mental procedures and full characteristic data of representative
compounds of each class are supplied here. Full experimental and
characteristic details of all compounds featured in this article can
be found in the ESI†.


General procedure for the synthesis of 1,2-oxazines from aldehydes


To a stirred solution of the appropriate aldehyde (1.2 eq.) in
DMSO (5 ml per 1 mmol of nitrosobenzene) was added (2S)-5-
pyrrolidin-2-yl-1H-tetrazole (20 mol%). The resulting suspension
was stirred vigorously for 1 min before addition of nitrosobenzene
(1.0 eq.). The bright green reaction mixture was stirred at room
temperature until the reaction was determined to be complete by
TLC and the disappearance of green colour, resulting in a yellow
solution. The reaction mixture was then cooled to 0 ◦C and THF
(1 ml per ml of DMSO) was added. Vinyltriphenylphosphonium
bromide (1.5 eq.) was added, followed by sodium hydride (2.0 eq.).
After stirring for 20 min at 0 ◦C, the reaction mixture was quenched
using saturated aqueous NH4Cl (2 ml per ml of reaction volume)
and extracted with ether (3 × 2 ml per ml of reaction volume).
The combined organic layers were dried over MgSO4, filtered and
concentrated in vacuo. The resulting residue was purified by flash
column chromatography (solvents noted) to provide the title com-
pounds.


(6R)-6-(2-(Benzyloxy)ethyl)-2-phenyl-3,6-dihydro-2H -1,2-oxa-
zine (3n). Prepared according to the general procedure from
4-(benzyloxy)butanal (0.22 g, 1.21 mmol) to provide the title
compound as a yellow oil (94 mg, 32%, 99% ee) after flash
column chromatography (20 : 1, petrol–EtOAc). Rf 0.58 (3 : 1,
petrol–EtOAc); [a]D


25 +43.6 (c 0.39 in CHCl3); mmax (film)
2859, 1598, 1491, 1454, 1363, 1212, 1093, 1029, 1005, 888,
753, 690 cm−1; dH (400 MHz, CDCl3) 1.96 (1H, dddd, J


14.3, 8.2, 6.3, 4.3 Hz, CHH′CH2OCH2Ph), 2.05 (1H, app
ddt, J 14.3, 8.9, 5.2 Hz, CHH ′CH2OCH2Ph), 3.65 (1H, ddd,
J 9.4, 6.3, 5.2 Hz, CH2CHH′OCH2Ph), 3.72–3.88 (3H, m,
PhNCH2CH=CHCHCH2CHH ′O), 4.55 (1H, d, J 12.0 Hz,
OCHH′Ph), 4.58 (1H, d, J 12.0 Hz, OCHH ′Ph), 4.76–
4.82 (1H, m, PhNCH2CH=CHCHCH2), 5.89–5.97 (2H, m,
PhNCH2CH=CH), 6.97 (1H, tt, J 7.3, 1.2 Hz, PhH-para),
7.06 (2H, dd, J 8.8, 1.2 Hz, 2 × PhH-ortho), 7.28 (2H,
dd, J 8.8, 7.3 Hz, 2 × PhH-meta), 7.32–7.38 (5H, m, 5 ×
OCH2PhH); dC (100 MHz, CDCl3) 33.7 (CH2CH2OCH2Ph), 51.7
(PhNCH2CH=CH), 66.7 (CH2CH2OCH2Ph), 73.1 (OCH2Ph),
75.1 (PhNCH2CH=CHCH), 115.4 (2 × PhC-ortho), 121.9
(PhC-para), 123.0 (PhNCH2CH=CH), 127.6, 127.7, 128.4 (5 ×
OCH2PhC), 128.8 (2 × PhC-meta), 129.9 (PhNCH2CH=CH),
138.5 (OCH2PhC-ipso), 150.6 (PhC-N); m/z (ES) found 296.1645
([M+H]+ C19H22NO2), requires 296.1651; HPLC (Chiralpak AD-
H, 99 : 1, hexane–iPrOH, 0.5 ml min−1, 254 nm) tR(major) 19.9 min,
tR(minor) 23.0 min.


General procedure for the synthesis of 1,2-oxazines using
4-nitrosoanisole


To a stirred solution of (2S)-5-pyrrolidin-2-yl-1H-tetrazole
(28 mg, 0.20 mmol, 20 mol%) in DMSO (2 ml) was added a
solution of 4-nitrosoanisole (0.15 g, 1.00 mmol, 1.0 eq.) and
the appropriate aldehyde (1.20 mmol, 1.2 eq.) in DMSO (3 ml)
dropwise via syringe over 1 h. The mixture was allowed to stir
for further 1 h and then cooled to 0 ◦C and THF (5 ml) was
added. Vinyltriphenylphosphonium bromide (0.57 g, 1.50 mmol,
1.5 eq.) was added, followed by sodium hydride (0.08 g, 2.00 mmol,
2.0 eq.). After stirring for 20 min at 0 ◦C, the reaction mixture was
quenched using saturated aqueous NH4Cl (20 ml) and extracted
with ether (3 × 20 ml). The combined organic layers were washed
with saturated aqueous LiCl (20 ml) and dried over MgSO4,
filtered and concentrated in vacuo. The resulting residue was
purified by flash column chromatography (solvents noted) to
provide the title compounds.


(6R)-6-Isopropyl-2-(4-methoxyphenyl)-3,6-dihydro-2H-1,2-oxa-
zine (5a). Prepared according to the general procedure from
isovaleraldehyde (0.13 ml, 1.20 mmol) to provide the title com-
pound as a pale yellow solid (84 mg, 36%, >98% ee) after flash
column chromatography (10 : 1, petrol–EtOAc). Rf 0.55 (3 : 1,
petrol–EtOAc); m.p. 54–55 ◦C; [a]D


25 +11.5 (c 0.48 in CHCl3); mmax


(film) 3676, 2971, 2902, 1505, 1463, 1385, 1245, 1210, 1175, 1066,
1037, 991, 867, 832, 726, 714, 659 cm−1; dH (600 MHz, CDCl3)
1.01 (3H, d, J 6.8 Hz, (CH3)(CH′


3)CH), 1.03 (3H, d, J 6.8 Hz,
(CH3)(CH ′


3)CH), 1.94 (1H, app oct, J 6.8 Hz, (CH3)(CH′
3)CH),


3.67 (1H, app ddt, J 15.7, 5.0, 1.7 Hz, ArNCHH′CH=CH),
3.74–3.80 (1H, m, ArNCHH ′CH=CH), 3.78 (3H, s, OCH3),
4.31–4.34 (1H, m, (CH3)2CHCHCH=CH), 5.92–5.98 (2H, m,
(CH3)2CHCHCH=CH), 6.86 (2H, d, J 9.0 Hz, 2 × ArH-
ortho), 7.10 (2H, d, J 9.0 Hz, 2 × ArH-meta); dC (150 MHz,
CDCl3) 18.3 ((CH3)(CH′


3)CH), 18.4 ((CH3)(CH′
3)CH), 31.5


((CH3)(CH′
3)CH), 52.7 (ArNCH2CH=CH), 55.5 (OCH3), 82.4


((CH3)2CHCHCH=CH), 114.1 (2 × ArC-ortho), 117.7 (2 ×
ArC-meta), 123.8 (ArNCH2CH=CH), 128.5 (ArNCH2CH=CH),
144.6 (ArCN), 155.3 (ArCO); m/z (ES) found 234.1490 ([M+H]+


C14H20NO2), requires 234.1494; HPLC (Chiralcel OD-H, 99 : 1,
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hexane–iPrOH, 1.0 ml min−1, 254 nm) tR(minor) 6.9 min, tR(major)
9.3 min.


General procedure for the synthesis of 1,2-oxazines from ketones


To a stirred solution of (2S)-5-pyrrolidin-2-yl-1H-tetrazole (7 mg,
0.05 mmol, 5 mol%) and the appropriate ketone (3.00 mmol,
3.0 eq.) in DMSO (3 ml) was added a solution of nitrosobenzene
(0.11 g, 1.00 mmol, 1.0 eq.) in DMSO (2 ml) dropwise via syringe
over 1 h. The reaction mixture was allowed to stir for a further
1 h, then vinyltriphenylphosphonium bromide (0.57 g, 1.50 mmol,
1.5 eq.) was added. The resulting solution was added to a stirred
suspension of KH (0.40 g, 30% in mineral oil, washed with
hexane, 3.00 mmol, 3.0 eq.) in THF (5 ml) at 0 ◦C. After 2 h
of vigorous stirring at 0 ◦C, the reaction mixture was quenched
using saturated aqueous NH4Cl (20 ml), extracted with ether (3 ×
30 ml), and washed with saturated aqueous LiCl (20 ml). The
combined organic phase was dried using MgSO4, filtered and
concentrated in vacuo. The resulting residue was purified by flash
column chromatography (solvent noted) to provide the oxazine
products.


(8aR)-2-Phenyl-3,5,6,7,8,8a-hexahydro-2H -benzo[e][1,2]oxa-
zine (8a). Prepared according to the general procedure from
cyclohexanone (0.32 ml, 3.00 mmol) to provide the title
compound as an orange solid (0.13 g, 60%, 99% ee) after
flash column chromatography (20 : 1, petrol–EtOAc). Rf 0.64
(3 : 1, petrol–EtOAc); m.p. 51–53 ◦C; [a]D


25 +133.3 (c 0.73
in CHCl3); mmax (film) 3059, 2934, 2854, 2818, 1597, 1486,
1445, 1437, 1361, 1342, 1220, 1193, 1180, 1149, 1093, 1064,
1014, 993, 921, 880, 860, 835, 820, 785, 751, 722, 689 cm−1;
dH (600 MHz, CDCl3) 1.25–1.33 (1H, m, CH=CCH2CHH′),
1.36–1.48 (2H, m, CH=C(CH2)2CHH ′CHH′), 1.76–1.80 (1H,
m, CH=CCH2CHH ′), 1.85–1.89 (1H, m, CH=C(CH2)2CHH′),
2.02–2.09 (1H, m, CH=CCHH ′(CH2)3), 2.14–2.18 (1H, m,
CH=C(CH2)3CHH ′), 2.38 (1H, dddd, J 14.2, 4.2, 2.1, 2.1 Hz,
CH=CCHH′(CH2)3), 3.72 (1H, app dq, J 15.4, 2.7 Hz,
PhNCHH′CH=C), 3.88 (1H, dddd, J 15.4, 5.1, 2.5, 2.5 Hz,
PhNCHH ′CH=C), 4.49–4.54 (1H, m, PhNOCH(CH2)4), 5.58–
5.60 (1H, m, PhNCH2CH=C), 6.98 (1H, tt, J 7.3, 1.0 Hz,
PhH-para), 7.14 (2H, dd, J 8.7, 1.0 Hz, 2 × PhH-ortho), 7.30
(2H, dd, J 8.7, 7.3 Hz, 2 × PhH-meta); dC (150 MHz, CDCl3)
23.9 (CH=C(CH2)2CH2CH2), 26.8 (CH=CCH2CH2(CH2)2),
31.4 (CH=C(CH2)3CH2), 32.2 (CH=CCH2(CH2)3), 52.1
(PhNCH2CH=C), 78.3 (NOCH(CH2)4), 114.8 (PhNCH2CH=C),
115.9 (2 × PhC-ortho), 122.0 (PhC-para), 128.7 (2 × PhC-meta),
140.3 (PhNCH2CH=C), 150.6 (PhC-N); m/z (ES) found 216.1380
([M+H]+ C14H18NO), requires 216.1388; HPLC (Chiralpak AD–
H, 99 : 1, hexane–iPrOH, 0.5 ml min−1, 254 nm) tR(major)
10.1 min, tR(minor) 10.8 min.


General procedure for the synthesis of 1,2-oxazines catalysed by
the Maruoka catalyst


To a stirred solution of the Maruoka catalyst (4 mg, 0.006 mmol,
10 mol%) in THF (0.5 ml) was added nitrosobenzene (7 mg,
0.060 mmol, 1.0 eq.) in one portion at 0 ◦C. The resulting solution
was stirred vigorously for 10 min before dropwise addition of the
appropriate aldehyde (0.180 mmol, 3.0 eq.). The reaction mixture


was stirred at 0 ◦C for 1 h until the reaction was determined to be
complete by TLC. Vinyltriphenylphosphonium bromide (34 mg,
0.090 mmol, 1.5 eq.) was added, followed by additional THF
(0.2 ml), DMSO (0.3 ml) and sodium hydride (5 mg, 0.132 mmol,
2.2 eq.). After 1.5 h of stirring at 0 ◦C, the reaction mixture was
quenched using saturated aqueous NH4Cl (5 ml) and extracted
with ether (3 × 5 ml). The combined organic layers were washed
with saturated aqueous LiCl (10 ml), then H2O (10 ml), dried over
MgSO4, filtered and concentrated in vacuo. The resulting residue
was purified by flash column chromatography (solvents noted) to
provide the title compounds.


(3R)-3-Methyl-2-phenyl-3,6-dihydro-2H-1,2-oxazine (16a).
Prepared according to the general procedure from
propionaldehyde (0.13 ll, 0.180 mmol) to provide the title
compound as a yellow oil (4 mg, 33%) after flash column
chromatography (3 : 1, petrol–CH2Cl2). Rf 0.72 (3 : 1, petrol–
EtOAc); [a]D


25 + 183.3 (c 0.06 in CHCl3); mmax (film) 2959, 2928,
2859, 1726, 1599, 1492, 1460, 1379, 1268, 1121, 1072, 1057,
958, 878, 754, 693 cm−1; dH (600 MHz, CDCl3) 1.11 (3H, d, J
6.6 Hz, CH3CHCH=CH), 4.09–4.14 (1H, m, CH3CHCH=CH),
4.37 (1H, dddd, J 15.6, 3.2, 1.8, 1.8 Hz, CH=CHCHH′O),
4.57 (1H, app dq, J 15.6, 1.8 Hz, CH=CHCHH ′O), 5.89 (1H,
dddd, J 10.0, 3.2, 1.8, 1.8 Hz, CH=CHCH2O), 5.94 (1H, dddd,
J 10.0, 4.1, 1.8, 1.8 Hz, CH=CHCH2O), 6.98 (1H, tt, J 7.3,
1.1 Hz, PhH-para), 7.09 (2H, dd, J 8.7, 1.1 Hz, 2 × PhH-ortho),
7.30 (2H, dd, J 8.7, 7.3 Hz, 2 × PhH-meta); dC (150 MHz,
CDCl3) 14.6 (CH3CHCH=CH), 55.5 (CH3CHCH=CH), 68.7
(CH=CHCH2O), 116.8 (2 × PhC-ortho), 122.0 (PhC-para), 124.9
(CH=CHCH2O), 128.8 (2 × PhC-meta), 129.4 (CH=CHCH2O),
148.8 (PhC-N); m/z (ES) found 176.1078 ([M+H]+ C11H14NO),
requires 176.1075.


General procedure for the synthesis of cis-allylic alcohols through
N–O cleavage


To a stirred solution of the 1,2-oxazine (1 eq.) in MeOH was added
zinc powder (5 eq.) and 3N aqueous HCl (20 eq.). The resulting
suspension was stirred vigorously at room temperature until the
reaction was determined to be complete by TLC. The reaction
mixture was quenched using saturated aqueous NaHCO3, diluted
with H2O and extracted with EtOAc three times. The combined
organic phase was dried (MgSO4), filtered and concentrated in
vacuo. The resulting residue was purified by flash column chro-
matography (solvents noted) to provide the desired compound.


(R,Z)-2-(2-(Phenylamino)ethylidene)cyclohexanol (13a). Pre-
pared according to the general procedure from (6R)-2-
phenyl-3,5,6,7,8,8a-hexahydro-2H-benzo[e][1,2]oxazine (19 mg,
0.084 mmol) for 48 h to provide the title compound as a brown
solid (15 mg, 83%, 99% ee) after flash column chromatography
(3 : 1, petrol–EtOAc with 1% triethylamine). Rf 0.28 (3 :
1, petrol–EtOAc with 1% triethylamine); m.p. 56–57 ◦C;
[a]D


25 −48.4 (c 0.55 in CHCl3); mmax (film) 3675, 3257, 2930,
2901, 2808, 1601, 1522, 1497, 1439, 1408, 1301, 1251, 1234,
1146, 1089, 1060, 1037, 986, 914, 857, 749, 691 cm−1; dH


(500 MHz, CDCl3) 1.37 (1H, m, CH=CCH2CHH′(CH2)2),
1.49–1.61 (2H, m, CH=C(CH2)2CHH′CHH′), 1.69–1.90 (3H, m,
CH=CCH2CHH ′CHH ′CHH ′), 2.00 (1H, app dt, J 13.5, 4.2 Hz,
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CH=CCHH′(CH2)3), 2.39–2.46 (1H, m, CH=CCHH ′(CH2)3),
3.73–3.82 (2H, m, PhNHCH2CH=C), 4.70 (1H, t, J 3.7 Hz,
CH=CCHOH), 5.38–5.42 (1H, m, PhNHCH2CH=C), 6.64 (2H,
dd, J 8.6, 1.1 Hz, 2 × PhH-ortho), 6.73 (1H, tt, J 7.3, 1.1 Hz,
PhH-para), 7.18 (2H, dd, J 8.6, 7.3 Hz, 2 × PhH-meta);
dC (125 MHz, CDCl3) 20.8 (CH=C(CH2)2 CH2CH2), 27.8
(CH=CCH2CH2(CH2)2), 32.7 (CH=CCH2(CH2)3), 34.6
(CH=C(CH2)3CH2), 40.9 (PhNHCH2), 65.5 (CH=CCHOH),
113.4 (2 × PhC-ortho), 118.0 (PhC-para), 120.9 (PhNHCH2-
CH=C), 129.2 (2 × PhC-meta), 144.3 (PhNHCH2CH=C), 147.9
(PhC–N); m/z (ES) found 240.1365 ([M+Na]+ C14H19NONa),
requires 240.1364; HPLC (Chiralcel OD-H, 90 : 10, hexane–
iPrOH, 1.0 ml min−1, 254 nm) tR(minor) 28.6 min, tR(major)
35.1 min.


General procedure for the synthesis of 3,6-dihydropyridazines from
aldehydes


To a stirred solution of the appropriate aldehyde (1.2 eq.) and
aminating agent (1.0 eq.) in CH2Cl2 (3 ml per mmol of the
aminating agent) was added (2S)-5-pyrrolidin-2-yl-1H-tetrazole
catalyst (10 mol%). The resulting suspension was stirred at room
temperature until the yellow colour of the azodicarboxylate
or the red colour of the N-phenyltriazolinedione, respectively,
disappeared. The mixture was then cooled to 0 ◦C, THF (1 ml
per ml of CH2Cl2) added. Vinyltriphenylphosphonium bromide
(1.5 eq.) was added, followed by NaH (2.5 eq.). After 45 min of
stirring at 0 ◦C, the reaction mixture was quenched using saturated
aqueous NH4Cl (2 ml per ml reaction volume) and extracted with
CH2Cl2 (3 × 1 ml per ml reaction volume). The combined organic
layers were washed with brine (2 ml per ml reaction volume)
and dried over MgSO4, filtered and concentrated in vacuo. The
resulting residue was purified by flash column chromatography
(solvents noted) to provide the title compounds.


(3R)-3-Isopropyl-3,6-dihydro-pyridazine-1,2-dicarboxylic acid
diethyl ester (18a). Prepared according to the general procedure
from isovaleraldehyde (130 ll, 103 mg, 1.2 mmol) and diethyl
azodicarboxylate (97% purity, 162 ll, 179 mg, 1.0 mmol).
Purification by gradient flash column chromatography (10 : 1 →
2 : 1, petrol–EtOAc) gave the title compound as a colourless
oil (241 mg, 89%, 94% ee). Rf 0.45 (3 : 1, petrol–EtOAc); [a]D


25


−98.3 (c 1.00 in CHCl3); mmax (film) 2961, 2872, 1705, 1467,
1407, 1378, 1337, 1287, 1211, 1173, 1111, 1059, 1024, 926, 872,
826, 755, 707 cm−1; dH (400 MHz, CDCl3) 0.95–1.02 (3H, m,
CH(CH3)(CH′


3)), 1.06 (2.25H, d, J 6.6 Hz, CH(CH3)(CH ′
3) of


major rotamer), 1.11 (0.75H, d, J 6.6 Hz, CH(CH3)(CH ′
3) of


minor rotamer), 1.19–1.33 (6H, m, 2 × CH2CH3), 1.71–1.85 (1H,
m, CH(CH3)2), 3.62–3.95 (1H, m, NCHH′), 4.02–4.30 (5H, m,
NCH and 2 × CO2CH2CH3), 4.30–4.40 (1H, m, NCHH ′), 5.66–
5.82 and 5.83–5.95 (2H, m, CH=CH); dC (100 MHz, CDCl3) 14.5
and 14.6 (CH2CH3), 19.1 and 20.1 (CH(CH3)2), 32.2 (CH(CH3)2),
42.5 (NCH2), 60.7 (NCH), 62.0 and 62.3 (2 × CO2CH2CH3),
122.8 and 127.1 (CH=CH), 155.4 (2 × CO2CH2CH3); m/z (ESI)
found 293.1476 ([M+Na]+ C13H22N2O4Na), requires 293.1477;
SFC (Chiralcel OD-H, 10% iPrOH in CO2, 1.0 ml min−1, 100 bar,
200 nm) tR(major) 6.0 min, tR(minor) 4.9 min.


Diethyl 3-methylenepyridazine-1,2(3H ,6H)-dicarboxylate (19).
Prepared according to the general procedure from 3-(tert-


butyldimethylsilyloxy)propanal (226 mg, 1.2 mmol) and diethyl
azodicarboxylate (97% purity, 162 ll, 179 mg, 1.0 mmol) and
proline as a catalyst. Reaction time for the a-amination was 48 h.
Purification by gradient flash column chromatography (10 : 1 →
2 : 1, hexane–EtOAc) gave the title compound as a colourless oil
(105 mg, 44%). Rf 0.50 (3 : 1, hexane–EtOAc); mmax (film) 2983,
2937, 2910, 1713, 1646, 1600, 1466, 1398, 1372, 1327, 1282, 1257,
1207, 1172, 1127, 1090, 1037, 1022, 952, 910, 872, 754 cm−1; dH


(600 MHz, CDCl3) 1.13–1.31 (6H, m, 2 × CO2CH2CH3), 3.67–
3.95 (1H, m, NCHH′), 4.04–4.31 (4H, m, 2 × CO2CH2CH3),
4.37–4.67 (1H, m, NCHH ′), 4.93 (1H, s, C=CHH′), 5.21–5.56
(1H, m, C=CHH ′), 5.85 (1H, br s, CH=CHC=CH2), 6.06
(1H, d, CH=CHC=CH2); dC (150 MHz, CDCl3) 14.4 (2 ×
CO2CH2CH3), 43.8 (NCH2), 62.5 and 62.6 (2 × CO2CH2CH3),
108.0 (CH=CHC=CH2), 124.5 and 125.0 (CH=CHC=CH2),
137.2 (CH=CHC=CH2), 155.7 (2 × CO2CH2CH3); m/z (ESI)
found 263.1000 ([M+Na]+ C11H16N2O4Na), requires 263.1008.


General procedure for the synthesis of pyridazines from ketones


To a stirred solution of the appropriate ketone (1.2 eq.) and
diethyl azodicarboxylate (1.0 eq.) in CH2Cl2 (5 ml per mmol of
diethyl azodicarboxylate) was added (2S)-5-pyrrolidin-2-yl-1H-
tetrazole catalyst (20 mol%). The reaction mixture was stirred
at room temperature for 24 h. DMSO (1 ml per ml of CH2Cl2)
and vinyltriphenylphosphonium bromide (1.5 eq.) were added.
The solution was cooled to 0 ◦C and then added in one portion
via syringe to a suspension of KH (2.5 eq., 30%, in mineral oil,
washed with hexane (2 × 3 ml)) in THF (1 ml per ml of CH2Cl2)
at 0 ◦C. The reaction mixture was slowly allowed to warm to
room temperature and quenched after 270 min with saturated
aqueous NH4Cl (2 ml per ml reaction volume) and extracted with
CH2Cl2 (2 × 1 ml per ml reaction volume). The combined organic
layers were washed with saturated aqueous LiCl (2 ml per ml
reaction volume), brine (2 ml per ml reaction volume) and dried
over MgSO4, filtered and concentrated in vacuo. The resulting
residue was purified by flash column chromatography (solvents
noted) to provide the title compounds.


(8aR)-3,5,6,7,8,8a-Hexahydrocinnoline-1,2-dicarboxylic acid di-
ethyl ester (21a). Prepared according to the general procedure
from cyclohexanone (124 ll, 118 mg, 1.2 mmol) to provide the
title compound as a colourless oil (147 mg, 52%, 76% ee) after
flash column chromatography (5 : 1, petrol–EtOAc). Rf 0.62
(2:1, petrol–EtOAc); [a]D


25 −101.2 (c 2.00 in CHCl3); mmax (film)
2933, 2856, 2295, 1704, 1415, 1382, 1342, 1298, 1240, 1216, 1172,
1141, 1115, 1094, 1070, 1047, 1026, 960, 884, 799, 755 cm−1; dH


(400 MHz, CDCl3) 1.08–1.35 (7H, m, one of (CH2)4 and 2 ×
CH2CH3), 1.38–1.52 (2H, m, two of (CH2)4), 1.71–1.90 (2H, m,
two of (CH2)4), 1.91–2.10 (2H, m, two of (CH2)4), 2.20–2.32 (1H,
m, one of (CH2)4), 3.55–3.90 (1H, m, NCHH′), 4.15–4.22 (4H,
m, 2 × CO2CH2CH3), 4.22–4.46 (2H, m, NCH and NCHH ′),
5.42 (1H, br s, C=CH); dC (100 MHz, CDCl3) 14.9 and 15.0 (2 ×
CO2CH2CH3); 25.5, 28.1, 32.6 and 35.1 ((CH2)4), 43.2 (NCH2),
57.1 (NCH), 62.3 and 62.5 (2 × CO2CH2CH3), 114.4 (C=CH),
139.5 (C=CH), 155.7 and 156.0 (2 × CO2CH2CH3); m/z (ESI)
found 305.1486 ([M+Na]+ C14H22N2O4Na), requires 305.1477;
SFC (Chiralcel OD-H, 10% iPrOH in CO2, 1.0 ml min−1, 100 bar,
200 nm) tR(major) 9.2 min, tR(minor) 7.9 min.
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and C. J. Welch, J. Org. Chem., 1995, 60, 2989.


20 A. Defoin, Synthesis, 2004, 5, 706.
21 (a) D. Seyferth and J. Fogel, J. Organomet. Chem., 1966, 6, 205; (b) E. E.


Schweizer, A. T. Wehman and D. M. Nycz, J. Org. Chem., 1973, 38,
1583.


22 P. T. Keough and M. Grayson, J. Org. Chem., 1964, 29, 631.
23 Diastereomeric ratio was obtained by crude 1H NMR and relative


stereochemistry was assigned from 700 MHz NOESY spectra.
24 Assigned by 700 MHz NOESY spectrum.
25 T. Kano, M. Ueda, J. Takai and K. Maruoka, J. Am. Chem. Soc., 2006,


128, 6046.
26 No further experiments were conducted owing to small amount of


catalyst available to us via a generous gift from Prof. Keiji Maruoka.


2688 | Org. Biomol. Chem., 2007, 5, 2678–2689 This journal is © The Royal Society of Chemistry 2007







27 (a) For the a-amination of aldehydes, see: A. Bøgevig, K. Juhl, N.
Kumaragurubaran, W. Zhuang and K. A. Jørgensen, Angew. Chem.,
Int. Ed., 2002, 41, 1790; (b) B. List, J. Am. Chem. Soc., 2002, 124,
5656; (c) H. Vogt, S. Vanderheiden and S. Brase, Chem. Commun.,
2003, 2448; (d) For a-amination on other substrates or its use in total
synthesis, see: N. Kumaragurubaran, K. Juhl, W. Zhuang, A. Bøgevig
and K. A. Jørgensen, J. Am. Chem. Soc., 2002, 124, 6254; (e) K. Juhl
and K. A. Jørgensen, J. Am. Chem. Soc., 2002, 124, 2420; (f) M. Marigo,


K. Juhl and K. A. Jørgensen, Angew. Chem., Int. Ed., 2003, 42, 1367;
(g) S. Saaby, M. Bella and K. A. Jørgensen, J. Am. Chem. Soc., 2004,
126, 8120; (h) W. Pei, H.-X. Wei, D. Chen, A. D. Headley and G. Li,
J. Org. Chem., 2003, 68, 8404; (i) H. Iwamura, S. P. Mathew and D. G.
Blackmond, J. Am. Chem. Soc., 2004, 126, 11770; (j) X. Liu, H. Li and
L. Deng, Org. Lett., 2005, 7, 167; (k) N. S. Chowdari and C. F. Barbas,
III, Org. Lett., 2005, 7, 867; (l) J. T. Suri, D. D. Steiner and C. F. Barbas,
III, Org. Lett., 2005, 7, 3885.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 2678–2689 | 2689





