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A library of 64 phytosphingolipid analogues resulting from the systematic variation of the C1, C3, C4,
and the N-acyl moiety of phytosphingosine (PHS) has been prepared from common scaffolds derived
from the chiral pool and Sharpless asymmetric dihydroxylation reactions. Library members have been
evaluated as growth inhibitors of the yeast Saccaromyces cerevisiae. In addition, 1-amino-N-pivaloyl
PHS analogues were also tested as IPC synthase inhibitors, in comparison with the natural product
khafrefungin.


Introduction


Fungi are eukaryotic organisms that present a rigid cell wall
together with an ergosterol-rich cytoplasmatic membrane. They
grow as yeasts or moulds, and species such as Candida, Aspergillus
and Cryptococcus are among the most common human pathogens.
However, new pathogenic fungal species are emerging that can give
rise to a wide variety of fungal infections, from superficial to deeply
invasive and disseminated systemic ones.1


In recent years, the number of serious fungal opportunistic
infections has risen dramatically due to the increased number
of immune-suppressed patients, either by HIV,2,3 cancer chemo-
therapy4,5 or organ allograft transplantation.6–8


The increase of fungal resistance to standard treatments9,10 has
stimulated the search for new therapeutic agents in this field. One
of the current strategies relies on the discovery of new pharma-
cological targets.11 In this context, exploitation of the metabolic
differences between fungal and mammalian sphingolipid (SL)
metabolism represents an attractive approach. SLs are essential
components in eukaryotic cells that are also involved in cell growth
regulation and communication processes.12,13 Since they present
significant differences in mammalian and fungal cells, they are
attractive new targets for fungal intervention, as evidenced by
several natural products that have been discovered in recent years
as selective inhibitors of fungal sphingolipid biosynthesis.14 One
of the most significant differences in SL biosynthesis between
fungi and mammals is the hydroxylation of dihydrosphingosine
(DHS) to phytosphingosine (PHS) by means of a C4 hydroxylase.15


Moreover, PHS can be acylated to phytoceramide (PHC), which,
in turn, can be transformed into complex fungal SLs via its
initial conversion into inositolphosphoryl ceramide (IPC) by the
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action of inositolphosphoryl ceramide synthase (IPC synthase)
(Scheme 1). It has been reported that the reaction catalyzed by IPC
synthase plays a role in the transition from the G1 to the S phase
of the cell cycle16 and is essential for sphingolipid biosynthesis
in fungi. Therefore specific IPC synthase inhibitors, such as the
natural product khafrefungin (Scheme 1), are attractive targets
for the design of new, nontoxic antifungal agents.14,17,18


In this context, we are currently interested in the search of
new, selective, modulators of fungal SL metabolism based on
the design and synthesis of SL analogues. In particular, we
wish to report on a series of new phytosphingolipid (PHSL)
analogues shown in Fig. 1. They have been designed according
to three different structural criteria: a) Modification of the C3–C4
dihydroxy framework present in natural PHC; b) replacement of
the C1-OH group with amino and azido functionalities, and c)
variations on the N-acyl substitution.


Preliminary results on antifungal activity as Saccharomyces
cerevisiae growth inhibitors is reported in this work, as well as
the inhibitory properties against IPC synthase for the most active
analogues.


Results and discussion


Chemistry


Synthesis of PHSL analogues started from N-Boc olefins (E)- and
(Z)-13b (Fig. 1), obtained from Garner aldehyde through slight
modifications of reported protocols.19–21 Azido olefins (E)- and
(Z)-14b were obtained from (E)- and (Z)-13b following standard
mesylation to (E)- and (Z)-16b and azide displacement. Sharpless
asymmetric dihydroxylation (AD) of olefins (E)- and (Z)-13b
with AD-mix-a or -b catalysts was carried out as described in
the literature20 to give the expected triols 1b–4b. Application of
the same protocol to azido olefins (E)- and (Z)-14b afforded the
corresponding azido diols 5b–8b in good yields and diastereose-
lectivities (Table 1).


As expected from the Kishi and Sharpless empirical rules for
the AD reaction,22,23 the stereochemical course from olefins 13
and 14 was not affected by the presence of the azide group,
as evidenced by the close similarities found in the 1HNMR
spectra for each equivalent isomeric pair (1b/5b, 2b/6b, 3b/7b,
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Scheme 1 Divergent biosynthetic pathways in mammals and fungi.


Fig. 1 General structures of the library of PHSL analogues described in this study.


4b/8b). In addition, we further confirmed the above assumption
by chemical correlation. Thus, 1b and 5b afforded the same bis-
OTBS derivative 18 by simple functional group manipulations, as
shown in Scheme 2.


Despite the identical stereochemical course observed for azido
and hydroxy olefins in the AD reaction, some reactivity differences
are remarkable. Thus, a higher stereoselectivity arose from azido
olefin (Z)-14b on reaction with AD-mix-b, compared with the


corresponding hydroxy counterpart (Z)-13b (entries 1 and 5,
Table 1). Interestingly, an opposite trend was observed on reaction
with AD-mix-a (entries 2 and 6). In addition, dihydroxylation
of azido olefins in the presence of AD-mix-a led to incomplete
conversions and lower yields than the corresponding hydroxy
olefins (compare entries 2 and 4 with entries 6 and 8). This trend
can be attributed to a presumed unfavourable interaction of the
azido group with the chiral ligand.
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Scheme 2 Reagents and conditions: a) TBSOTf, 2,6-lutidine, DCM, 0 → 25 ◦C; b) HF·pyr, THF, 0 → 25 ◦C; c) MsCl, TEA, DCM, 0 → 25 ◦C; d) NaN3,
DMF, 65 ◦C.


Table 1 Sharpless asymmetric dihydroxylation (AD) of olefins (Z)- and
(E)-13b and (Z)- and (E)-14b


Entry Olefina AD-mix Yield (%) Major isomera Isomeric ratio


1 (Z)-13b b 96 1b (D-ribo) 87 : 13 (1b/2b)
2 (Z)-13b a 82 2b (L-arabino) 13 : 87 (1b/2b)
3 (E)-13b b 94 3b (D-xylo) 85 : 15 (3b/4b)
4 (E)-13b a 93 4b (L-lyxo) 15 : 85 (3b/4b)
5 (Z)-14b b 94 5b (D-ribo) 92 : 8 (5b/6b)
6 (Z)-14b a 49b 6b (L-arabino) 29 : 71 (5b/6b)
7 (E)-14b b 96 7b (D-xylo) 88 : 12 (7b/8b)
8 (E)-14b a 62c 8b (L-lyxo) 12 : 88 (7b/8b)


a See Fig. 1. b 39% recovered starting material. c 33% recovered starting
material.


N-Boc removal of 1b–8b and 13b, 14b (E and Z isomers) under
classical acidic conditions19,20 set the stage for amide formation to
gain access to PHC analogues. This was carried out by selective
coupling the resulting amino derivatives 1a–8a and 13a, 14a (E
and Z isomers) with some of the acyl derivatives c–k shown in
Fig. 2.


Acylating agents were chosen in order to compare the biological
activities of the resulting PHC analogues with those of related
ceramide analogues currently under evaluation in our group.24


Acyl chlorides c–j reacted in good to moderate yields under
Schotten–Baumann conditions (THF, 50% aq. NaOAc) to afford


Fig. 2 Acylating agents used for the synthesis of PHC analogues.


the corresponding amides shown in Scheme 3. Carboxylic acid 1k
was coupled in the presence of HOBt–EDC in THF.25


1-Amino PHSL analogues were obtained by reduction of the
corresponding azide precursors (Scheme 4). Catalytic hydrogena-
tion was the method of choice for 9–12, whereas azide reduction via
Staudinger reaction was required for azido olefins 14 to preserve
the double bond integrity of the final analogues.


Scheme 3 PHC analogues synthesized in this study. a: R′ = H; b: R′ = Boc; c–k: see Fig. 2.


Scheme 4 Synthesis of 1-amino PHC analogues; a: R′ = H; b: R′ = Boc; c,d: see Fig. 2. Reagents and conditions: (a) H2, Pd/C, THF, 20 h, rt; (b) Ph3P,
THF–H2O (9 : 1), 60–72 h, 25 ◦C.
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Yeast growth inhibition


S. cerevisiae, whose SL metabolism and signalling functions are
well known,26,27 has also been considered as a pathogen model for
antifungal activity.28 In this context, PHS has been shown to inhibit
S. cerevisiae growth through ubiquitin-dependent proteolysis of
different nutrient permeases.29 Along this line, the PHS analogues
described in this work (1a–12a) were evaluated as S. cerevisiae
growth inhibitors in order to determine the influence of the
sphingoid chain configuration at the C3–C4 positions and the
nature of the functional group at C1 (Table 2 and Fig. 3).


All four PHS diastereomers (R = OH, 1a–4a, Fig. 1) were good
growth inhibitors, especially the unnatural isomers 2a–4a (IC50


90–110 lM). Analogues resulting from the replacement of C1-OH
with a primary amine (R = NH2, 9a–12a, Fig. 1) were devoid
of activity, an indication of the importance of C1-OH in natural
PHS. On the other hand, striking differences on growth inhibitory
properties were found among azide derivatives (R = N3, 5a–8a,
Fig. 1), where the naturally configured D-ribo analogue 5a and
L-arabino analogue 6a (IC50 150 and 135 lM, respectively) were
the most active ones. It is worth noting that the stereoselectivity
observed in the azide analogues was not found in the amino
(R = NH2) or hydroxy (R = OH) counterparts. Since the simple
aliphatic alcohol (1-octadecanol), amine (1-octadecylamine) or
azide (1-azidooctadecane) were totally devoid of activity in this
assay, and unsaturated alcohols ((E)- and (Z)-13a and (E)- and
(Z)-15a) showed a similar inhibition profile (IC50 98–145 lM),
it is reasonable to assume that the observed effects for our PHS
analogues are the result of specific, albeit yet undisclosed, cellular
effects rather than unspecific membrane-disrupting mechanisms.
It is accepted that effective incorporation of D-ribo PHS into phy-
tosphingolipids requires both phosphorylation and subsequent
dephosphorylation. These reactions serve to properly localize the
sphingoid base and to allow for efficient action of downstream
enzymes, since yeasts with a deleted phosphatase gene (LCB3)
are more resistant to PHS treatment.30 Although additional
experiments are required along this line, targets of natural PHS,
such as AGC-type protein kinases31 and/or nutrient permeases29,32


seem reasonable candidate targets for PHS stereoisomers 1a–4a.


Table 2 Inhibition of yeast growth by PHSL analogues at 400 lM


Compound Inhibition (%) (mean ± SD) IC50/lM


1a 77 ±2 280
2a 84 ±3 110
3a 92 ±1 98
4a 100 ±2 90
5a 98 ±1 150
6a 85 ±2 135
7a 40 ±4 —
8a n/a —
(Z)-13a 79 ±3 145
(E)-13a 83 ±4 128
(Z)-15a 80 ±6 102
(E)-15a 82 ±5 98
1b 23 ±5 —
2b n/a —
3b 64 ±3 —
4b 6 ±6 —
5b 6 ±7 —
9b 90 ±7 176
(Z)-13b 43 ±6 —
1c 59 ±5 —
9c 43 ±5 —
10c 100 ±5 72
11c 83 ±5 98
12c 92 ±3 71
(Z)-15c 50 ±5 —
(E)-15c 70 ±6 —
(Z)-15d 4 ±2 —
1e n/a —
1f 55 ±4 —
1g 44 ±3 —
1h n/a —
1i 3 ±8 —
1j n/a —
1k n/a —


Preliminary experiments on PHC analogues were first carried
out from N-acyl derivatives of natural D-ribo stereochemistry (1c–
k, Table 2, Fig. 1 and 2). Branched a- or b-N-acyl substituents
led to the most potent growth inhibitors (compounds 1c, 1f,
and 1g).33 These promising data led us to explore other N-
pivaloyl derivatives arising from the systematic variation of the
C1 functionality and/or the stereochemistry around the C3–C4


Fig. 3 Yeast growth inhibition (%) in the presence of PHSL analogues at 400 lM.
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moiety of the sphingoid backbone. Thus, replacement of C1-
OH with an azido group (5c–8c, Fig. 1 and 2), as well as the
presence of a non-natural stereochemistry on the sphingoid base
(2c–4c) was detrimental for growth inhibition. However, this trend
was not observed for the C1-NH2 analogues (9c–12c, Fig. 1 and
2), where the non-naturally configured 10c–12c were the most
potent growth inhibitors (IC50 71–98 lM, Table 2 and Fig. 3).
Unsaturated analogues ((E)- and (Z)-15c), bearing the C1-NH2


and N-pivaloyl moieties, showed growth inhibitory properties
comparable to those of the corresponding D-ribo analogue 9c, this
stressing the importance of an unnatural stereochemistry at C3–
C4 for the activity of these kinds of PHC analogues.34 Finally,
although N-octanoyl analogue 1d was inactive, the inhibitory
activity elicited by the C1-NH2 analogues 9c–12c and (E)- and (Z)-
15c prompted us to test the corresponding C1-NH2 N-octanoyl
derivatives 9d and (Z)-15d. However, none of them led to yeast
growth inhibition.35


Different C1-functionalized N-Boc PHS (1b–5b and 9b, Fig. 1
and 2) and olefin isomers ((Z)- and (E)-13b, 14b, and 15b) were also
tested (Table 2 and Fig. 3). As a general trend, the activity of C1-
OH analogues (1b–4b) was lower than that of the corresponding
free sphingoid base (1a–4a). However, some of them exhibited
higher inhibitory activity than the corresponding N-pivaloyl
analogues (compare, for example 3b/3c and (Z)-13b/(Z)-13c,
Fig. 3). Among the N-Boc C1-NH2 analogues tested, the D-ribo
compound 9b was the most active one, exhibiting an IC50 value
of 176 lM (Table 2). With the exception of olefin (Z)-13b, the
remaining olefin isomers were inactive as yeast growth inhibitors.


IPC synthase inhibition


As mentioned above, specific IPC synthase inhibitors are attractive
targets for the design of new, nontoxic antifungal agents. However,
only some structurally complex natural products have been
reported so far.14 Attempts to obtain simplified analogues have
found limited success so far, as reported for galbonolide36 and
khafrefungin (Scheme 1).37,38 The complex chemical structures of
the above compounds and the lack of significant activity found
for simplified analogues indicate the striking difficulty of finding
new IPC synthase inhibitors. Along this line, several of our PHC
analogues were assayed against IPC synthase using khafrefungin
as a reference inhibitor.


Using a membrane preparation from S. cerevisiae obtained as
described by Aeed et al.39 and an HPLC-fluorimetric assay to
assess the formation of fluorescent inositol phosphoryl C6-NBD
ceramide (C6-NBD-Cer),40 we were able to determine a Km of
4.3 lM for C6-NBD-Cer, a similar value to that reported for IPC
synthase from Candida albicans.39 This assay was optimized and
routinely used, as described in the Experimental section.


Based on the above analytical protocol, N-pivaloyl PHC
analogues 1c–12c were evaluated in vitro as IPC synthase inhibitors
in comparison with khafrefungin.17,37,41 For comparative purposes,
the D-ribo N-octanoyl analogues 1d and 9d, as well as N-Boc
analogues 9b, (Z)-15b and (E)-15b, were studied. Compounds
were evaluated at 30 lM against the fluorescent substrate C6-
NBD-Cer at 10 lM. The results are shown in Table 3.


As a general trend, C1-azido analogues (5c–8c) were weaker
IPC synthase inhibitors than their corresponding C1-OH (1c–
4c) or C1-NH2 (9c–12c) counterparts. All C1-OH analogues were


Table 3 Inhibition of IPC synthase by PHSL analogues


Compound Inhibition (%) (mean ± SD)


1c 35.4 ± 3
2c 31.7 ± 3
3c 29.2 ± 6
4c 48.1 ± 9
5c 29.3 ± 0.5
6c 24.9 ± 0.6
7c 14.3 ± 2
8c 28.2 ± 2
9c 45.3 ± 9
10c 25.4 ± 3
11c 24.1 ± 5
12c 22.0 ± 2
(Z)-13c 34.0 ± 2
(E)-13c 31.2 ± 0.4
(Z)-15c 26.9 ± 5
(E)-15c 5.3 ± 3
9b 10.6 ± 1
(Z)-15b 18.5 ± 4
(E)-15b 8.0 ± 5
1d 33.3 ± 2
9d 11.8 ± 0.4


moderate inhibitors, the L-lyxo compound 4c being the most
potent (around 48% inhibition, see Table 3). Both the D-ribo
analogue 1c, and the corresponding N-octanoyl analogue 1d,
having the natural configuration of the sphingoid backbone, as
well as the non-natural 2c and 3c analogues, afforded similar
results (30–35% inhibition). These data seem to indicate that the
stereochemistry of the C3–C4 moiety in this series is irrelevant
for the inhibitory activity, since the inhibition shown by both
(Z)- and (E)-13c was comparable to that of the above analogues.
Replacement of the C1-OH with an amino group led to more
striking differences. Thus, D-ribo analogue 9c was the most potent
inhibitor of this series (45% inhibition), while stereochemical
variations around the C3–C4 moiety led to the markedly less
potent inhibitors 10c–12c (around 20–25% inhibition). Likewise,
replacement of the N-pivaloyl group with the N-octanoyl (9d)
or N-Boc (9b) groups led to an even more pronounced loss of
activity (around 10% inhibition). In contrast to the C1-OH series,
replacement of the C3–C4 dihydroxy moiety with a double bond
led to a substantial loss of activity, as found in (Z)-15b, (E)-15b,
and (E)-15c.


For the most active compounds (4c and 9c), incubations at
different concentrations were carried out in comparison with
khafrefungin (Fig. 4). Calculated IC50 values of 33, 35 and


Fig. 4 Inhibition of IPC synthase by khafrefungin (�) and phytoceramide
analogues 4c (�) and 9c (�).
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0.19 lM, respectively, were obtained. Although the inhibitory
activity of our PHC analogues was two orders of magnitude lower
than that of khafrefungin, their structural simplicity will make
possible the design of focused libraries for further screening in the
search of more potent IPC synthase inhibitors.


Conclusions


A library of 64 PHSL analogues resulting from the systematic
variation of the C1, C3, C4, and the N-acyl moiety of phytosphin-
gosine has been prepared. The antifungal activity of the library has
been evaluated based mainly on its growth inhibitory properties
against the yeast S. cerevisiae. PHS analogues (R′ = H, Fig. 1)
bearing the natural C1-OH functional group were potent growth
inhibitors, irrespective of the nature or the stereochemistry of the
C3–C4 moiety of the sphingoid backbone. In contrast, only C1-
NH2 PHS analogues with a C3–C4 double bond showed significant
growth inhibition. Among PHC analogues (R′ = acyl, Fig. 1),
C1-NH2 N-pivaloyl derivatives were good growth inhibitors, once
again irrespective of the nature of the C3–C4 moiety. Attempts
to correlate growth inhibition with IPC synthase inhibition in N-
pivaloyl analogues were unsuccessful, since the most active enzyme
inhibitors (4c and 9c) were inactive or weakly active, respectively, in
the growth inhibition assay. Nevertheless, the promising results on
IPC synthase inhibition obtained with some of our PHC analogues
will help to define new structural modifications for future research
along this line.


Experimental


Inhibition assays


Biological assays. The isogenic S. cerevisiae strain W303a
(leu2, ura3, trp1, ade2, his3) was grown in YPD medium, composed
of 1% yeast extract, 2% peptone and 2% glucose. The yeasts
were grown with aeration at 30 ◦C and growth was followed
turbidimetrically at 600 nm. Yeast suspension on YPD medium to
a final concentration of 0.15 OD in 0.1 mL was prepared. Tested
compounds were dispensed into the wells of a 96-well polystyrene
microtiter plate to a final concentration of 0.4 mM and inoculated
with 0.1 mL of yeast suspension. Growth in liquid YPD with or
without 0.5% tergitol in the presence of synthesized compounds
was monitored over a 16 h period. All experiments were repeated
at least three times. The IC50 values were determined by plotting
percent activity versus log [I], using at least five different inhibitor
concentrations.


IPC synthase assay. IPC synthase activity was determined
using detergent-treated microsomal membranes from S. cerevisiae,
prepared as described by Aeed et al.39 The assay was based on an
HPLC analysis of the conversion of the fluorescent C6-NBD-
Cer to inositol phosphoryl C6-NBD-Cer.40 Chromatographic
conditions: column: Kromasil 100, C18, 5 lm, 15 × 0.40 cm;
flow rate 1 mL min−1, CH3CN–H2O, gradient from 50 : 50 to 70 :
30 in 20 min; detection at 530 nm (excitation at 450 nm); retention
times: inositol phosphoryl C6-NBD-Cer (7.1 min); C6-NBD-Cer
(21.3 min). The protein was incubated with different concentra-
tions of C6-NBD-Cer, and the Km value was calculated by a
Lineweaver–Burk plot. Yeast microsomes were incubated in the
presence or absence of potential inhibitors for 1 h at 37 ◦C. Can-


didates were tested at 30 lM whereas the fluorescent substrate
was used at 10 lM. The IC50 values were determined by plotting
percent activity versus the inhibitor concentration, expressed as
log [I], using at least five different inhibitor concentrations.


Chemistry


General methods. Garner aldehyde was obtained by oxidation
of the corresponding primary alcohol,42 prepared according to
reported methods.43,44 Solvents were distilled prior to use and
dried by standard methods.45 FT-IR spectra are reported in cm−1.
1H and 13C NMR spectra were obtained in CDCl3 solutions at
300 MHz (for 1H) and 75 MHz (for 13C), respectively. Chemical
shifts are reported in d units, in parts per million (ppm) relative to
the singlet at 7.24 ppm of CDCl3 for 1H, and in ppm relative to the
center line of a triplet at 77.0 ppm of CDCl3 for 13C. [a]D values
are given in 10−1deg cm2 g−1. HPLC-MS analyses were obtained
on a Hewlett Packard MSD system. ESI/HRMS spectra were
recorded on a Waters LCT Premier Mass spectrometer at CID–
CSIC (Barcelona) and IQAC (Tarragona).


Synthesis of mesylates (E)- and (Z)-16b from alcohols (E)- and
(Z)-13b. To 1.3 mmol of the corresponding alcohol (E)- or
(Z)-13b were added 13 mL of anhydrous DCM under argon
atmosphere, and the reaction was cooled to 0 ◦C. The reaction
mixture was next treated with 0.36 mL (2.6 mmol) of freshly
distilled TEA and, after stirring for 10 min at 0 ◦C, 0.12 mL
(1.6 mmol) of freshly distilled MsCl was also added. The reaction
mixture was stirred at 0 ◦C for 2 h until no starting material
was observed by TLC. The mixture was then diluted with DCM
(15 mL) and sequentially washed with 3 × 15 mL of 1 N HCl,
sat. aq. NaHCO3, and brine. The organic phase was dried over
MgSO4, filtered, and the solvent evaporated in vacuo to give the
required mesylate.


(2′R,3′Z)-Methanesulfonic acid 2-(tert-butoxycarbonylamino)-
octadec-3-enyl ester ((Z)-16b). Obtained as a white solid (524 mg,
1.1 mmol, 89% from (Z)-13b), which was used in the next step
without further purification. Mp 58–59 ◦C; [a]25


D +6.5 (c 1.10,
CHCl3); IR (film): 3368, 2926, 2855, 1708, 1513, 1463, 1361, 1245,
1174, 1054, 963, 829. 1H NMR (CDCl3, 500 MHz): 5.64 (dt, J =
10.8, 7.5 Hz, 1H), 5.32 (dd, J = 11, 9 Hz,1H), 4.67 (br s, 2H), 4.26
(m, 1H), 4.16 (dd, J = 10, 5 Hz, 1H), 3.02 (s, 3H), 2.11 (m, 2H),
1.44 (s, 9H), 1.36 (m, 2H), 1.25 (m, 22H), 0.88 (t, J = 7 Hz, 3H).
13C NMR (CDCl3, 75 MHz): 155.1, 136.0, 124.5, 80.1, 71.3, 47.4,
37.6, 37.4, 32.0, 30.8, 29.8, 29.6, 29.5, 29.4, 28.5, 28.4, 28.1, 27.3,
22.8, 14.3, 14.1 (rotamers observed). ESI-MS m/z 484 [M + Na],
500 [M + K].


(2′R,3′E)-Methanesulfonic acid 2-(tert-butoxycarbonylamino)-
octadec-3-enyl ester ((E)-16b). Obtained from 125 mg
(0.33 mmol) of alcohol (E)-13b as a white solid (126 mg,
0.27 mmol, 81%), which was used in the next step without further
purification. Mp 64–65 ◦C; [a]25


D +3.0 (c 1.15, CHCl3); IR (film):
3344, 2917, 2849, 1685, 1525, 1463, 1353, 1280, 1247, 1168, 1054,
965, 836. 1H NMR (CDCl3, 500 MHz): 5.73 (dtd, J = 15.5, 6.5,
1 Hz, 1H), 5.38 (dd, J = 15.5, 6 Hz,1H), 4.72 (br s, 2H), 4.38 (m,
1H), 4.27 (dd, J = 9.5, 4 Hz, 1H), 4.18 (dd, J = 10, 5 Hz, 1H),
3.02 (s, 3H), 2.03 (m, 2H), 1.44 (s, 9H), 1.36 (m, 2H), 1.23–1.32
(m, 22H), 0.87 (t, J = 7 Hz, 3H). 13C NMR (CDCl3, 75 MHz):
155.1, 135.1, 125.0, 80.1, 71.3, 51.5, 37.5, 32.4, 32.0, 29.8, 29.7,
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29.6, 29.5, 29.2, 29.0, 28.4, 22.8, 14.2. ESI-MS m/z 484 [M + Na],
946 [2M + Na].


General procedure for the synthesis of azido olefins 14b. A
solution of the required starting mesylate 16b (346 mg, 0.75 mmol)
in DMF (12 mL) was treated with NaN3 (122 mg, 1.87 mmol).
The reaction mixture was heated at 65 ◦C and stirred for 20 h.
The mixture was then diluted with 40 mL of H2O and 40 mL of
Et2O. The organic phase was washed with 1 N HCl (3 × 25 mL),
dried over MgSO4, filtered and the solvent removed under reduced
pressure. The resulting crude was purified by flash chromatography
(hexane–EtOAc 9 : 1) to give the final azide.


(2′R,3′Z)-[1-(Azidomethyl)heptadec-2-enyl]carbamic acid tert-
butyl ester ((Z)-14b). Obtained in 94% yield (288 mg, 0.70 mmol)
as a white solid from 346 mg (0.75 mmol) of (Z)-16b. Mp 55–56 ◦C;
[a]25


D +3.5 (c 0.80, CHCl3); IR (film): 3359, 2921, 2853, 2102, 1756,
1687, 1525, 1462, 1372, 1301, 1241, 1168, 1109, 852. 1H NMR
(CDCl3, 500 MHz): 5.59 (dt, J = 10, 7.5 Hz,1H), 5.31 (dd, J = 10,
9 Hz, 1H), 4.61 (br s, 1H), 4.55 (br s, 1H), 3.41 (m, 1H), 3.34 (dd,
J = 12, 4.5 Hz, 1H), 2.11 (m, 2H), 1.44 (s, 9H), 1.36 (m, 2H), 1.25
(m, 22H), 0.88 (t, J = 7 Hz, 3H). 13C NMR (CDCl3, 75 MHz):
155.0, 135.2, 126.3, 79.9, 55.4, 48.1, 32.0, 29.8, 29.8, 29.7, 29.6,
29.5, 29.5, 29.4, 28.5, 28.1, 22.8, 14.2. ESI-MS m/z 431 [M + Na],
840 [2M + Na].


(2′R,3′E)-[1-(Azidomethyl)heptadec-2-enyl]carbamic acid tert-
butyl ester ((E)-14b). Obtained in 77% yield (557 mg, 1.36 mmol)
as a white solid from 815 mg (1.77 mmol) of (E)-16b. Mp 49–
50 ◦C; [a]25


D +8.1 (c 1.05, CHCl3); IR (film): 3341, 2920, 2851,
2100, 1683, 1525, 1463, 1392, 1364, 1293, 1246, 1169. 1H NMR
(CDCl3, 500 MHz): 5.59 (dtd, J = 15.5, 6.5, 1.5 Hz, 1H), 5.38
(dd, J = 15.5, 6.5 Hz, 1H), 4.67 (br s, 1H), 4.27 (m, 1H), 3.42 (dd,
J = 12, 5 Hz, 1H), 3.34 (dd, J = 12, 4.5 Hz, 1H), 2.03 (m, 2H),
1.45 (s, 9H), 1.36 (m, 2H), 1.23–1.32 (m, 22H), 0.88 (t, J = 7 Hz,
3H). 13C NMR (CDCl3, 75 MHz): 155,1, 134.2, 126,8, 79.9, 55,2,
52,3, 32,4, 32,1, 29.8, 29.7, 29.6, 29.5, 29,3, 29,1, 28.5, 22.8, 14.2.
ESI-MS m/z 431 [M + Na], 841 [2M + Na].


(1′S,2′S,3′R)-[2,3-Bis-(tert-butyldimethylsilanyloxy)-1-(hydroxy-
methyl)heptadecyl]carbamic acid tert-butyl ester (17). A solution
of 1b (152 mg, 0.36 mmol) in DCM (10 mL) at 0 ◦C was
sequentially treated at 0 ◦C with neat TBSOTf (418 lL,
1.82 mmol) and 2,6-lutidine (0.64 mL). The reaction mixture was
stirred at 0 ◦C for 30 min, and then warmed to 25 ◦C and stirred
at this temperature for 20 h. The reaction was quenched with
CH3OH (5 mL) and stirred for 10 min. The solvent was removed
at reduced pressure and the residue taken up in Et2O and washed
with H2O, aq. NaHCO3, and brine. The organic phase was dried
over MgSO4, filtered and evaporated to give a residue, which was
purified by flash chromatography to afford 178 mg (0.23 mmol,
65%) of the tris-OTBS derivative as a colourless oil. [a]25


D + 6.3
(c 0.50, CHCl3); IR (film): 3453, 2960, 2930, 2858, 1723, 1495,
1468, 1386, 1365, 1254, 1172, 1063, 1008, 941, 838, 778. 1H NMR
(CDCl3, 500 MHz): 4.91 (d, J = 9 Hz, 1H), 3.79 (dd, J = 10.2,
4.2 Hz, 1H), 3.74 (m, 2H), 3.65 (dd, J = 10, 4.5 Hz, 1H), 3.58 (m,
1H), 1.57 (m, 1H), 1.48 (m, 1H), 1.42 (s, 9H), 1.24–1.32 (m, 24H),
0.90 (br s, 6H), 0.89 (m, 6H), 0.89 (m, 6H), 0.86 (m, 12H), 0.12
(s, 2H), 0.07 (s, 2H), 0.06 (s, 2H), 0.05 (s, 2H), 0.04 (s, 4H), 0.01
(d, J = 0.5 Hz, 6H). 13C NMR (CDCl3, 75 MHz): 155.5, 78.9,
75.7, 75.6, 62.0, 54.3, 32.4, 32.1, 30.0, 29.9, 29.8, 29.8, 29.5, 28.6,


26.5, 26.3, 26.2, 26.0, 26.0, 25.9, 25.6, 22.9, 18.5, 18.4, 18.3, 18.3,
14.3, −2.8, −3.5, −3.7, −4.6, −5.0, −5.1, −5.4. ESI-MS m/z
783 [M + Na].


A solution of the above tris-OTBS derivative (95 mg, 0.12 mmol)
in THF (2 mL) under N2 at 0 ◦C was treated with HF·pyridine
(0.41 mL of a ∼70% solution, 15.8 mmol) in 2.5 mL of a 65 :
35 mixture of THF–pyridine. The reaction mixture was stirred for
30 min at 0 ◦C and allowed to warm to rt. After 1 h, the mixture was
quenched by addition of sat. aq. NaHCO3 (15 mL) and stirred for
10 min. The reaction mixture was extracted with EtOAc and the
organic phases were washed with brine, filtered and evaporated to
dryness. The residue was flash chromatographed to afford 57 mg
(0.09 mmol, 70%) of 17 as a colourless oil. [a]25


D −11.6 (c 1.93,
CHCl3); IR (film): 3446, 2929, 2857, 1699, 1501, 1467, 1387, 1368,
1253, 1171, 1054, 936, 836, 776. 1H NMR (CDCl3, 500 MHz):
5.22 (d, J = 8.5 Hz, 1H), 4.10 (m, 1H), 3.87 (m, 1H), 3.76 (dt, J =
6.3, 3 Hz, 1H), 3.72 (dd, J = 7.5, 3.8 Hz, 1H), 3.62 (ddd, J = 8.5,
8.1, 3.3, 1H), 2.97 (br d, J = 11.5 Hz, 1H), 1.53 (m, 2H), 1.44 (s,
9H), 1.34 (m, 2H), 1.25–1.30 (m, 22H), 0.92 (s, 9H), 0.90 (s, 9H),
0.88 (t, J = 7 Hz, 3H), 0.10 (s, 3H), 0.10 (s, 6H), 0.08 (s, 3H). 13C
NMR (CDCl3, 75 MHz): 155.5, 79.3, 77.6, 76.1, 63.6, 52.2, 34.2,
32.1, 29.8, 29.7, 29.7, 29.5, 28.6, 26.2, 26.1, 25.9, 22.8, 18.3, 18.3,
14.3, −3.6, −3.9, −4.4, −4.7. ESI-MS m/z 547 [M − Boc + H],
669 [M + Na].


(2′S,3′S,4′R)-[1-Azidomethyl-2,3-bis-(tert-butyldimethylsilanyl-
oxy)heptadecyl]carbamic acid tert-butyl ester (18). Method A:
From silylation of 5b: A solution of azide 5b (64 mg, 0.14 mmol) in
DCM (2 mL) under argon was cooled to 0 ◦C and treated with neat
TBSOTf (111 lL, 0.48 mmol). After stirring for 10 min at 0 ◦C, 2,6-
lutidine (168 lL, 1.45 mmol) was added to the mixture. Stirring was
maintained for 1 h at 0 ◦C and for 2 h at 25 ◦C. The reaction mixture
was quenched with CH3OH (1 mL) and the solvent was removed
under reduced pressure. The residue was flash chromatographed
(hexane–EtOAc 98 : 2) to afford 60 mg (0.10 mmol) of 18 as a
colourless oil.


Method B: From alcohol 17: Following the mesylation–
azidation protocol described above for the synthesis of azides 14b
from alcohols 13b, alcohol 17 afforded azide 18 in 45% combined
yield. [a]25


D +1.7 (c 0.87, CHCl3); IR (film): 2928, 2857, 2102, 1710,
1498, 1466, 1371, 1254, 1169, 835. 1H NMR (CDCl3, 500 MHz):
4.78 (d, J = 9.5 Hz, 1H), 3.80 (m, 1H), 3.67 (m, 2H), 3.58 (m, 2H),
1.57 (m, 1H), 1.47 (m, 2H), 1.44 (s, 9H), 1.37 (m, 1H), 1.22–1.32
(m, 22H), 0.91 (s, 9H), 0.90 (s, 9H), 0.88 (t, J = 7 Hz, 3H), 0.12
(s, 3H), 0.09 (s, 3H), 0.08 (s, 3H), 0.05 (s, 3H). 13C NMR (CDCl3,
100 MHz): 155.2, 79.7, 76.5, 75.5, 52.1, 51.9, 33.1, 32.1, 29.9, 29.8,
29.8, 29.8, 29.7, 29.5, 28.5, 26.2, 26.2, 26.1, 24.9, 22.8, 18.5, 18.3,
14.3, −3.5, −3.8, −4.5, −5.1. ESI-MS m/z 572 [M − Boc + H]+,
694 [M + Na].


General method for N-Boc removal. A solution of 0.50 mmol
of the starting N-Boc-protected amine in 5 mL of a 95 : 5 TFA–
H2O mixture was stirred for 20 min at rt. The reaction mixture was
evaporated to dryness under a stream of N2 and the residual solid
was washed with aq. NaHCO3, filtered and thoroughly washed
with H2O. The white residue was purified by flash chromatography
(92 : 8 : 1 DCM–CH3OH–NH4OH) to afford analytically pure
samples of the target amino alcohols. Compounds 1a–8a and
13–15a (E and Z isomers) from 1b–8b and 13–15b (E and Z
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isomers) were obtained following this protocol (see Electronic
Supplementary Information†).


General method for acylation reactions with acyl chlorides c–
j. A solution of the starting amine (0.1 mmol) in 5 mL of
a 1 : 1 mixture of THF and 50% aq. NaOAc was cooled to
0 ◦C and stirred vigorously at this temperature for 15 min. The
corresponding acyl chloride (0.19 mmol) was added dropwise
to the reaction mixture, which was allowed to warm to 25 ◦C
and stirred for an additional 20 h. The mixture was extracted
with EtOAc (3 × 10 mL) and the combined organic phases
were washed with 1 N NaOH and brine, dried over MgSO4,
filtered and evaporated. The resulting solid was purified by flash
chromatography to give the final amide. Compounds 1c–j, 2c–
8c, (E) and (Z)–13c, (E) and (Z)–14c, 5d, and (Z)-13d were
obtained following this protocol (see Electronic Supplementary
Information†).


(1′S,2′S,3′R)-N -[2,3-Dihydroxy-1-(hydroxymethyl)heptadecyl]-
2-oxoctanamide (1k). A solution of 37 mg (0.23 mmol) of
2-oxooctanoic acid, 45 mg (0.23 mmol) of EDC and 32 mg
(0.23 mmol) of HOBt in THF (5 mL) under Ar was stirred for
40 min. A solution of 1a (56 mg, 0.16 mmol) in THF (5 mL)
was added dropwise and the reaction mixture was stirred at rt
for 24 ◦C. The resulting viscous liquid was evaporated to dryness
and taken up with 10 mL of a 1 : 1 H2O–DCM mixture. The
organic phase was separated and washed with aq. NaHCO3,
filtered and evaporated to dryness. The residue was purified by
flash chromatography to afford 16 mg (0.03 mmol, 15%) of 1k as a
white waxy solid. [a]25


D +5.4 (c 1.14, CHCl3); IR (film): 3308, 2919,
2851, 1707, 1669, 1541, 1468, 1212, 1184, 1067. 1H NMR (CDCl3,
500 MHz): 7.66 (d, J = 8 Hz, 1H, NH), 4.13 (m, 1H, H2), 3.95 (dd,
J = 11.5, 3 Hz, 1H, H1a), 3.89 (dd, J = 11.5, 5.5 Hz, 1H, H1b),
3.66–3.70 (m, 2H, H3, H4), 2.91 (t, J = 7.4 Hz, 2H, H2′), 1.69 (m,
1H), 1.60 (m, 2H), 1.49 (m, 2H), 1.23–1.36 (m, 29H), 0.88 (t, J =
7 Hz, 3H), 0.87 (t, J = 7 Hz, 3H). 13C NMR (CDCl3, 100 MHz):
198.9, 160.6, 75.9, 75.4, 73.0, 73.0, 61.5, 61.2, 52.3, 52.1, 37.0, 33.2,
32.1, 31.6, 29.8, 29.8, 28.8, 29.7, 29.7, 29.5, 28.7, 25.8, 23.2, 22.8,
14.3, 14.2. ESI-MS m/z 458 [M + H]+, 938 [2M + Na]; HPLC:
>95% pure (H2O–CH3CN 20 : 80, tR = 8.96 min).


C1-Amino PHC analogues from azides by catalytic hydrogena-
tion. A solution of the starting azide 5a–d, 6a, 6c, 7a, 7c, 8a or 8c
(0.06 mmol) in THF (2 mL) at rt was hydrogenated (1 atm) in the
presence of Degussa Schultz R© Pd/C (9 mg). After 20 h, the solvent
was removed under a stream of N2 and the resulting black waxy
crude solid was dissolved in CH3OH (10 mL), filtered through a
pad of Celite R©, and the clean solution was evaporated to dryness
to afford the desired products as white solids. Compounds 9a–d,
10a, 10c, 11a, 11c, 12a, 12c were obtained following this protocol
(see Electronic Supplementary Information†).


C1-Amino PHC analogues from azides by Staudinger reaction.
A solution of the starting azide (Z)-14b–d or (E)-14b,c (0.62 mmol)
in 20 mL of a 9 : 1 THF–H2O mixture was treated with PPh3


(400 mg, 1.52 mmol) and stirred for 72 h at rt. After consumption
of the starting material (TLC analysis), the solvent was removed
under reduced pressure and the residue was dried under high
vacuum. The resulting solid was purified by flash chromatography
(96 : 4 : 1 DCM–CH3OH–NH4OH) and fractions containing the
desired product were collected and evaporated to dryness after


identification by ninhydrin staining on the TLC. Compounds
(Z)-15b–d, (E)-15b,c were obtained following this protocol (see
Electronic Supplementary Information†).
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Isabel Pérez-Castro,a Olga Caamaño,*a Franco Fernández,a Marcos D. Garcı́a,b Carmen Lópeza and
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The synthesis and biological evaluation as antiviral agents of a series of racemic 4-aryl-1,2,3-
triazolo-2′,3′-dideoxy-2′-iodocarbanucleosides and 4-aryl-1,2,3-triazolo-2′,3′-dideoxy-2′,3′-
didehydrocarbanucleosides is presented. These compounds were produced using a click chemistry
approach, with the iodoazide 13a as the key intermediary.


Introduction


The structure of natural nucleosides has been the object of
numerous chemical modifications in the search for new therapeutic
entities. Among these alterations, those resulting in the modifica-
tion of the natural nucleobases have ended in the discovery of
a series of compounds with a wide range of activities against
diverse viruses, such as hepatitis C virus, influenza virus and
respiratory syncytial virus.1 In these group, compounds bearing
5-membered heterocyclic nucleobases such as triazole or imida-
zole rings, for instance 5-amino-1-b-D-ribofuranosylimidazole-4-
carboxamide (AICAR, 1), deserve special attention. Interesting
therapeutic properties have also been found in structurally related
analogues of 1, by introduction of modifications at position 4 of
the heterocycle, for example brenedin (Mizoribine R©, 2) used as
an immunosuppressor for the treatment of transplant patients,2 or
EICAR (3), which causes depletion of purine nucleotides, resulting
in a broad spectrum of activity against RNA and DNA viruses
and tumour cell proliferation.3


As the result of modifications in other positions of the hetero-
cyclic ring of 1, new compounds were developed such as ribavirin
(Virazole R©, 4),4 used for the treatment of RSV infections, lassa
fever, hepatitis (A, B, and C), measles and mumps, and its analogue
TCNR (5), a better substrate for human PNP than ribavirin, due
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to the interaction of the protonated carboxamidine group with the
Asn 243 and Glu 201 residues in the PNP active site.5


A great number of 1,2,3-triazole derivatives have also been
reported as potent antiviral, antimicrobial or antiproliferative
agents,6–8 some interesting examples of the 1,2,3-triazole nucle-
osides being compounds 6 and 7, which exhibit anti-HIV activity9


and cytostatic activity,10 respectively.
Also in the field of carbanucleosides (substances in which the


anomeric oxygen of furanose ring is replaced by a methylene
group), the synthesis and biological evaluation of compounds
having a 1,2,3-triazole ring as a nucleobase have been reported
recently; in the case of 8 moderate antiviral activity against HIV-1
(IC50 43.8 lM) has been found,11 while 9 showed potent antiviral
activity against vaccinia virus (EC50 0.4 lM), but moderate activity
against cowpox virus (EC50 39 lM) and severe acute respiratory
syndrome coronavirus (SARCoV) (EC50 47 lM).12


As a part of our drug discovery program, we report
herein a full account of the synthesis and biological evalua-
tion as antiviral agents of 1′-(1,2,3-triazol-1-yl)-2′,3′-dideoxy-2′-
iodocarbanucleosides of type 10, and of 1′-(1,2,3-triazol-1-yl)-
2′,3′-dideoxy-2′,3′-didehydrocarbanucleosides of type 11 using a
click chemistry approach.
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Results and discussion


Since the seminal review by Kolb, Finn and Sharpless in which
the principles of click chemistry were defined,13 this new strategy
in organic synthesis has been used extensively in the fields
of bioconjugation, materials science and drug discovery.14 The
philosophy of this new approach is that “all searches must be
restricted to molecules that are easy to make”13 so they must
be synthesized using a group of practical and reliable reactions.
Sharpless and co-workers define click reactions as those that
“are modular, wide in scope and easy to perform, high yielding,
create only inoffensive by-products (which can be removed without
chromatography), are stereospecific, simple to perform and that
require benign or easily removed solvents”.13 As well, only readily
available reagents should be used, and they must be insensitive
to oxygen and water. In fact, in several instances water is the
ideal reaction solvent, providing the best yields and highest rates.13


Huisgen’s 1,3-dipolar cycloaddition of alkynes and azides yielding
triazoles is the premier example of a click chemistry reaction.15


Azides and alkynes are easy to install, and despite being among
the most energetic species known, they are also among the most
reactive functional groups in organic chemistry. With the recently
discovered dramatic acceleration of azide–alkyne coupling under
copper(I) catalysis,16,17 and the beneficial effects of water,16 this
unique connection process seems to be redefining the concept of a
perfect reaction.


As we wished to integrate in some extent the paradigms of
the click chemistry philosophy for the preparation of our target
compounds, the synthesis was planned as shown in the retrosyn-
thetic analysis (Scheme 1). Starting from commercially available
cyclopent-3-enylmethanol 12, the b-trans-iodoazide group could
be installed with the desired relative stereochemistry with regard
to the hydroxymethyl group by means of a haloazidation reaction
of the substrate, leading to 13a. For our purposes, this 3-azido-4-
iodo alcohol constitutes the key intermediate that could allow us
to prepare directly the dideoxyiodocarbanucleoside analogues of
type 10, and by a dehydroiodination proccess, before or after the
construction of the triazole system, the unsaturated analogues of
type 11. This simple approach does not use protecting groups,
and takes advantage of the expected stereoselectivity of the
haloazidation reaction and the reliability of Huisgen’s 1,3-dipolar
cycloaddition of alkynes and azides for the modular construction
of the desired compounds.


Scheme 1 Retrosynthetic analysis for the synthesis of target compounds
10 and 11.


1,2-Haloazides are usually prepared by addition of Br–NaN3,18


NBS–NaN3,19 I2–AgN3,20 or ICl–NaN3
21 to a C=C double bond


in the precursor. In our case, treatment of the alcohol 12 with
ICl and NaN3 led to a mixture of iodoazido alcohols 13 (80%
chemical yield) (Scheme 2), with 13a as the major product (1H-
NMR). Although full separation of these diastereomers proved to
be very difficult, a pure sample of 13a and a little 13b-enriched
sample were obtained after column chromatography of the crude
mixture of the iodoazides using ethyl acetate–hexane 10 : 1 as
eluent.


Scheme 2 Reagents and conditions: a) NaN3, ICl, r.t., 24 h; b) TBDPSCl,
imidazole, CH2Cl2; c) DABCO, benzene, reflux, 25 h; d) KOH, EtOH,
reflux, 18 h.


The synthesis of the unsaturated carbanucleoside analogues
of type 11 could be tackled starting from the 3-azido-4-iodo
alcohol 13a or its protected derivative 15 by two alternative routes:
construction of the corresponding triazole moiety followed by
dehydroiodination, or vice versa, initial dehydroiodination leading
to the alkenes 16 or 17, followed by construction of the heterocycle
on the corresponding unsaturated iodoazido substrate.


As we wished to evaluate whether the protection of the
hydroxyl group in compound 12 would be advantageous for
further transformations leading to the target compounds, this was
subjected to reaction with TBDPSCl and imidazole in CH2Cl2


at room temperature, yielding in a nearly quantitative fashion the
silyl ether 14 (98%), which was then transformed into the iodoazide
15 by using the above-mentioned method, yielding in this case the
desired compound with a lower yield (55%) than the reaction with
the unprotected substrate 12. Moreover, the major product 15 was
accompanied, as in the preceding case, by a minor compound that
could not be separated by conventional purification methods for
its unambiguous identification.


Diverse conditions were tried for the dehydroiodination of
compounds 13a and 15, namely KOH/EtOH,22 DABCO in
benzene,23 and DBU in benzene,24 at reflux in the corresponding
solvent, leading in all cases to the isolation of the 2′,3′-unsaturated
derivative 16 or 17 resulting from E2 elimination reaction of the
2-H and 3-I atoms on the carbocycle.


Analysis of these results (summarized in Table 1) illustrates
that the reaction on all occasions takes place with only low to
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Table 1 Dehydroiodination of 13a and 15


Entry Substrate (equiv.) Base (equiv.) Solvent Time/h Product (yield (%))


1 13a (1) KOH (1.1) Ethanol 0.5 16 (25%)
2 13a (1) DABCO (4) Benzene 144 —a


3 13a (1) DABCO (1 + 1) Benzene 18 + 70 16 (24%)
4 13a (1) DABCO (2 + 1 + 1) Benzene 3 + 15 + 7 16 (41%)
5 13a (1) DBU (1.5) Benzene 96 16 (26%)
6 15 (1) DABCO (2 + 1) Benzene 42 + 13 17 (43%)
7 15 (1) KOH (1.1) Ethanol 18 16 (43%)


a Complex mixture.


moderate yields, the best results (43% yield) being achieved when
compound 15 is used as substrate;‡ however, protection of the
hydroxyl group in 12 increases the length of the synthetic route,
upsetting the proposed click chemistry strategy. In any case, the
overall yield of the process starting from the alcohol 12 is lower
for the protected route than for the sequence where the protection
step is avoided (23% vs. 33%). On the other hand, some erratic
results should be noted. For instance, when DABCO was used as
the base (entries 2, 3 and 4 in Table 1), addition of extra quantities
of the reagent once the reaction had started led to increased yields,
while increased reaction times resulted in decreased yields. These
disappointing results forced us to postpone the dehydroiodination
process to a later step in the synthesis.


The construction of the triazole moiety was initially explored
using the thermal 1,3-dipolar cycloaddition with excess methyl
propiolate as reagent,25 yielding a mixture of the 4- and 5-
substituted triazoles, 19 (79%) and 18 (14%), which were easily
separated by column chromatography. Finally, treatment of 19
with aqueous ammonia led to the amide 20 in good yield (71%)
(Scheme 3).


Scheme 3 Reagents and conditions: a) methyl propiolate, 50 ◦C, 4 h;
b) NH4OH, MeOH, r.t., 4.5 h.


The synthesis of the 4-aryl-1,2,3-triazolyl dideoxyiodocarbanu-
cleosides of type 10 (21a–31a, Scheme 4) was initially planned
not only to obtain the target compounds for their potentially
interesting biological activities but, as different terminal aryl


‡ It should be considered that when compound 13a is subjected to the
base-catalysed dehydroiodination process, these reaction conditions could
lead as well to an oxonorbornane system, plausibly by cyclization of
the deprotonated hydroxymethyl group, thus decreasing the yield of the
cycloalkene product.26


Scheme 4 Reagents and conditions: a) aryl alkyne, CuI, DIPEA, THF;
b) base, solvent, reflux.


alkynes were to be used as dipolarophiles, to study the effect of
the presence of electron-donating/withdrawing groups attached to
the aromatic ring on the progress of these cycloadditions, as well
as to gain insight on the optimization on the reaction conditions.


In our first attempt to construct the triazole moiety from 13a and
phenylacetylene, the Sharpless conditions for the Cu(I)-catalysed
Huisgen 1,3-dipolar cycloaddition reaction were used,17 with CuI
as the copper(I) source, Et3N as the base and CH3CN–H2O as
the solvent; this protocol led to an unresolved complex reaction
mixture. When a larger amount of CuI was used, with DIPEA
as the base in THF as solvent, the triazole 21a was obtained
(Table 2, entry 1). The use of this methodology in the reaction of
the azides 13a and 15 with different terminal alkynes produced
only one of the possible regioisomers, as expected (Table 2).
Furthermore, in some of the experiments (entries 3, 5, 13, 15
and 18), a small amount of the corresponding triazole iodinated
in position 5 of the heterocycle was isolated (compounds 22b, 23b,
27b, 28b, 30b). This fact can be linked to the large amount of
CuI used in method A, but it also seems to be related to other
reaction conditions: these derivatives were generally isolated when
the reaction proceeded easily at room temperature, but they were
not when the transformation was appreciably slower and needed
to be heated for completion (Table 2, entries 8, 10, 11 and 20).


When the cycloaddition is carried out using a catalytic
amount of CuI (Table 2, method B), the 4-aryl-1,2,3-triazole
dideoxyiodocarbanucleosides 21a–31a are the sole isolated prod-
ucts of the reaction, with better yields than using method A. On
only one occasion, a very small amount of the corresponding
iodinated compound 23b was isolated from an experiment carried
out at room temperature (Table 2, entry 6).
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Table 2 Synthesis of 4-(aryl-1,2,3-triazolyl)-2-iodocarbanucleosides 21a–31a from azide 13a and 15 with various terminal aryl alkynes in THF


Entry Substrate Ar Methoda T t/h Products (yield (%))b


1 13a C6H5 A r.t. 28 21a (37) + 13a (24)
2 13a C6H5 B reflux 28 21a (92)
3 15 C6H5 A r.t. 23 22a (71) + 22b (13) + 15 (4)
4 15 C6H5 B r.t. 112 22a (76)
5 13a 4-MeC6H4 A r.t. 6 23a (60) + 23b (13)
6 13a 4-MeC6H4 B r.t. 76 23a (86) + 23b (0.6) + 13a (2)
7 13a 4-MeC6H4 B reflux 55 23a (88) + 13a (3)
8 13a 4-MeOC6H4 A reflux 95 24a (72)
9 13a 4-MeOC6H4 B reflux 19 24a (81)
10 13a 2-MeOC6H4 A r.t. 23 —


reflux 2 25a (63)
11 13a 2-NO2C6H4 Ac r.t. 240 —


reflux 25 26a (36)
12 13a 2-NO2C6H4 B reflux 54 26a (73)
13 13a 4-HOCH2C6H4 Ad r.t. 57 27a (48) + 27b (12)
14 13a 4-HOCH2C6H4 B reflux 24 27a (69)
15 13a 2-HCOC6H4 Ad r.t. 77 28a (49) + 28b (13)
16 13a 2-HCOC6H4 B reflux 55 28a (64)
17 13a 2-NH2C6H4 B reflux 40 29a (75)
18 13a 3-Thienyl Ad r.t. 68 30a (57) + 30b (11)
19 13a 3-Thienyl B reflux 22 30a (89)
20 13a 2-Pyridinyl Ad r.t. 120 —


reflux 53 31a (29)
21 13a 2-Pyridinyl B reflux 56 31a (68)


a Method A: CuI (1–2 equiv.), DIPEA (50 equiv.). Method B: CuI (0.05–0.1 equiv.), DIPEA (2 equiv.). b Isolated yields after column chromatography.
c CuI (1.5 equiv.). d CuI (1 equiv.).


In conclusion, method B led in all cases to better yields of
the desired products, showing that the electronic effects of the
substituents attached to the aromatic ring of the different aryl
alkynes did not greatly affect the progress of the Huisgen 1,3-
dipolar cycloaddition between them and the iodoazides 13a or 15
(Table 2).


The structure of 31a was unequivocally determined by means
of X-ray analysis of a single crystal (Fig. 1). This confirmed
the relative configuration of the key intermediate 13a, and
consequently that of the complete series of 4-aryl-1,2,3-triazole
dideoxyiodocarbanucleosides 21a–31a.


Fig. 1 MERcury ellipsoid projection of the molecular structure of 31a,
with a random atomic numbering scheme. The hydroxylic group linked to
C41 showed some disorder with a 50% probability for the two positions
(O42 and O42B).


Treatment of the 4-aryl-1,2,3-triazolyl dideoxyiodocarbanucle-
osides 21a and 23a–30a with DABCO in benzene at reflux23


(Table 3) led in all cases to just one of the possible regioisomers, the
4-aryl-1,2,3-triazolyl 2′,3′-dideoxy-2′,3′-dehydrocarbanucleosides
32–39 resulting from the E2 elimination reaction of the 2-H and
3-I atoms on the carbocycle. On only one occasion, when 24a was


Table 3 Dehydroiodination of compounds 21a, 23a–28a, and 30a


Entry Compound Solvent Base T t/h Product (%)


1 21a Benzene DABCO reflux 168 32 (80)
2 23a Benzene DABCO r.t. 385 33 (40)
3 24a Benzene DABCO reflux 144 34a (59)
4 24a Benzene DBU reflux 24 34b (32)
5 25a Toluene DABCO reflux 88 35 (63)
6 26a Toluene DABCO reflux 92 36 (53)
7 27a Benzene DABCO 50 ◦C 108 —


reflux 168 37 (38)
8 28a Benzene DABCO 50 ◦C 108 —


reflux 240 38 (53)
9 30a Benzene DABCO 80 ◦C 190 39 (56)


made to react with DBU (3.6 equiv.) in benzene, the regioisomer
34b was isolated as the sole reaction product (32% yield).


Antiviral activities


Compounds 21a–28a, 30a, 31a, 23b, 27b, 28b, 30b, 35, 36, 38
and 39 were evaluated for their inhibitory activities against:
parainfluenza virus-3, reovirus-1, Sindbis, Coxsackie B4, and
Punta Toro virus in Vero cell cultures; herpes simplex virus
type 1 (strain KOS), herpes simplex virus type 1 (TK− KOS
ACV), herpes simplex virus type 2 (strain G), vaccinia virus,
and vesicular stomatitis virus in human embryonic lung (HEL)
cells; and vesicular stomatitis virus, respiratory syncytial virus and
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coxsakie B4 virus in human epithelial (HeLa) cells. These activities
were compared with those of acyclovir, gancyclovir, brivudin, (S)-
DPHA, and ribavirin.


Compounds 21a–25a, 22b and 35 were also evaluated for their
inhibitory activities against cytomegalovirus (CMV Davis strain)
and varicella-zoster virus (TK+VZV, thymidine kinase positive
strain, and TK−VZV, thymidine kinase deficient strain) in human
embryonic lung (HEL) cells.


Likewise, compounds 23b, 26a–28a, 26b–28b, 30a, 31a, 36, 38
and 39 were evaluated for their inhibitory activities against feline
corona virus and feline herpes virus in Crandell–Rees feline kidney
(CRFK) cells.


Most of the compounds did not show any specific antiviral
effects (i.e. minimal antiviral effective concentration ≤5-fold lower
than minimal cytotoxic concentration) against any of the viruses in
the assay systems used, except for compound 25a, which exhibited
specific inhibitory potential against TK+VZV (EC50 = 4.5 lg
mL−1).


Experimental


(±)-(c-3-Azido-t-4-iodo-r-1-cyclopentyl)methanol (13a) and
(±)-(t-3-azido-c-4-iodo-r-1-cyclopentyl)methanol (13b)


To a suspension of NaN3 (2.31 g, 35.59 mmol) in dry CH3CN
(10 mL) under Ar flux at 0 ◦C, was added a solution of ICl
(2.62 g, 16.13 mmol) in dry CH3CN (10 mL). This was stirred
for 10 min, and then a solution of 12 (0.93 g, 9.49 mmol) in dry
CH3CN (20 mL) was added dropwise. The mixture was allowed
to reach room temperature and stirred for 24 hours. The reaction
mixture was then poured into H2O (100 mL) and extracted with
diethyl ether (3 × 100 mL). The organic extract was washed
successively with 60% Na2S2O3 (100 mL), H2O (2 × 50 mL)
and brine (50 mL). The organic phase was dried (Na2SO4) and
concentrated under reduced pressure, leaving a residue (2.36 g)
that was column chromatographed (silica gel, hexane–EtOAc 8 :
1 and 5 : 1 as successive eluents). Upon concentration to dryness,
the combined early non-void fractions eluted with the first solvent
mixture afforded a mixture of the isomeric azidoiodomethanols
13a and 13b (2.02 g, 80%), with 13a as the major compound.
A portion of this mixture of isomers was subjected to a second
column chromatography on silica gel using hexane–EtOAc 10 : 1
as eluent to give, successively, 13a (0.36 g) in the first group of
fractions, a mixture of 13a and 13b (0.86 g) in the second group,
and finally a 13b-enriched group of fractions (0.03 g).


13a: Colourless oil; mmax/cm−1 3350, 2932, 2103, 1350, 1252,
1039; 1H NMR (300 MHz, CDCl3) d 1.39–1.46 (1H, m, 2-CHH),
1.57 (1H, virtual s, D2O exch., OH), 2.10–2.25 (2H, m, 2-CHH +
5-CHH), 2.27–2.35 (1H, m, 5-CHH), 2.45–2.55 (1H, m, 1-H), 3.58
(2H, d, J 6.3, HOCH2), 4.11–4.18 (2H, m, 3-H + 4-H) ppm; 13C
NMR (75.47 MHz, CDCl3) d 27.7 (CH2), 32.6 (CH), 38.8 (CH2),
39.3 (CH), 65.7 (CH), 71.2 (CH2) ppm; HRMS m/z calcd for
C6H10IN3O, 266.9869; found, 266.9893.


13b: Colourless oil; 1H NMR (300 MHz, CDCl3) d 1.69 (1H,
virtual s, D2O exch., OH), 1.83–1.87 (1H, m), 1.93–2.03 (1H, m),
2.08–2.33 (1H, m), 2.35–2.44 (1H, m), 2.55–2.65 (1H, m), 3.62–
3.64 (2H, m, HOCH2), 3.96–4.03 (1H, m), 4.11–4.13 (1H, m, 4-H)
ppm; 13C NMR (75.47 MHz, CDCl3) d 28.2 (CH2), 31.8 (CH),


39.9 (CH2), 40.4 (CH), 66.4 (CH), 71.4 (CH2) ppm; HRMS m/z
calcd for C6H10IN3O, 266.9869; found, 266.9889.


(±)-cis-(4-Azidocyclopent-2-enyl)methanol (16)


Method A. To a solution of 13a (145 mg, 0.54 mmol) in toluene
(4 mL) was added DABCO (122 mg, 1.08 mmol). The reaction
mixture was refluxed with magnetic stirring. Extra quantities of
DABCO (61 mg, 0.54 mmol, after 3 hours, and 61 mg, 0.54 mmol,
after 15 hours), were added to the reaction mixture and the reflux
continued for a further 7 hours. Once the reaction was considered
complete by TLC analysis, the solvent was evaporated, giving
a brownish solid residue. This was purified by chromatography
(silica gel, hexane–EtOAc 3 : 1 as eluent). Concentration of the
non-void fractions to dryness afforded 16 (31 mg, 41%).


16: Brownish oil; mmax/cm−1 3336, 2926, 2095, 1682, 1651, 1461,
1412, 1366, 1248, 1036; 1H NMR (300 MHz, CDCl3) d 1.62 (1H,
dt, J 14.2 and 4.5, HH-5), 1.80 (1H, br s, D2O exch., OH), 2.46
(1H, dt, J 14.2 and 8.4, HH-5), 2.88–2.93 (1H, m, H-1), 3.61
(2H, m, OCH2), 4.43–4.46 (1H, m, H-4), 5.86 (1H, dt, J 5.6 and
2.1, H-2), 6.02 (1H, dt, J 5.6 and 1.8 Hz, H-3) ppm; 13C NMR
(75.47 MHz, CDCl3) d 27.7 (CH), 32.8 (CH2), 39.3 (CH), 65.7
(CH2), 130.7 (CH), 137.3 (CH) ppm; m/z (FAB) 139.15 (M, 15%);
HRMS m/z calcd for C6H9IN3O, 139.0746; found, 139.0768.


Method B. A solution of 13a or 15 (1 mmol) and KOH
(10 mmol) in EtOH (25 mL) was refluxed for the time specified
in Table 1 (entries 1 and 7). Once the reaction was complete,
the EtOH was evaporated and the corresponding solid residue
dissolved in H2O (50 mL). This was then acidified to pH 2 with
1 N aqueous HCl solution. The aqueous layer was extracted with
EtOAc (3 × 75 mL), the organic layer dried (Na2SO4) and the
solvent evaporated under reduced pressure, giving a yellow oil
that was purified by column chromatography (silica gel, hexane–
EtOAc 7 : 1 as eluent). When 13a was used as the starting material,
concentration of the non-void fractions to dryness afforded 16
(25%) presenting spectroscopic characteristics identical to those
reported using Method A. The same occurs when 15 is used as the
starting material, yielding 16 (43%).


General procedure for the synthesis of (±)-[c-4-(4-aryl-1H-1,2,3-
triazol-1-yl)-t-3-iodo-r-1-cyclopentyl]methanols 21a–31a


Method A. A suspension of the azidoiodo alcohol 13a or 15
(1 mmol), aryl alkyne (2 mmol), CuI (1 or 2 mmol) and DIPEA
(50 mmol) in dry THF (50 mL), was stirred under the conditions
specified in Table 2. The reactions were monitored by TLC until the
complete disappearance of the starting material. The yellow solid
in suspension was then filtered, the solvents were removed under
reduced pressure, and resulting residue was dissolved in EtOAc
and washed with water. The organic layer was dried (Na2SO4) and
the solvent removed under reduced pressure. The obtained residue
was purified by column chromatography on silica gel (see below
for further details).


Method B. A suspension of the corresponding azidoiodo
alcohol 13a or 15 (1 mmol), aryl alkyne (2 mmol), a catalytic
amount of CuI (0.05–0.1 mmol) and DIPEA (2 mmol) in dry THF
(50 mL) was stirred under the conditions specified in Table 2. The
reactions were monitored by TLC and the work-up carried out in
the same manner as for Method A.
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(±)-[t-3-Iodo-c-4-(4-phenyl-1H-1,2,3-triazol-1-yl)-r-1-
cyclopentyl]methanol (21a)


Method A: Compound 21a (37%) was obtained from the non-void
fractions eluted with hexane–EtOAc 4 : 1 and 3 : 1, and unreacted
13a (24%) was recovered from the non-void fractions eluted with
CH2Cl2. Method B: Compound 21a (92%) was obtained from the
non-void fractions eluted with hexane–EtOAc 1 : 1.


21a: Slightly milky colourless oil, mmax/cm−1 3361, 2930, 1441,
1381, 1232, 1046, 765, 694; 1H NMR (300 MHz, CDCl3) d 2.21–
2.25 (1H, m, D2O exch., OH), 2.23 (1H, dt, J 13.8 and 7.1, 5-HH),
2.30–2.41 (1H, m), 2.43–2.57 (2H, m), 2.58–2.71 (1H, m), 3.72–
3.79 (2H, m, HOCH2), 4.51 (1H, virtual q, J 7.2, 3-H), 5.06 (1H,
virtual q, J 7.8, 4-H), 7.29–7.34 (1H, m), 7.39–7.43 (2H, m), 7.79–
7.86 (2H, m), 7.89 (1H, s, 5-Htriazole) ppm; 13C NMR (75.47, CDCl3)
d 26.6 (CH), 33.6 (CH2), 39.2 (CH), 40.1 (CH2), 65.2 (CH2), 71.4
(CH), 128.3 (CH), 128.8 (CH), 130.3 (C), 147.6 (C) ppm; m/z (ESI-
TOF) 370.04 (M + 1, 100%); HRMS m/z calcd for C14H16IN3O,
369.0338; found, 369.0357.


(±)-{t-3-Iodo-c-4-[4-(4-methylphenyl)-1H-1,2,3-triazol-1-yl]-r-1-
cyclopentyl}methanol (23a) and (±)-{[t-3-iodo-c-4-[5-iodo-4-(4-
methylphenyl)-1H-1,2,3-triazol-1-yl]-r-1-cyclopentyl}methanol
(23b)


Method A: The non-void fractions eluting with hexane–EtOAc 2 :
1 afforded 23b (13%) and those eluting with hexane–EtOAc 3 :
2 afforded 23a (60%). Method B: The non-void fractions eluting
with hexane–EtOAc 3 : 1 afforded 23a (88%) as a yellow oil that
presented identical spectroscopic features to that using Method
A.


23a: Yellow oil, mmax/cm−1 3353, 2925, 1498, 1447, 1381, 1230,
1045, 819, 730; 1H NMR (300 MHz, CDCl3) d 2.17–2.28 (1H,
m), 2.38 (3H, s, CH3), 2.39–2.56 (4H, m, one of them D2O exch.,
OH), 2.58–2.72 (1H, m), 3.73–3.77 (2H, m, HOCH2), 4.52 (1H,
virtual q, J 7.3, 3-H), 5.07 (1H, virtual q, J 7.6, 4-H), 7.22–7.25
(2H, m), 7.70–7.72 (2H, m), 7.87 (1H, s, 5-Htriazole) ppm; 13C NMR
(75.47 MHz, CDCl3) d 21.3 (CH), 26.7 (CH3), 33.6 (CH2), 39.2
(CH), 40.1 (CH2), 65.1 (CH2), 71.4 (CH), 119.2 (CH), 127.5 (C),
129.5 (CH), 130.2 (C), 147.6 (C) ppm; m/z (ESI-TOF) 384.05 (M +
1, 100%); HRMS m/z calcd for C15H18IN3O, 383.0495; found,
383.0518.


23b: Yellow solid, mp 91–93 ◦C, mmax/cm−1 3333, 2918, 1424,
1336, 1261, 1226, 1036, 815; 1H NMR (300 MHz,CDCl3) d 1.60–
1.87 (1H, m, D2O exch., OH), 2.16–2.24 (1H, m, 5-HH), 2.45
(3H, s, CH3), 2.41–2.47 (1H, m), 2.77–2.84 (3H, m), 3.79–3.82 (2H,
m, HOCH2), 4.70 (1H, virtual q, J 6.5, 3-H), 5.19 (1H, virtual q,
J 7.8, 4-H), 7.30–7.26 (2H, m), 7.80–7.84 (2H, m) ppm; 13C NMR
(75.47 MHz, CDCl3) d 21.3 (CH), 26.3 (CH3), 33.8 (CH2), 39.7
(CH2), 39.8 (CH), 65.3 (CH2), 71.1 (CH), 129.1 (C), 129.3 (CH),
131.1 (C), 138.7 (C), 147.7 (C) ppm; m/z (ESI-TOF) 509.95 (M,
100%); C26H32N2O2Si (509.1239): calcd. C, 35.39; H, 3.37; N, 8.25;
found C, 35.68; H, 3.59; N, 8.54%.


(±)-{t-3-Iodo-c-4-[4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl]-
r-1-cyclopentyl}methanol (24a)


Method B: The non-void fractions eluting with hexane–EtOAc 1 :
1 and 1 : 3 afforded 24a (81%).


24a: Whitish solid, mp 96–98 ◦C (recrystallised from diethyl
ether–hexane), mmax/cm−1 3454, 3130, 2997, 2927, 1497, 1451, 1251,
1176, 1029, 838, 794; 1H NMR (300 MHz,CDCl3) d 2.11–2.28
(1H, m), 2.31–2.41 (1H, m), 2.43–2.71 (4H m, one of them D2O
exch., OH), 3.75–3.81 (2H, m, HOCH2), 3.83 (3H, s, CH3), 4.52
(1H, virtual q, J 7.3, 3-H), 5.05 (1H, virtual q, J 7.9, 4-H) 6.93–
6.97 (2H, m), 7.72–7.77 (2H, m), 7.82 (1H, s, 5-Htriazole) ppm; 13C
NMR (75.47 MHz, CDCl3) d 26.5 (CH), 33.6 (CH2), 39.0 (CH),
39.8 (CH2), 55.2 (CH3), 64.7 (CH2), 71.2 (CH), 114.2 (CH), 118.8
(CH), 122.8 (C), 126.9 (CH), 147.2 (C), 159.5 (C) ppm; m/z (ESI-
TOF) 400.05 (M + 1, 100%); C15H18IN3O2 (399.2268). calcd. C,
45.13; H, 4.54; N, 10.53; found C, 45.39; H 4.81; N, 10.67%.


(±)-{t-3-Iodo-c-4-[(2-nitrophenyl)-1H-1,2,3-triazol-1-yl]-
r-1-cyclopentyl}methanol (26a)


Method B: The non-void fractions eluting with hexane–EtOAc 3 :
2 afforded 26a (73%).


26a: Yellow oil, mmax/cm−1 3371, 2938, 2896, 1528, 1442, 1358,
1232, 1042, 782; 1H NMR (300 MHz, CDCl3) d 2.17–2.28 (1H, m),
2.31–2.44 (3H, m), 2.47–2.72 (2H, m), 3.75 (2H, d, J 5.2, HOCH2),
4.51 (1H, virtual q, J 7.3, 3-H), 5.08 (1H, virtual q, J 7.9, 4-H),
7.49 (1H, dt, J 7.62 and 1.17), 7.64 (1H, dt, J 7.6, 1.2), 7.81 (1H,
dd, J 8.2 and 1.2), 8.0 (1H, s, 5-Htriazole), 8.04 (1H, dd, J 7.8 and
1.2) ppm; 13C NMR (75.47 MHz, CDCl3) d 26.4 (CH), 33.5 (CH2),
39.6 (CH), 39.9 (CH2), 65.0 (CH2), 71.5 (CH), 122.9 (CH), 124.0
(CH), 131.1 (CH), 132.5 (CH), 141.7 (C), 148.2 (C) ppm; m/z (EI
70 eV) 414 (M, 0.5%), 397 (6), 207 (10), 152 (13), 135 (13), 104
(21), 97 (17), 80 (61), 79 (100), 77 (16), 76 (13), 67 (33), 57 (14);
HRMS m/z calcd for C14H15IN4O3 414.1984, found, 414.2007.


(±)-{-c-3-[4-(4-Hydroxymethylphenyl)-1H-1,2,3-triazol-1-yl]-
t-4-iodo-r-1-cyclopentyl}methanol (27a) and (±)-{c-3-[4-
(4-hydroxymethylphenyl)-5-iodo-1H-1,2,3-triazol-1-yl]-t-4-
iodo-r-1-cyclopentyl}methanol (27b)


Method A: The non-void fractions eluting with hexane–EtOAc
1 : 2 and 2 : 3 afforded successively 27b (12%) and 27a (48%).
Method B: The non-void fractions eluting with hexane–EtOAc
1 : 1 afforded 27a (69%) as a yellow solid that presented identical
spectroscopic features to that using Method A.


27a: White solid, mp 114–115 ◦C (recrystallized from hexane–
EtOAc); mmax/cm−1 3250, 2933, 1443, 1200, 1037, 803; 1H NMR
(300 MHz, CDCl3) d 1.71 (1H, t, J 5.9, D2O exch., OH), 1.8–
1.90 (1H, m, D2O exch.), 2.21–2.65 (5H, m), 3.77–3.80 (2H, m,
HOCH2), 4.53 (1H, virtual q, J 7.3, 3-H), 4.72–4.74 (2H, m,
HOCH2Ph), 5.08 (1H, virtual q, J 7.6, 4-H); 7.43 (2H, d, J
8.3), 7.84 (2H, d, J 8.2), 7.92 (1H, s, 5-Htriazole) ppm; 13C NMR
(75.47 MHz, CDCl3) d 26.6 (CH), 29.7 (CH2), 33.6 (CH2), 39.2
(CH), 40.1 (CH2), 65.2 (CH2), 71.4 (CH), 119.5 (CH), 125.9 (CH),
127.5 (CH), 129.7 (C), 137.7 (C), 140.9 (C) ppm; m/z (EI 70 eV)
399 (M, 6%), 226 (11), 207 (10), 147 (36), 146 (100), 131 (12), 130
(13), 129 (10), 128 (12), 118 (11), 117 (10), 115 (11), 103 (25), 97
(13), 91 (36), 89 (13), 80 (35), 79 (56), 77 (27), 67 (40), 66 (17);
C15H18IN3O2 (399.2268): calcd. C, 45.13; H, 4.54; N, 10.53; found
C, 45.38; H, 4.72; N, 10.81%.


27b: White solid, mp 101–102◦C (recrystallized from EtOAc);
mmax/cm−1 3341, 2923, 1612, 1417, 1229, 1043, 825; 1H NMR
(300 MHz, DMSO-d6) d 1.84 (1H, dt, J 12.9 and 8.8), 2.26–2.35
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(2H, m), 3.24–3.39 (2H, m), 3.4 (2H, t, J 8.4, CH2OH), 4.54 (2H,
d, J 5.6, HOCH2), 4.68 (1H, virtual q, J 8.4, 4-H), 4.71 (1H, t, J
5.3, D2O exch., OH), 5.13 (1H, virtual q, J 8.6, 3-H), 5.24 (1H,
t, J 5.7, D2O exch., OH), 7.42 (2H, d, J 8.2), 7.82 (2H, d, J 7.9)
ppm; 13C NMR (75.47 MHz, DMSO-d6) d 24.4 (CH), 33.9 (CH2),
39.5 (CH), 39.6 (CH2), 63.6 (CH2), 64.7 (CH2), 71.4 (CH), 126.9
(CH), 127.7 (CH), 129.2 (C), 142.4 (C), 148.8 (C), 149.7 (C) ppm;
m/z (EI 70 eV) 273 (12%), 272 (4), 207 (21), 146 (28), 135 (12),
117 (15), 116 (24), 97(22), 91 (22), 90 (14), 89 (20), 80 (56), 79 (93),
77 (22), 69(24), 67 (64), 65 (21), 58 (100), 57 (38), 55 (30), 53 (11);
C15H17I2N3O2 (525.1233): calcd. C, 34.31; H, 3.26; N, 8.00; found
C, 34.69; H, 3.57; N, 8.34%


(±)-2-{1-[c-4-(Hydroxymethyl)-t-2-iodo-r-1-cyclopentyl]-1H-
1,2,3-triazol-4-yl}benzaldehyde (28a) and (±)-2-{1-[c-4-
(hydroxymethyl)-t-2-iodo-r-1-cyclopentyl]-5-iodo-1H-1,2,3-
triazol-4-yl}benzaldehyde (28b)


Method A: The non-void fractions eluted with hexane–EtOAc 2 : 1
and 3 : 2 afforded successively 28b (13%) and 28a (49%). Method
B: The non-void fractions eluted with hexane–EtOAc 1 : 1 and
2 : 3 afforded 28a (64%) as a yellow oil that presented identical
spectroscopic features to that using Method A.


28a: Yellow oil. mmax/cm−13353, 2929, 1688, 1602, 1445, 1198,
1044, 827, 769; 1H NMR (300 MHz, CDCl3) d 2.22–2.68 (6H,
m, one of them D2O exch., OH), 3.75–3.78 (2H, m, HOCH2),
4.53 (1H, virtual q, J 7.6, 2-H), 5.11 (1H, virtual q, J 7.9, 1-H),
7.48–7.53 (1H, m), 7.62–7.67 (1H, m), 7.71–7.73 (1H, m), 7.96–
8.02 (1H, m), 8.05 (1H, s, 5-Htriazole), 10.37 (1H, s, CHO) ppm; 13C
NMR (75.47 MHz, CDCl3) d 26.5 (CH), 33.5 (CH2), 39.0 (CH),
40.0 (CH2), 65.0 (CH2), 71.5 (CH), 123.2 (CH), 128.7 (CH), 128.9
(CH), 130.1 (CH), 132.8 (C), 133.8 (CH), 144.4 (C), 192.5 (C) ppm;
m/z (EI 70 eV) 370 [(M + 2) − CHO, 16%], 369 [(M + 1) − CHO,
100], 207 (27), 146 (25), 145 (18), 128 (18), 102 (15), 89 (17), 79
(14), 59 (15); HRMS m/z calcd for C15H16IN3O2, 397.2109; found,
397.2134.


28b: Yellow solid, mp 73–74◦C; mmax/cm−1 3375, 2923, 1688,
1797, 1196, 1039, 823, 769; 1H NMR (300 MHz, CDCl3) d 2.06–
2.26 (2H, m, one of them D2O exch., OH), 2.28–2.46 (1H, m),
2.47–2.59 (1H, m), 2.62–2.75 (1H, m), 3.74–3.79 (2H, m, HOCH2),
4.70 (1H, virtual q, J 7.3, 2-H), 5.13 (1H, virtual q, J 7.5, 1-H),
7.56–7.59 (2H, m), 7.66–7.70 (1H, m), 8.06 (1H, d, J 8.4), 9.98
(1H, s, CHO) ppm; 13C NMR (75.47 MHz, CDCl3) d 25.7 (CH),
34.0 (CH2), 39.6 (CH), 39.7 (CH2), 65.3 (CH2), 71.5 (CH), 128.2
(CH), 129.6 (CH), 131.2 (CH), 132.8 (C), 133.7 (CH), 134.5 (C),
148.1 (C), 191.4 (C) ppm; m/z (ESI-TOF) 523.93 (M + 1, 100%);
C16H15I2N3O2 (522.9254): calcd. C, 34.44; H, 2.89; N, 8.03; found
C 34.68, H 3.10, N 8.34%.


(±)-{c-3-[4-(2-Aminophenyl)-1H-1,2,3-triazol-1-yl]-t-4-iodo-r-1-
cyclopentyl}methanol (29a)


Method B: The non-void fractions eluted with hexane–EtOAc 1 :
2 and 1 : 3 afforded 29a (75%).


29a: Brownish oil; mmax/cm−1 3361, 2920, 1619, 1460, 1045, 908,
786, 729; 1H NMR (300 MHz, CDCl3) d 2.17–2.65 (6H, m, one of
them D2O exch., OH), 3.12 (2H, br s, D2O exch., NH2), 3.73–3.78
(2H, m, HOCH2), 4.50 (1H, virtual q, J 7.5, 4-H), 5.04 (1H, virtual
q, J 7.9, 3-H), 6.66 (1H, ddd, J 7.6, 2.3 and 1.7), 7.12–7.25 (3H,


m), 7.86 (1H, s, 5-Htriazole) ppm; 13C NMR (75.47 MHz, CDCl3) d
26.6 (CH), 33.6 (CH2), 39.2 (CH), 40.0 (CH2), 65.1 (CH2), 71.4
(CH), 112.2 (CH), 115.1 (CH), 116.1 (CH), 119.6 (CH), 129.8
(CH), 131.2 (C), 146.9 (C), 147.6 (C) ppm; m/z (EI 70 eV) 384 (M,
15%), 256 (16), 160 (16), 132 (44), 131 (100), 117 (38), 104 (26),
85(14), 80 (18), 79 (28), 77 (20), 71 (19), 69 (20), 67 (28), 57 (24);
HRMS m/z calcd for C14H17IN4O, 384.2154; found, 384.2172.


(±)-{t-3-Iodo-c-4-[4-(3-thienyl)-1H-1,2,3-triazol-1-yl]-r-1-
cyclopentyl}methanol (30a) and (±)-{t-3-iodo-c-4-[5-iodo-4-
(3-thienyl)-1H-1,2,3-triazol-1-yl]-r-1-cyclopentyl}methanol (30b)


Method A: The non-void fractions eluted with hexane–EtOAc 5 :
1, 3 : 1, 2 : 1 and 1 : 1 afforded successively 30b (11%) and 30a
(57%). Method B: The non-void fractions eluting with hexane–
EtOAc 3 : 1, 2 : 1, and 1 : 1 afforded 30a (89%) as a yellowish
oil that presented identical spectroscopic features to that using
Method A.


30a: Yellowish oil; mmax/cm−1 3356, 3126, 2924, 2868, 1596, 1446,
1353, 1314, 1228, 1046, 856, 786, 622; 1H NMR (300 MHz, CDCl3)
d 1.85–2.06 (1H, m), 2.09–2.31 (3H, m), 2.34–2.51 (1H, m), 3.09
(1H, br s, D2O exch., OH), 3.53–3.55 (2H, m, HOCH2), 4.30 (1H,
virtual q, J 7.8, 3-H), 4.84 (1H, virtual q, J 8.1, 4-H), 7.21–7.09
(1H, m), 7.24–7.28 (1H, m), 7.49–7.51 (1H, m), 7.69 (1H, s, 5-
Htriazole) ppm; 13C NMR (75.47 MHz, CDCl3) d 26.4 (CH), 33.6
(CH2), 38.9 (CH), 39.8 (CH2), 64.7 (CH2), 71.2 (CH), 119.4 (CH),
121.3 (CH), 125.7 (CH), 126.4 (CH), 131.3 (C), 143.6 (C) ppm;
m/z (EI 70 eV) 375 (M, 43%), 220 (19), 207 (18), 202 (14), 162
(13), 123 (31), 122 (100), 108 (25), 97 (22), 80 (15), 79 (29), 67 (14);
HRMS m/z calcd for C12H14IN3OS, 375.2285; found, 375.2306.


30b: Yellowish solid, mp 95–97◦C; mmax/cm−1 3369, 2918, 1651,
1585, 1429, 1148, 1030, 787; 1H NMR (300 MHz, CDCl3) d 2.0
(1H, br s, D2O exch., OH), 2.12–2.21 (2H, m), 2.34–2.53 (1H, m),
2.54–2.63 (1H, m), 2.66–2.79 (1H, m), 3.77–3.81 (2H, m, HOCH2),
4.69 (1H, virtual q, J 6.6, 3-H), 5.17 (1H, virtual q, J 7.2, 4-H),
7.41–7.44 (1H, m), 7.75–7.81 (1H, m), 7.97–7.98 (1H, m) ppm; 13C
NMR (75.47 MHz, CDCl3) d 25.9 (CH), 33.7 (CH2), 39.5 (CH2),
39.6 (CH), 65.2 (CH2), 70.9 (CH), 122.9 (CH), 125.9 (CH), 126.5
(CH), 130.6 (C), 146.3 (C), 146.4 (C) ppm; m/z (EI 70 eV) 501 (M,
33%), 346 (27), 248 (62), 247 (100), 218 (20), 207 (63), 123 (24),
122 (74), 121 (45), 97 (26), 95 (34), 94 (14), 80 (42), 79 (83), 67 (28);
C12H13I2N3OS (500.8869): calcd. C, 28.76; H, 2.61; N, 8.39; found
C, 29.08; H, 2.59; N, 8.54%.


(±)-{t-3-Iodo-c-4-[4-(2-pyridinyl)-1H-1,2,3-triazol-1-yl]-r-1-
cyclopentyl}methanol (31a)


Method A: The non-void fractions eluted with hexane–EtOAc 1 :
1, 2 : 3, and 1 : 3 afforded 31a (29%). Method B: The non-void
fractions eluted with hexane–EtOAc 3 : 1, 2 : 1, and 1 : 1 afforded
31a (68%) as a white solid that presented identical spectroscopic
features to that using method A.


31a: White solid, mp 151–152◦C (recrystallized from EtOAc);
mmax/cm−1 3150, 2931, 1600, 1466, 1243, 1134, 1040, 779; 1H NMR
(300 MHz, CDCl3) d 2.04–2.14 (1H, m, D2O exch., OH), 2.16–2.26
(1H, m), 2.32–2.69 (4H, m), 3.75 (2H, d, J 5.3, HOCH2), 4.55 (1H,
virtual q, J 7.6, 3-H), 5.12 (1H, virtual q, J 7.9, 4-H), 7.22–7.28
(1H, m), 7.76–7.81 (1H, m), 8.18 (1H, d, J 7.9), 8.29 (1H, s, 5-
Htriazole), 8.57–8.59 (1H, m) ppm; 13C NMR (75.47 MHz, CDCl3)
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d 26.0 (CH), 33.8 (CH2), 39.2 (CH), 40.2 (CH2), 65.3 (CH2), 71.5
(CH), 120.3 (CH), 121.7 (CH), 123.0 (CH), 137.0 (CH), 148.2 (C),
149.4 (CH), 150.1 (C) ppm; m/z (EI 70 eV) 370 (M, 7%), 340 (27),
243 (15), 215 (15), 207 (16), 147 (42), 120 (15), 119 (24), 118 (75),
117 (100), 104 (10), 91 (14), 90 (16), 80 (18), 79 (31), 78 (14), 67
(14), 58 (13); C13H14I2N4O (370.1889): calcd. C, 42.18; H, 4.08; N,
15.13; found C, 42.44; H, 4.23; N, 15.38%.


X-Ray crystal structure determination: Single crystals of com-
pound 31a suitable for X-ray diffractometry were obtained by
iterative recrystallization of the isolated product using MeOH. The
desired single crystals were mounted in an inert oil and transferred
to the cold gas stream of the diffractometer. Empirical formula:
C13H15IN4O; formula weight: 370.19; crystal size: 28 × 0.16 ×
0.11 mm3; crystal colour: colourless; habit: prismatic; crystal
system: monoclinic; lattice type: plate; lattice parameters: a =
7.4415(13) Å, b = 21.445(4) Å, c = 8.9163(15) Å, b = 104.154(2)◦,
V = 1379.0(4) Å3; space group: P21/n; Z = 4; Dcalc = 1.782 Mg
m−3; R1 = 0.0265, wR2 = 0.0649. Diffractometer: Smart-1000
BRUKER. CCDC number 651791.†


General procedure for the synthesis of (±)-[cis-4-(4-aryl-1H-1,2,3-
triazol-1-yl)cyclopent-2-enyl]methanol 32–39


A solution of the triazole derivative 21a, 23a–28a or 30a (1 mmol)
and DABCO (2 mmol) in dry benzene or toluene (12.5 mL)
was stirred under the conditions specified in Table 3 until TLC
analysis showed complete disappearance of the starting material.
The solvent was then evaporated under reduced pressure and the
residue purified by column chromatography on silica gel using the
eluent indicated below.


(±)-[cis-4-(4-Phenyl-1H-1,2,3-triazol-1-yl)cyclopent-2-
enyl]methanol (32)


Eluent hexane–EtOAc 2 : 1; milky oil; mmax/cm−1 3356, 2871, 1614,
1434, 1365, 1223, 1041, 764, 693; 1H NMR (300 MHz, CDCl3) d
1.66–1.74 (1H, m, D2O exch., OH), 1.90 (1H, dt, J 14.2 and 5.2,
5-CHH), 2.86 (1H, dt, J 14.2 and 9.0, 5-CHH), 2.95–3.13 (1H,
m, 1-H), 3.71 and 3.81 (2H, part AB, ABM system, J 10.6, 5.0
and 4.8, HOCH2), 5.78–5.81 (1H, m, 4-H), 5.95 (1H, dt, J 5.5
and 2.2, 2-H), 6.18 (1H, dt, J 5.5 and 2.1, 3-H), 7.32–7.34 (1H,
m), 7.34–7.43 (2H, m), 7.79–7.82 (2H, m), 7.87 (1H, s, 5-Htriazole)
ppm; 13C NMR (75.47 MHz, CDCl3) d 30.2 (CH2), 34.7 (CH2),
48.0 (CH), 65.4 (CH2), 66.5 (CH), 118.3 (CH), 126.1 (CH), 128.5
(CH), 129.2 (CH), 130.5 (CH), 131.1 (C), 139.0 (CH), 148.2 (C)
ppm; m/z (EI 70 eV) 241 (M, 28%), 207 (32), 182 (11), 117 (22), 116
(100), 89(17), 79 (11), 58 (36); HRMS m/z calcd for C14H15N3O,
241.2885; found, 241.2907.


(±)-{cis-4-[4-(4-Methylphenyl)-1H-1,2,3-triazol-1-yl]cyclopent-2-
enyl}methanol (33)


Eluent hexane–EtOAc 2 : 1; milky oil; mmax/cm−1 3379, 2920, 1651,
1498, 1454, 1365, 1222, 1042, 799; 1H NMR (300 MHz, CDCl3)
d 1.92 (1H, dt, J 14.2 and 5.3, 5-CHH), 1.94–1.99 (1H, m, D2O
exchange, OH), 2.37 (3H, s, CH3), 2.85 (1H, dt, J 14.2 and 9.0,
5-CHH), 3.05–3.10 (1H, m, 1-H), 3.69–3.74 (1H, m, HOCHH),
3.77–3.82 (1H, m, HOCHH), 5.75–5.82 (1H, m, 4-H), 5.95 (1H,
dt, J 5.6 and 2.2, 2-H), 6.19 (1H, dt, J 5.6 and 2.1, 3-H), 7.19–7.22
(2H, m), 7.68–7.70 (2H, m), 7.81 (1H, s, 5-Htriazole) ppm; 13C NMR


(75.47 MHz, CDCl3) d 21.3 (CH3), 34.4 (CH2), 47.6 (CH), 65.0
(CH2), 66.1 (CH), 117.6 (CH), 125.6 (CH), 127.8 (C), 129.4 (CH),
130.0 (CH), 137.9 (C), 138.6 (CH), 147.9 (C) ppm; m/z (EI 70 eV)
256 (M + 1, 8%), 255 (M, 10), 131 (22), 130 (100), 118 (19), 116
(9), 115 (14), 103 (21), 79 (20), 77 (19), 71 (9), 67 (14), 58 (53), 57
(19); HRMS m/z calcd for C15H17N3O, 255.315; found, 255.1368.


(±)-{cis-4-[4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl]cyclopent-
2-enyl}methanol (34a)


Eluent hexane–EtOAc 1 : 2 and 1 : 4; yellow solid; mp 67–68 ◦C;
mmax/cm−1 3324, 2920, 1617, 1559, 1498, 1247, 1103, 1030, 799; 1H
NMR (300 MHz, CDCl3) d 1.93 (1H, dt, J 14.2 and 5.2, 5-CHH),
2.11–2.14 (1H, m, D2O exch., OH), 2.84 (1H, dt, J 14.2 and 9.0,
5-CHH), 3.02–3.13 (1H, m, 1-H), 3.68–3.74 (1H, m, HOCHH),
3.77–3.79 (1H, m, HOCHH), 3.83 (3H, s, CH3), 5.74–5.82 (1H, m,
4-H), 5.94 (1H, dt, J 5.6 and 2.2, 2-H), 6.17 (1H, dt, J 5.6 and 2.0,
3-H), 6.90–6.96 (2H, m), 7.70–7.74 (2H, m), 7.77 (1H, s, 5-Htriazole)
ppm; 13C NMR (75.47 MHz, CDCl3) d 34.4 (CH2), 47.6 (CH), 55.3
(CH3), 65.0 (CH2), 66.0 (CH), 114.2 (CH), 117.1 (CH), 123.4 (C),
126.9 (CH), 130.0 (CH), 138.5 (CH), 147.6 (C), 159.5 (C) ppm;
m/z (FAB) 272.12 (M + 1, 11%); C15H17N3O2 (271.3144): calcd.
C, 66.40; H, 6.32; N, 15.49; found C, 66.76; H, 6.65; N, 15.64%.


(±)-{cis-4-[4-(2-Methoxyphenyl)-1H-1,2,3-triazol-1-yl]cyclopent-
2-enyl}methanol (35)


Eluent hexane–EtOAc 1 : 2; an analytical simple was obtained by a
second purification by column chromatography on silica gel using
CH2Cl2–MeOH 9 : 0.1; slightly milky colourless oil; mmax/cm−1


3364, 2929, 1650, 1544, 1058; 1H NMR (300 MHz, CDCl3) d 1.96
(1H, dt, J 14.4 and 5.3, 5-CHH), 2.14–2.19 (1H, m, D2O exch.,
OH), 2.84 (1H, dt, J 14.4 and 8.9, 5-CHH), 3.06–3.11 (1H, m,
1-H), 3.81 and 3.72 (2H, part AB, ABM system, J 10.6 and 4.8
HOCH2), 3.91 (3H, s, CH3), 5.74–5.79 (1H, m, 4-H), 5.97 (1H, dt,
J 5.6 and 2.2, 2-H), 6.16 (1H, dt, J 5.6 and 2.0, 3-H), 6.96 (1H, d, J
8.5), 7.04–7.09 (1H, m), 7.27–7.33 (1H, m), 8.08 (1H, s, 5-Htriazole),
8.31 (1H, dd, J 7.6 and 1.8) ppm; 13C NMR (75.47 MHz, CDCl3)
d 34.5 (CH2), 47.7 (CH), 55.4 (CH3), 65.2 (CH2), 66.9 (CH), 110.7
(CH), 119.5 (C), 121.0 (CH),121.6 (CH), 127.6 (CH), 128.8 (CH),
130.1(CH), 138.2 (CH), 143.1 (C), 155.6 (C) ppm; m/z (EI 70 eV)
271 (M, 12%), 212 (14), 147 (20), 146 (100), 132 (21), 119 (31),
89 (15), 79 (17), 77 (14), 67 (16), 65 (11); HRMS m/z calcd for
C15H17N3O2, 271.3144; found, 271.3170.


(±)-{cis-4-[4-(2-Nitrophenyl)-1H-1,2,3-triazol-1-yl)cyclopent-2-
enyl}methanol (36)


Eluent hexane–EtOAc 3 : 2 and 1 : 2; colourless oil; mmax/cm−1


3385, 2924, 1617, 1529, 1435, 1360, 1225, 1038, 752; 1H NMR
(300 MHz, CDCl3) d 1.87–1.95 (1H, m, D2O exch., OH), 1.93
(1H, dt, J 14.4 and 4.8, 5-CHH), 2.86 (1H, dt, J 14.4 and 9.1,
5-CHH), 3.05–3.10 (1H, m, 1-H), 3.67–3.81 (2H, m, HOCH2),
5.77–5.82 (1H, m, 4-H), 5.93–5.96 (1H, m, 2-H), 6.17–6.20 (1H,
m, 3-H), 7.45–7.50 (1H, m), 7.62–7.67 (1H, m), 7.78 (1H, dd, J
7.9 and 1.2), 7.94 (1H, s, 5-Htriazole), 8.04 (1H, dd, J 7.9, and 1.5)
ppm; 13C NMR (75.47 MHz, CDCl3) d 34.4 (CH2), 47.5 (CH),
64.8 (CH2), 66.3 (CH), 121.5 (CH), 123.9 (CH), 124.9 (C), 128.8
(CH), 129.7 (CH), 131.0 (CH), 132.4 (CH), 139.0 (CH), 141.9 (C)
ppm; m/z(EI 70 eV) 286 (M, 1%), 191 (19), 107 (3), 105 (3), 104
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(18), 97 (6), 92 (6), 91 (6), 89 (9), 80 (10), 79 (100), 78 (4),77 (21), 76
(13), 67 (61), 66 (26), 65 (17); HRMS m/z calcd for C14H14N4O3,
286.286; found, 286.2882.


(±)-{cis-4-[4-(4-Hydroxymethylphenyl)-1H-1,2,3-triazol-1-
yl]cyclopent-2-enyl}methanol (37)


Eluents hexane–EtOAc 1 : 2 and EtOAc; yellow oil; mmax/cm−1


3357, 2924, 2864, 1651, 1455, 1368, 1221, 1040, 801; 1H NMR
(300 MHz, CDCl3) d 1.94 (1H, dt, J 14.2 and 5.2, 5-CHH), 2.11–
2.14 (1H, m, D2O exch., OH), 2.85 (1H, dt, J 14.2 and 9.0, 5-
HH), 3.03–3.13 (1H, m, 1-H), 3.68 and 3.81 (2H, part AB, ABM
system, J 10.6 and 4.8, HOCH2), 4.22–4.20 (1H, m, 4-H), 4.71
(2H, virtual s, PhCH2OH), 5.95 (1H, dt, J 5.6 and 2.2, 2-H), 6.18
(1H, dt, J 5.6 and 2.0, 3-H), 7.39 (2H, d, J 8.3), 7.78 (2H, d, J
8.3), 7.87 (1H, s, 5-Htriazole) ppm; 13C NMR (75.47 MHz, CDCl3) d
29,7 (CH2), 34.4 (CH2), 47.6 (CH), 64.9 (CH2), 66.1 (CH), 118.0
(CH), 125.8 (CH), 127.4 (CH), 130.0 (CH), 130.3 (C), 138.6 (CH),
140.7 (C), 147.5 (C) ppm; m/z (EI 70 eV) 271 (M, 9%), 147 (18),
146 (100), 118 (10), 99 (10), 91 (21), 83 (12), 79(29), 77 (15), 71
(26), 69 (21), 65 (13), 58 (30), 57 (29), 55 (11); HRMS m/z calcd
for C15H17N3O2, 271.3144; found, 271.3162.


(±)-2-{1-[cis-4-(Hydroxymethyl)cyclopent-2-enyl]-1H-1,2,3-
triazol-4-yl}benzaldehyde (38)


Eluent hexane–EtOAc 2 : 1 and 1 : 2; brown oil; mmax/cm−1 3387,
2925, 1688, 1602, 1455, 1367, 1200, 1039, 769; 1H NMR (300 MHz,
CDCl3) d 1.96 (1H, dt, J 14.4 and 5.0, 5-CHH), 2.21–2.31 (1H,
m, D2O exch., OH), 2.88 (1H, dt, J 14.4 and 9.1, 5-HH), 3.05–
3.11 (1H, m, 4-H), 3.70 and 3.81 (2H, part AB, ABM system, J
10.5 and 4.7, HOCH2), 5.81–5.87 (1H, m, 1-H), 5.94–5.97 (1H, m,
2-H), 6.17–6.20 (1H, m, 3-H), 7.45–7.50 (1H, m), 7.58–7.69 (2H,
m), 7.99 (1H, s, 5-Htriazole), 7.98–8.01 (1H, m), 10.36 (1H, s, COH)
ppm; 13C NMR (75.47 MHz, CDCl3) d 34.4 (CH2), 47.5 (CH),
64.6 (CH2), 66.3 (CH), 121.8 (CH), 128.5 (CH), 128.6 (CH), 129.7
(CH), 130.0 (C), 133.3 (C), 133.7 (CH), 139.8 (CH), 144.6 (C),
192.6 (C) ppm; m/z (EI 70 eV) 269 (M, 1%), 242 (15), 241 (90),
146 (29), 145 (100), 144 (21), 130 (16), 128 (15), 118 (28), 117 (41),
102 (30), 90 (37), 89 (66), 79 (57), 77 (30), 67 (62), 66 (28), 65
(23), 63 (19); HRMS m/z calcd for C15H15N3O2, 269.2985; found,
269.3003.


(±)-{cis-4-[4-(3-Thienyl)-1H-1,2,3-triazol-1-yl]cyclopent-2-
enyl}methanol (39)


Eluent hexane–EtOAc 2 : 1; yellow oil; mmax/cm−1 3387, 2925, 1688,
1602, 1455, 1366, 1200, 1039, 769 3402; 1H NMR (300 MHz,
CDCl3) d 1.91 (1H, dt, J 14.2 and 5.3, 5-CHH), 2.21–2.31 (1H, m,
D2O exch., OH), 2.88 (1H, dt, J 14.3 and 9.1, 5-HH), 3.05–3.11
(1H, m, 4-H), 3.70 and 3.79 (2H, part AB, ABM system, J 10.5
and 4.7, HOCH2), 5.74–5.81 (1H, m, 1-H), 5.92 (1H, dd, J 5.6
and 2.2, 2-H), 6.17 (1H, dd, J 5.6 and 2.0, 3-H), 7.35 (1H, dd, J
5.0 and 3.1), 7.42 (1H, dd, J 5.0 and 1.2), 7.66 (1H, dd, J 2.9 and
1.2), 7.76 (1H, s, 5-Htriazole) ppm; 13C NMR (75.47 MHz, CDCl3)


d 34.6 (CH2), 47.8 (CH), 65.1 (CH2), 66.3 (CH), 118.0 (CH), 12.2
(CH), 126.0 (CH), 126.5 (CH), 130.2 (C), 132.2 (C), 138.9 (CH),
144.2 (C) ppm; m/z (EI 70 eV) 247 (M, 1%), 122 (11), 118 (29),
88 (10), 85 (15), 71 (23), 69 (20), 58 (100), 57 (32), 55 (17); HRMS
m/z calcd for C12H13N3OS, 247.3161; found, 247.3179.
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The regio- and enantioselectivity of the reduction of an NAD model compound having axial chirality
with respect to the C3(quinolinium)–C(carbonyl) bond, 3-piperidinylcarbonyl-1,2,4-trimethyl-
quinolinium ion (1), by using several reducing agents is described. Reaction of 1 with sodium
hydrosulfite affords the 1,4-reduced product, 3-piperidinylcarbonyl-1,2,4-trimethyl-1,4-dihydro-
quinoline (2), with low enantioselectivity, whereas sodium borohydride promotes 1,2-reduction,
affording 3-piperidinylcarbonyl-1,2,4-trimethyl-1,2-dihydroquinoline (3) as the sole product in a
moderate enantioselectivity. When 1 was reduced by the chiral NADH model compound,
2,4-dimethyl-3-(N-a-methylbenzylcarbamoyl)-1-propyl-1,4-dihydropyridine (Me2PNPH (4)), the
regioselectivity and enantioselectivity of the reaction were significantly altered by the stereochemistry of
1 and 4. An achiral NADH model compound, 1-propyl-1,4-dihydronicotinamide (PNAH (5)) exhibited
both high regio- and enantioselectivities. The product selectivity reflects the change in molecular
arrangement in the transition state of the reaction and reveals the relative importance of the parameters
governing the molecular arrangement in the reaction.


Introduction


The asymmetric reduction of activated ketones or olefins with
chiral NADH model compounds has been studied extensively.1–11


This biomimetic molecular transformation including the non-
asymmetric version of the reaction with various substrates,12–17 has
attracted considerable interest in relation to transition metal-free
organic catalysts.18–20 On the other hand, the reverse reactions,
namely reductions of NAD model compounds exhibiting face-
selective reduction, have been reported in a limited number.6,8,21–26


The control of regioselectivity of the reduction is an additional
requirement for this type of reaction because it often affords
mixtures of 1,2-, 1,4- and 1,6-isomers.27–29


Several strategies for the differentiation of the nicotinamide
ring face in NAD model compounds have been developed. The
C3–C6,21 C3–C5,30 or C2–C526 strapped NAD model compounds
undergo enantiospecific reduction from the unhindered face.
Annulation in C2 and C3 results in inclination of the carbamoyl
C=O bond from the plane of the nicotinamide ring, mostly
activating the syn-face with the carbonyl oxygen in the 1,4-
reduction.6,8,23,25 The role of out-of-plane orientations of the
carbonyl group in NAD/NADH model compounds in controlling
the stereoselectivity has been studied extensively.22,23,25,31
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In this article, we analyze the role of the carbonyl oxygen
orientation in determining the regio- and stereoselectivity of the re-
duction of non-annulated NAD model compound, 3-piperidinyl-
carbonyl-1,2,4-trimethylquinolinium ion (1), which has axial
chirality with respect to the C3(quinolinium)–C(carbonyl) bond.
As reported in our previous communication,32 when (aS)-1 was
reduced by a chiral NADH model compound, (4R,9R)-2,4-
dimethyl-3-(N-a-methylbenzylcarbamoyl)-1-propyl-1,4-dihydro-
pyridine ((4R)-Me2PNPH ((4R)-4), Chart 1), the main product
was 1,4-dihydroquinoline (4R)-2, which is the compound where
the hydride was introduced at the C4 position from the carbonyl
oxygen face direction. The axial chirality was lost upon reduction,
thus, axial chirality was converted to central chirality in this
system. On the other hand, the present paper reveals that in
the reaction of corresponding enantiomer of 1 ((aR)-1) with
the same reducing agent ((4R)-4) affords 1,2-dihydroquinoline
(2S)-3 as a major product, which is the compound where the
hydride was introduced at the C2 position from the carbonyl
oxygen face direction (Scheme 1). The only difference between
these two reactions is the orientation of the carbonyl group in
starting material 1; thus, the carbonyl dipole controls the regio-
and stereoselectivity of the reaction. The details in determination
of the absolute configuration of the product 3, regio- and


Chart 1
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Scheme 1


enantioselectivity of the reduction with several reducing agents,
and molecular arrangements at the transition states of the
reactions are discussed.


Results


Optical resolution and CD spectra of 3


The optical resolution and determination of the absolute configu-
ration of each enantiomer of 1 and 2 have already been reported.10


The CD spectra of 1 (Fig. S1†) further support the assignment.
HPLC equipped with a chiral column (Daicel CHIRALCEL OD)
is effective to separate the enantiomers of 2, and optically active
1 was obtained by the stereospecific oxidation of chiral 2 with
methyl benzoylformate in the presence of magnesium perchlorate
(Scheme 2).10,33 Due to the carbonyl rotation, it was very difficult
to isolate 1 in enantiomerically pure form; however, ee > 98% was
confirmed by HPLC analysis for both enantiomers of 1 used for
the reaction in this paper.


Scheme 2


The enantiomers of 3 had remained unresolved under any
HPLC conditions in which (4R)-2 and (4S)-2 are completely
resolved.10 However, the recently developed HPLC column, Daicel
CHIRALPAK IA, made it possible to separate the enantiomers
of 3 as well as those of 2 (eluent: hexane–iPrOH–diethylamine =
95 : 5 : 0.1). Fig. 1 shows the mirror-image CD spectra of resolved
enantiomers of 3, demonstrating the validity of the resolution and
from which the absolute configuration has been determined as
described below.


Fig. 1 CD spectra of resolved enantiomers of 3 in EtOH. The solid line
represents the fast-eluting enantiomer (first-3) in HPLC and the broken
line represents the slow-eluting enantiomer (second-3).


X-Ray crystallography of (2R,13S)- and (2S,13S)-1,2,4-tri-
methyl-3-(N-a-methylbenzylcarbamoyl)-1,2-dihydroquinoline ((2R)-
and (2S)-1,2-Me2MQPH (6)). Since the CD spectra for chiral 2-
methyl-1,2-dihydroquinolines or corresponding pyridine deriva-
tives structurally related to 3 with known configurations are
unavailable, it is necessary to prepare a single diastereomer
of a 1,2-dihydroquinoline derivative with an authentic chiral
auxiliary group. Considering the crystallizing ability, optical
properties and synthetic availability of the molecule, (2R,13S)- and
(2S,13S)-1,2,4-trimethyl-3-(N -a-methylbenzylcarbamoyl)-1,2-
dihydroquinoline ((2R)- and (2S)-1,2-Me2MQPH (6)) were chosen
as target molecules. Sodium borohydride reduction of (13S)-
1,2,4-trimethyl-3-(N-a-methylbenzylcarbamoyl)quinolinium ion
((13S)-Me2MQP+)31 is expected to afford a diastereomeric mixture
of (2R)- and (2S)-6 (Scheme 3).


Scheme 3


Upon conducting the reaction depicted in Scheme 3, one of the
two diastereomers of 6 precipitated from the reaction solution. The
single crystals of this compound suitable for X-ray crystallography
were obtained by recrystallization from methanol. The remaining
reaction solution containing both diastereomers of 6 was subjected
to HPLC separation to obtain the other isomer. Single crystals
suitable for X-ray crystallography for the second diastereomer
were also obtained from methanol.
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Fig. 2 and 3 show the ORTEP drawing of the former
(precipitated from reaction solution) isomer and the separated
other isomer of 6, respectively. Since both compounds have no
heavy atoms, these X-ray analyses only establish the relative
stereochemistry. For the auxiliary (S)-phenylethylamine group, the
absolute configuration of the former isomer was determined to be
the 2R isomer and the latter was determined to be the 2S isomer. As
found in the previous report for 2-methyl-1,2-dihydropyridine,34


the methyl substituent on the C2 position (C11 in Fig. 2 and
3) is oriented axially to the 1,2-dihydroquinoline ring to avoid
steric hindrance from the alkyl substituents on the neighboring
C3 (C2 in Fig. 2 and 3) and ring nitrogen atoms. It is interesting
to note that in these crystal structures, the carbonyl orientation is
perpendicular to the dihydroquinoline ring and points in the same
direction as the hydrogen atom from C2 (C1 in Fig. 2 and 3).


Fig. 2 ORTEP representation (50% probability) of molecular structure
of (2R)-6.


Fig. 3 ORTEP representation (50% probability) of molecular structure
of (2S)-6.


CD spectra of 6 and 1,2,4-trimethyl-3-(N-methyl-N-a-methyl-
benzylcarbamoyl)-1,2-dihydroquinoline (1,2-Me3MQPH (7)): de-
termination of absolute configuration of 3. The CD spectra of
(2R)- and (2S)-6 shown in Fig. 4 did not exhibit distinct mirror
images. This is because (2R)-6 and (2S)-6 are not enantiomers


Fig. 4 CD spectra of (2S)-6 (solid line) and (2R)-6 (broken line) in EtOH.


but diastereomers of each other. However, compounds (2R)- and
(2S)-7 (Chart 2), which were obtained by methylation of the amide
nitrogen atom in the side chain of (2R)- and (2S)-6, exhibited
nearly mirror image CD spectra with closely related Cotton
effect patterns with compound 3 (Fig. 5). Thus, the absolute
configuration of both enantiomers of 3 was unambiguously
determined as follows: the first-eluting isomer with a positive
Cotton effect at 235 nm is (2S)-3, and the second peak on the
HPLC with a negative Cotton effect at 235 nm corresponds to
(2R)-3.


Chart 2


Fig. 5 CD spectra of (2S)-7 (solid line) and (2R)-7 (broken line) in EtOH.


Reduction of 1 with inorganic reducing agents


Reduction of optically active 1 was performed by sodium hydro-
sulfite in aqueous 0.5 M Na2CO3. Since a considerable extent
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Table 1 Regio- and enantioselectivity in 1,2-/1,4-reduction of 1 with several reducing agents


Product ratiob


Reductant Configuration of 1a 2–3 4R–4S in 2 2R–2S in 3 Yield (%)


Na2S2O4 aR 95 : 5 (0.5) 39 : 61 (5.8) 39 : 61 (7.1) 1–17c


aS 95 : 5 (1.0) 52 : 48 (1.4) 50 : 50 (1.4) 9–40c


NaBH4 aR 0 : 100 — 81 : 19 (2.4) 87
aS 0 : 100 — 21 : 79 (0.7) 77


(4R)-4 aR 30 : 70 (1.6) 58 : 42 (2.7) 0.5 : 99.5 (0.25) 72
aS 83 : 17 (2.5) 96 : 4 (1.5) 7 : 93 (1.2) 82


(4S)-4 aR 82 : 18 (1.2) 4 : 96 (0.7) 89 : 11 (1.3) 83
aS 33 : 67 (2.8) 38 : 62 (4.0) 99 : 1 (0.3) 79


5 aR 88 : 12 (1.2) 7 : 93 (1.9) 2 : 98 (1.6) 7–41c


aS 88 : 12 (0.7) 92 : 8 (2.0) 96 : 4 (3.3) 9–53c


a Enantiomeric purity of the starting materials was >98%. b Errors in parentheses are one standard deviations derived from at least three independent
experiments. c Conversions determined by HPLC.


of racemization of 1 occurred during the reaction under the
present conditions, we decided to stop the reaction at 15 min,
at which point the racemization of 1 was found to be less than
10%. Table 1 shows the distribution of the reduction products
and yield/conversion of the reaction. Although the conversion of
the reaction varied from 1% to 40%, product ratios were fairly
consistent. Overall, sodium hydrosulfite promotes 1,4-reduction
predominantly with low enantioselectivity.


Reduction of optically active 1 with sodium borohydride was
examined in methanol at 0 ◦C. The reaction was completed
in two hours and the racemization of 1 under these reaction
conditions was negligible. Table 1 shows that sodium borohydride
reacts with 1 in a manner of 1,2-reduction with anti–syn = 4 : 1
enantioselectivity.


Reduction of 1 with NADH model compounds


The chiral NADH model compound (Me2PNPH, 4, Chart 1)35


with a restricted reaction face exhibited characteristic regio- and
enantioselectivity in the reduction of optically active 1 depending
on the configuration of both reactant and reducing agent. When
(aS)-1 was reduced by (4R)-4, the main product was (4R)-2,
which is the compound where the hydride was introduced at
the C4 position from the carbonyl oxygen face direction. On
the other hand, in the reaction of (aR)-1 with (4R)-4, the major
product was (2S)-3, which is the compound where the hydride
was introduced at the C2 position from the carbonyl oxygen face
direction (Scheme 1). Preliminary results from this reaction have
been reported earlier with the exception of the enantioselectivity
in 3.32 In this paper, we re-examined the whole set of the reactions
and completed the evaluation of the selectivity as shown in Table 1.


1-Propyl-1,4-dihydronicotinamide (PNAH (5), Chart 1) was
also employed as an NADH model compound without restriction
on the reaction face of the reducing agent. This compound
provides experimental evidence for the intrinsic preference of 1,2-
/1,4-reduction in the reactions between NADH and NAD model
compounds. Since this reaction has been found to be very slow,
the reaction was stopped at 1 h to evaluate the initial selectivity
of the reaction. The product ratio shown in Table 1 demonstrates
that this reaction proceeds in the preference of 1,4-reduction with
quite high enantioselectivity for both 1,2- and 1,4-reductions. It


should be noted that the product selectivity in the reaction with 4
was not changed when the reaction was stopped at 1 h.


Discussion


The 1,2-dihydroquinolines 3, 6 and 7 are stable compounds and the
isomerization of 1,2-dihydroquinoline into 1,4-dihydroquinoline is
clearly excluded in the present system in contrast to the previous
report.29 This is probably due to the axial methyl orientation of
the C2 carbon as shown in the elucidated structures from X-ray
crystallography,34 forcing the C2 hydrogen into a less reactive
equatorial position. Scrambling reactions between NAD and
NADH model compounds36 were also found to be negligible in
the present system. Incubation of optically active 2 or 3 in the
presence of racemic 1 promoted neither racemization nor 1,2-/1,4-
isomerization under the present experimental conditions. Thus,
the product distribution shown in Table 1 unambiguously reflects
the selectivity of the reaction.


In the reaction of 1 with reducing agents, a net “hydride” reacts
in four possible ways shown in Fig. 6, and the population of each
transition state reflects the product distribution ((4R)-2, (4S)-2,
(2R)-3 and (2S)-3). In Table 1, the product ratio of 2–3 reveals the
regioselectivity of the 1,4-/1,2-reduction, and the enantiomer ratio
in 2 and 3 reflects the face selectivity of the 1,4- and 1,2-reduction,
respectively.


In general, hydride reagents such as sodium borohydride
afford 1,2- or 1,6-isomers, while sodium hydrosulfite or NADH
model compounds give 1,4-isomers predominantly,27,28 although
some exceptions have been reported.6 Since the 1,6-reduction is
unfavorable in the present system because of the disruption of the
aromaticity of the phenyl ring, sodium borohydride exclusively
afforded 1,2-dihydroquinoline 3. The face selectivity of this
reaction was anti with respect to the carbonyl oxygen direction.
The anti selectivity of NaBH4 was reported previously6 and
understood by an electrostatic repulsion between carbonyl oxygen
and the negatively-charged reducing agent in the syn-face attack.


Sodium hydrosulfite afforded 1,4-dihydroquinolines in a low syn
preference in the present reaction, which is in good agreement with
previous results for NAD model compounds with fixed carbonyl
rotations.8,25,31 Since this reaction proceeds with partial (<10%)
racemization of the starting material as described above, the actual
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Fig. 6 Four possible methods of (aR)-1 leading to different products.


stereoselectivity in this reaction may be slightly higher than the
values reported in Table 1.


In the reaction of (aS)-1 with (4R)-4, 1,4-reduction occurs
predominantly, affording (4R)-2 in a 96 : 4 enantiomer ratio. On
the other hand, 1,2-reduction is the main reaction giving (2S)-3
in a 99.5 : 0.5 enantiomer ratio when (aR)-1 is employed with the
same reducing agent. The carbonyl dipole controls the regio- and
stereoselectivity of the reaction (Scheme 1). It should be noted
that the phenylethylamine auxiliary in the side chain of 4 exhibits
a very small effect to determine the reaction face of the substrate.35


As discussed in previous papers,22,24,25,32 the following three
factors in the molecular orientations in the transition state should
be considered:


(i) syn–anti orientation of the carbonyl group of 1 with respect
to the reaction face,


(ii) cis–trans arrangement between the carbamoyl side chains of
1 and 4,


(iii) parallel–antiparallel (some papers used endo–exo notations)
arrangement with respect to the ring nitrogen orientation between
1 and 4 in the p–p stacking interaction.


These parameters differentiate eight (23 = 8) possible molecular
arrangements, from which half of such arrangements are excluded
using 4 as a reducing agent with a restricted reaction face blocked
by the 4-methyl group. For instance, the possible molecular
arrangements in the reaction of (aR)-1 with (4R)-4 are (i) anti–
trans–parallel, (ii) syn–cis–parallel, (iii) anti–cis–antiparallel and
(iv) syn–trans–antiparallel (Fig. 7). Assuming that the parallel
arrangement in the transition state promotes 1,4-reduction and
the antiparallel arrangement leads to 1,2-reduction, the four
molecular arrangements (i)–(iv) correspond to the transition states
leading to (4R)-2, (4S)-2, (2R)-3 and (2S)-3, respectively. The
ratio in the products reveals the preferences of each parameter
in this reaction in the following manner: syn–anti = 82 : 18, trans–
cis = 86 : 14 and parallel–antiparallel = 30 : 70, indicating the
strong dominance of the syn–trans arrangement with moderate
antiparallel preference.


The reaction of (aS)-1 with (4R)-4 highlights the other set of
arrangements from eight possible transition states (Fig. 8). In this
case, the preferences of each parameter estimated from the product
ratio of the reaction are: syn–anti = 81 : 19; trans–cis = 96 : 4 and
parallel–antiparallel = 83 : 17. Here again, the strong syn–trans
arrangement is emphasized. The parallel–antiparallel preference


is inverted from that found in the reaction of (aR)-1 with (4R)-4.
As discussed previously,32 the syn–trans–parallel arrangement is
considered as the most stable transition state in the viewpoints of
both theoretical37–40 and experimental5,6,8,10,41 investigations. The
antiparallel preference found in the former reaction results from
the lack of this most stable arrangement in the transition state.
Since the syn and trans arrangements have strong preferences over
anti and cis arrangements, respectively, the parallel preference was
sacrificed in the former reaction. In order to confirm the parallel
preference over antiparallel arrangement in the transition state
in a single experiment, the reaction of 1 with an achiral NADH
model compound 5 was investigated.


In the reaction of (aR)-1 with 5, all the eight possible
arrangements in the transition state can be adopted (Fig. 9).
Concomitantly, the preference of one parameter, i.e., the cis–trans
arrangement, cannot be estimated from the product ratio. The
main product of this reaction was (4S)-2, indicating syn–parallel
preference. The quantitative measures of the preference for these
two parameters other than cis–trans arrangements were syn–anti =
94 : 6 and parallel–antiparallel = 89 : 11, showing the evident
parallel preference.


Interestingly, in the reaction of (aR)-1 with (4R)-4, the enantios-
electivity in 2 is very poor compared to the other face selectivities
(Table 1). The molecular arrangement leading to these compounds
is anti–trans–parallel for the (4R)-2 and syn–cis–parallel for the
(4S)-2 (Fig. 7). The observed small preference for the (4R)-
product indicates that trans preference for the arrangement of
two carboxamide groups would be the dominant factor over the
syn orientation of the carbonyl group in 1. As a consequence,
the relative order of importance between these three parameters
should be: trans–cis arrangement for the carboxamide groups >


syn–anti orientation of carbonyl oxygen > parallel–antiparallel
arrangements of heteroaromatic rings.


Conclusion


The absolute configuration assignment for separated isomers of
1,2-dihydroquinoline 3 has been achieved. In the reduction of
NAD model compound 1 with NADH model compounds 4
and 5, the syn–trans–parallel arrangement in the transition state
of the reaction was proven to be the most stable in energy.
This clear-cut conclusion was obtained by the combined use of
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Fig. 7 Molecular arrangements in the transition state for the reaction of (aR)-1 with (4R)-4.


Fig. 8 Molecular arrangements in the transition state for the reaction of (aS)-1 with (4R)-4.
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Fig. 9 Molecular arrangements in the transition state for the reaction of (aR)-1 with 5.


reaction-face-restricted and unrestricted NADH model com-
pounds. Although the assumption that the 1,2-reduction proceeds
via antiparallel arrangement remains to be proven, the importance
of the entropy contribution of the NADH model compounds
may support this idea.11,42,43 The present results demonstrate the
important contribution of the carboxamide group of the NAD
model compounds for controlling the entire reaction pathway and
provide valuable information for future organic catalyst design for
highly stereoselective reactions.


Experimental


(2R,13S)- And (2S,13S)-1,2,4-trimethyl-3-(N-a-
methylbenzylcarbamoyl)-1,2-dihydroquinoline ((2R)- and
(2S)-1,2-Me2MQPH (6))


To an argon-filled flask containing (13S)-1,2,4-trimethyl-3-(N-a-
methylbenzylcarbamoyl)quinolinium iodide31 ((13S)-Me2MQP+


I−) (0.53 g, 1.19 mmol) and sodium borohydride (0.11 g,
2.85 mmol), methanol (23 mL) was injected and the reaction
mixture was stirred for two hours at room temperature in the
dark. The resulting yellow precipitate was separated by filtration
to give diastereomerically pure (2R)-6 (70 mg, 0.22 mmol) in 18%
yield. The other diastereomer was obtained from the filtrate by
HPLC purification (column: Daicel CHIRALPAK IA 0.46� ×
25 cm; eluent: hexane–iPrOH–diethylamine = 95 : 5 : 0.1) to
give 13 mg of (2S)-6 (from 20 mg of diastereomer mixture
containing (2R)-6–(2S)-6 = 25 : 75). Both compounds were
recrystallized from methanol to afford single crystals suitable for
X-ray crystallography.


(2R)-6. 1H NMR (CDCl3) d 1.05 (d, J = 8.4 Hz, 3H), 1.58 (d,
J = 9.6 Hz, 3H), 2.11 (s, 3H), 2.89 (s, 3H), 4.20 (q, J = 8.4 Hz,
1H), 5.26 (dq, J = 9.6, 10.4 Hz, 1H), 5.95 (d, J = 10.4 Hz, 1H),


6.51 (d, J = 10.8 Hz, 1H), 6.70 (t, J = 9.2 Hz, 1H), 7.14–7.36 (m,
7H).


13C NMR (CDCl3) d 15.5, 21.6, 36.0, 49.0, 56.7, 111.4, 111.6,
116.8, 123.2, 124.8, 126.1, 127.4, 128.7, 129.7, 131.2, 143.0, 144.5,
168.2.


Anal. calcd for C21H24N2O: H, 7.55; C, 78.72; N, 8.74. Found:
H, 7.62; C, 78.44; N, 8.70%.


Crystal data for (2R)-6: C21H24N2O, monoclinic, space group
P21 with a = 12.3636(10) Å, b = 5.2242(4) Å, c = 13.3704(11)
Å, b = 97.482(2)◦, V = 856.24(12) Å3, Z = 2, R = 0.051, Rw =
0.102.‡


(2S)-6. 1H NMR (CDCl3) d 1.10 (d, J = 6.6 Hz, 3H), 1.58 (d,
J = 6.9 Hz, 3H), 2.12 (s, 3H), 2.89 (s, 3H), 4.16 (q, J = 6.0 Hz,
1H), 5.27 (m, 1H), 5.88 (d, J = 7.5 Hz, 1H), 6.52 (d, J = 8.1 Hz,
1H), 6.70 (t, J = 7.5 Hz, 1H), 7.14–7.38 (m, 7H).


13C NMR (CDCl3) d 15.5, 15.7, 21.6, 36.1, 49.0, 56.8, 111.5,
116.8, 123.2, 124.8, 126.3, 127.6, 128.8, 129.8, 131.1, 142.8, 144.6,
168.2.


Anal. calcd for C21H24N2O: H, 7.55; C, 78.72; N, 8.74. Found :
H, 7.37; C, 78.64; N, 8.74%.


Crystal data for (2S)-6: C21H24N2O, orthorhombic, space group
P212121 with a = 5.3478(10) Å, b = 13.519(3) Å, c = 23.990(5) Å,
V = 1734.4(6) Å3, Z = 4, R = 0.039, Rw = 0.115.‡


(2R,13S)-1,2,4-Trimethyl-3-(N-methyl-N-a-
methylbenzylcarbamoyl)-1,2-dihydroquinoline
((2R)-1,2-Me3MQPH ((2R)-7))


To an argon-filled flask containing (2R)-6 (30 mg, 0.094 mmol) and
patassium tert-butoxide (69 mg, 0.61 mmol), dry THF (4.7 mL)
was injected. After stirring for 20 min, methyl iodide (0.08 mL,
1.3 mmol) was added and the reaction mixture was stirred for
two days at room temperature in the dark. After the precipitate
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was removed by filtration, the filtrate was evaporated, dissolved
in dichloromethane, washed with water, dried over Na2SO4, and
evaporated to give 12.2 mg of crude product. This material was
purified by HPLC (Daicel CHIRALCEL OD 2.0� × 25 cm;
eluent = hexane–iPrOH–diethylamine = 95 : 5 : 0.1) to give 7.5 mg
(0.022 mmol, 24% yield) of pure (2R)-7 as a white powder.


(2R)-7. 1H NMR (CDCl3) d 1.01 (br.d, J = 6.0 Hz), 1.16 (d,
J = 6.6 Hz), 1.24 (br.), 1.57–1.67 (m, 3H), 1.93 (s), 2.00 (s), 2.08
(s), 2.70 (s), 2.73 (s), 2.78 (s), 2.88 (s), 2.91, (s), 3.79–3.86 (m), 4.46
(br.), 5.56 (q, J = 6.9 Hz), 6.16 (br.q), 6.26 (br.q), 6.52 (m), 6.74
(m), 7.15–7.39 (m).


13C NMR (CDCl3) d 15.0, 15.3, 15.8, 16.1, 18.6, 27.2, 29.7,
36.0, 49.6, 49.9, 56.7, 57.3, 111.0, 111.5, 116.3, 116.9, 123.4, 124.2,
124.3, 126.4, 127.4, 128.5, 128.7, 129.2, 130.2, 140.8, 144.2, 170.9.


ESI-MS: m/z 357.19353 (M + Na+. C22H26N2ONa requires
357.19428).


(2S,13S)-1,2,4-Trimethyl-3-(N-methyl-N-a-
methylbenzylcarbamoyl)-1,2-dihydroquinoline
((2S)-1,2-Me3MQPH ((2S)-7))


Starting from a diastereomeric mixture of 6 (60 mg (0.19 mmol),
(2R)-6–(2S)-6 = 20 : 80), a similar procedure to that above afforded
54.3 mg of crude product. Recrystallization of this material from
methanol afforded 17 mg (0.051 mmol) of diastereomerically pure
(2S)-7 (34% yield based on (2S)-6).


(2S)-7. 1H NMR (CDCl3) d 1.08 (br.), 1.19 (d, J = 6.0 Hz),
1.25 (br.d), 1.57 (s), 1.59 (s), 1.69 (s), 1.85 (s), 2.01 (s), 2.07 (s),
2.69 (br.), 2.77 (br.), 2.86 (s), 2.90 (s), 2.94 (s), 3.80 (br.q), 3.96 (q,
J = 6.3 Hz), 4.45 (br.), 5.63 (q, J = 6.9 Hz), 6.14 (m), 6.54 (m),
6.73 (m), 7.20–7.38 (m).


13C NMR (CDCl3) d 15.0, 16.1, 17.6, 17.7, 26.9, 29.9, 36.1, 36.4,
36.5, 49.4, 50.5, 56.3, 56.4, 57.3, 57.6,111.3, 111.5, 111.6, 116.8,
116.9, 123.5, 124.2, 124.4, 126.0, 126.8, 127.3, 128.5, 129.3, 130.0,
130.4, 139.8, 140.3, 144.0, 144.2, 170.2, 170.8.


ESI-MS: m/z 357.19287 (M + Na+. C22H26N2ONa requires
357.19428).
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To address the specific challenges of cancer therapy and diagnosis, a number of approaches have been
advocated for the development of tumor-targeting antitumor drugs/prodrugs and non-invasive tumor
molecular imaging probes. These intelligent drugs and probes are constructed from multi-functional
molecular systems. This review focuses on the molecular design of drugs and imaging probes that target
tumor-specific microenvironments such as angiogenesis and hypoxia.


1 Introduction


Ideal chemotherapeutic agents for cancer treatment are intelligent
drugs that are selectively toxic to the malignant tumor cells
but which lack non-specific toxicity toward normal cells.1 One
often encounters difficulties when designing such drugs because
normal cells and cancer cells differ in only a few properties. A
number of researchers have attempted to develop anticancer agents
that exhibit highly selective cytotoxicity toward cancer cells by
reference to cancer-specific characteristics, such as antibody, genes,
and elevated levels of certain enzymes and receptors within the
cancer cells.2


In addition to drug design, it is also important to develop
imaging modalities to facilitate cancer diagnosis at the earliest
stage and to assess the effectiveness of cancer therapy. The field of
noninvasive imaging science has grown exponentially during the
past three decades, and a variety of related technologies, such as
X-ray computed tomography (CT), ultrasound imaging, magnetic
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resonance imaging (MRI), positron emission tomography (PET)
and single photon emission computed tomography (SPECT)
have become indispensable tools in clinical applications. Recent
advances in the molecular imaging technologies and imaging
probes allow the application of noninvasive imaging to drug dis-
covery, drug target identification, pharmacokinetics, assessment of
therapeutic effects, and cancer diagnosis.3 Thus, the development
of molecular imaging probes plays an increasing role in cancer
treatment.


In this review, we describe the current state of research on cancer
targeting and molecular imaging systems, which are functioning
in tumor-specific microenvironments including angiogenesis and
hypoxia. This review also refers to our recent research on the
development of tumor vascular targeting anticancer prodrugs
and imaging probes, hypoxic radiosensitizers, hypoxic cytotoxins,
radiation-activated prodrugs, and hypoxia molecular imaging
probes.


2 Tumor vascular-targeting anticancer prodrugs and
imaging probes


Like all normal cells in the body, cancer cells cannot survive
beyond the effective 100 to 200 lm oxygen diffusion distance from
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the vascular system. To grow beyond a small size, a tumor initiates
angiogenesis to create new blood vessels for supplying oxygen and
nutrients.4 The tumor angiogenesis and lymphangiogenesis can
aggravate a small localized tumor into an advanced malignant
tumor with the ability to metastasize to other normal tissues.4b,5


Thus, the tumor vasculature has been considered an important
target for cancer therapy and diagnosis.6


Unlike conventional therapies in which attention is mainly paid
to cancer cells, tumor vascular therapies concentrate on the tumor
blood vessel system to inhibit tumor angiogenesis and thereby
block the supply of oxygen and nutrition to cancer cells7 or to
normalize the tumor vasculature and thereby improve the drug
delivery efficiency and therapeutic effect.8 The major challenge for
tumor vascular therapies is to develop angiogenesis inhibitors and
tumor vascular-targeting drug delivery systems. More than 300
angiogenesis inhibitors have been discovered, about 80 of which
are under study in clinical trials. The antiangiogenic therapies
usually require a combination with other chemotherapies. Several
reviews on antiangiogenic therapies have been published.9 Here,
we focus mainly on the development of tumor vascular-targeting
anticancer prodrugs and imaging probes that use tumor-homing
chemical antibodies (e.g. tumor homing peptides, DNA/RNA
aptamers).


The discovery of vascular heterogeneity showed that the
vascular endothelium expresses differential molecular markers
depending on the tissue localization and functional state.6a,10 These
tissue-specific molecular markers, termed vascular molecular
addresses (or vascular zip codes), can be recognized selectively
by certain chemical antibodies that can be screened out by
phage display technology11 or systematic evolution of ligands
by exponential enrichment (SELEX) technology.12 In this con-
text, the tumor vascular endothelium carries distinct markers,
termed tumor vascular molecular addresses, such as avb3, avb5,
MMPs, NG2, VEGFRs, and other specific isoforms of proteases
CD13/APN,13 which can be selectively targeted by some tumor-
homing peptides, DNA/RNA aptamers, special small molecules
or some corresponding antibodies. Such findings of specific
tumor molecular address systems provide a novel strategy for the
development of tumor-targeting anticancer prodrugs and imaging
probes.


2.1 Tumor vascular-targeting anticancer prodrugs


Using such a strategy, several novel tumor-targeting prodrugs
have been designed, in which anticancer agents are conjugated
to tumor-homing peptides. In the first case, Arap and coworkers
linked doxorubicin (DOX) to tumor-homing peptides CNGRC
or CDCRGDCFC (termed RGD-4C) to generate CNGRC-
DOX (1) and RGD-4C-DOX (2) conjugates (Fig. 1), which
target tumor blood vessels and thereby have greater therapeutic
efficacy and less toxicity than free doxorubicin in mice models.14


RGD-4C was shown recently to target tumor vascular marker
integrins avb3 and avb5 selectively, whereas CNGRC targets
tumor-specific isoforms of proteases CD13/APN.13 These findings
have encouraged the design of serial tumor vascular-targeting
anticancer prodrugs. Scheeren and coworkers developed an
integrin avb3 targeting plasmin-cleavable doxorubicin prodrug
(3) (Fig. 1), which shows plasmin-dependent cytotoxicity for
endothelial cells and HT-1080 fibrosarcoma cells in vitro,15 and


inhibited tumor growth and angiogenesis without systemic toxicity
in a tumor-bearing mouse model.16 Koch and coworkers designed
avb3 targeting doxorubicin–formaldehyde conjugates acylic-
RGD-4C-DOXSF (4) and cyclic-(N-Me-VRGDf-NH)-DOXSF
(5) (Fig. 1), as a novel N-Mannich base triggered prodrug of
doxorubicin.17 We have recently developed APN/CD13-targeting
5-fluoro-2′-deoxyuridine prodrugs CNF1 (6) and CNF2 (7),
which have selective cytotoxicity towards APN/CD13 positive
HT-1080 cells.18


Most prodrugs that release cytotoxin by hydrolysis usually
exhibit poor stability and therefore produce side effects on normal
cells in vivo. For enzyme-activated prodrugs undergoing enzymatic
hydrolysis, tumor-specific enzymes and methods for selective
delivery of enzymes or enzymatic genes to tumor tissues are under
investigation.19 To overcome the problem of control release of
these drugs, we proposed a novel strategy to produce a tumor
vascular-targeting photoactivated prodrug. For the first prototype,
we designed the CD13/APN-targeting photoactivated prodrug (8)
of 5-fluorouracil (5FU) (Fig. 2), by using a tumor homing peptide
CNGRC and a photolabile linker. Upon controlled photolysis,
such a tumor vascular-targeting photoactivated prodrug is ex-
pected to accumulate and to be activated selectively to release
anticancer agent 5FU within tumor tissues with outstanding
spatial and temporal precision.20


Among the other interesting cases, the pro-apoptotic peptide
(KLAKLAK)2 conjugated with tumor-homing peptides CNGRC
or SMSIARL, shows selective toxicity to angiogenic endothelial
cells and effective anticancer activity in vivo.21 Tumor necrosis
factor (TNF) coupled to tumor-homing peptides CNGRC or
RGD-4C induces selective penetration of TNF into tumor tissues
and greater immunotherapeutic properties.22


2.2 Tumor vascular-targeting imaging probes


Like the tumor vascular-targeting anticancer prodrugs, many
tumor-targeting probes that take advantage of the tumor molec-
ular address systems have been developed recently for tumor
imaging techniques, including tumor angiogenesis imaging and
tumor lymph imaging.


The first class of probes comprises the tumor vascular receptor-
targeting nuclear trace probes, which are applicable to PET and
SPECT. As reviewed by Haubner, a series of avb3 integrin-
targeting radiolabelled RGD peptides, including [18F]galacto-
RGD, [125I]gluco-RGD, [64Cu]DOTA-c(RGDyK), and [111In]-
DOTA-E-[c(RGDfK])2, have been developed and determined
to have potential for avb3 integrin-expression monitoring and
angiogenesis imaging.23 Medina and coworkers reported that
99mTc or 125I labeled peptide CTT (CTTHWGFTLC), inhibitors of
MMP-2 and MMP-9 gelatinases, are useful in the early detection
and imaging of primary tumors and metastases.24


The second class of probes comprises tumor vascular-targeting
optical imaging probes, which are derived from the conjugation
of tumor-homing peptides with fluorescent dyes. Two groups
designed avb3 integrin-targeting cyclo(RGDyK)-Cy5.5 (RGD-
Cy5.5, 9)25 and Cypate-Gly-Arg-Asp-Ser-Pro-Lys-OH (Cyp-
GRD, 10),26 respectively. These two probes were shown to be useful
for monitoring avb3 integrin expression in a tumor-bearing mouse
model. To improve the specificity of the imaging probe, Chen
et al. attempted to design Cy7-labeled RGD multimers and found
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Fig. 1 Structures of tumor vascular-targeting anticancer prodrugs.


Fig. 2 Tumor vascular-targeting photoactivated prodrug 8 releasing 5-fluorouracil.


that the tetrameric RGD peptide probe Cy7-E{E[c(RGDyK)]2}2


(11) (see Fig. 3) showed the highest tumor accumulation and
strongest tumor-to-normal tissue contrast in a U87MG tumor-
bearing mouse.27 Our group recently synthesized several dye-
CNGRC conjugates, which could selectively label CD13/APN-
positive HT-1080 tumor cells but not CD13/APN-negative MDA-
MB-231 cells.28 Such CD13/APN targeting probes may also have
potential in tumor angiogenesis imaging.


Another novel type of protease-activated probe based on
fluorescence resonance energy transfer (FRET) was recently
developed as a tumor vascular-targeting probe. As shown in Fig. 4,
autoquenched near-infrared (NIR) fluorescent dyes were bound to
a long circulating macromolecule that could accumulate in a solid
tumor through its leakage out of the tumor neovasculature. When
such a probe arrives at the tumor tissue, it could be activated by
tumor-associated protease to increase the fluorescence within the
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Fig. 3 Structures of tumor vascular-targeting fluorescent probes.


tumor, resulting in high signal-to-noise ratios for tumor imaging. A
kind of enzyme-activated probe that is sensitive for cathepsin B and
D, MMP-2, MMP-7, and MMP-9 has been developed for tumor
imaging, and has been used to evaluate the effects of tumor anti-
angiogenesis therapy,29 and to visualize inflammation associated
with atherosclerosis.30


3 Hypoxia targeting and imaging systems


Most cellular functions require the continuous and adequate
supply of oxygen molecules from blood vessels. While stable
oxygen supply is preserved in normal tissues by so-called oxygen
homeostasis, inadequate oxygen supply to cells induces hypoxia,
one of the pathophysiological characteristics of cardiac ischemia,
inflammatory diseases, and solid tumors.31 Tumor hypoxia is


of especial importance because it is closely associated with the
malignant phenotype of cancer cells, resistance to cancer therapies,
and lower mortality rate of cancer patients.31e,31f In these contexts,
the creation of functionalized drugs and imaging tools that work
in hypoxic environments is imperative for cancer treatment and
diagnosis.


3.1 Nitroazole radiosensitizers for hypoxic cancer cell treatment
and imaging


The hypoxic and anoxic cells generated due to lack of oxygen
diffusion are closely associated with the failure of radiotherapy.
To overcome this oxygen effect on the treatment of cancer, certain
compounds characterized by electron affinity have been identified
to mimic oxygen in the radiosensitizing action on hypoxic tumor
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Fig. 4 Schematic representation of a protease-activatable fluorescent
probe. Closed circles represent fluorochromes, which are autoquenched
initially as bound to the poly-L-lysine backbone. With specific enzymatic
cleavage of peptide spacers, fluorochromes are separated from the back-
bone and each other and markedly increase their fluorescence.


cells.32 A number of studies have been hitherto carried out to search
electron-capturing chemical agents that show radiosensitizing
ability by the following mechanism: (1) a trapping of electrons
by sensitizers, which are located near to the free radical centers
of DNA generated by hypoxic irradiation,33 (2) covalent bond
formation between sensitizers and DNA to cause irreversible
damage.


The first generation of radiosensitzers includes nitroimidazole
and metronidazole (12) derivatives, which bear a hydroxyethyl
side chain (Fig. 5).34 This family of agents was confirmed to show
effective in vitro and in vivo radiosensitizing activity exclusively
under hypoxic conditions. The discovery of this family prompted
the search for the related analogues with higher radiosensitizing
ability. Consequently, the more active compound misonidazole
(13) was discovered, and its cytotoxicity and functions were


investigated.35 Misonidazole 13 showed high potency when used
with a single dose of radiation in a wide spectrum of animal tumors
and appeared to be active against human malignancies.36 The
uniform response in various experimental studies led to extensive
clinical trials, the results of which have been less promising
than expected because of severe neurological toxicity.37 Although
further clinical trials of misonidazole 13 were given up mainly
due to the occurrence of serious side effects, this prototype agent
clarifies the possibility that radiosensitizers with electron affinity
exhibit certain cytotoxicity toward hypoxic tumor cells upon
irradiation.


The second generation of radiosensitizers possessing a 2-
nitroimidazole skeleton was designed to improve the pharma-
cokinetic characteristics by modification of the side-chain struc-
tures. Among a large number of 2-nitroimidazole derivatives
synthesized,38 etanidazole (14) bearing a hydroxyethylamide side-
chain, its fluorinated agent (KU-2285: 15), and RP-170 (16)
bearing a diol side chain showed sufficient radiosensitizing ability
both in vitro and in vivo. Some of these second-generation ra-
diosensitizers have been evaluated in clinical trials, which provided
encouraging results including suppression of side effects such as
neurotoxicity; however, these agents have not been applied widely
to the clinical setting.


Hori and coworkers reported on novel bifunctional hypoxic
radiosensitizers designed on the basis of the function of nitroazoles
as hypoxia-targeting moieties. TX-1845 (17), TX-1846 (18), and
the corresponding optically active agents TX-1898 (19) and
TX-1900 (20) comprising 2-nitroimidazole and haloacetyl car-
bamoyl groups at the side chain were developed.39 The haloacetyl
group acts as an acceptor of intracellular nucleophiles such
as mercapto and amino groups to form a covalent bond with
DNA or proteins. Thus, these bifunctional haloacetyl carbamoyl
compounds have both radiosensitizing and alkylating activity
functionalities, exhibiting 100 times higher hypoxic radiosen-
sitizing activity than conventional 2-nitroimidazole derivatives


Fig. 5 Structures of nitroazole radiosensitizers.
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and antiangiogenic activities in the chick embryo chorioallantoic
membrane (CAM) assay. Hori and coworkers also developed
another nitroimidazole derivative TX-1877 (21), which is con-
jugated with an acetoamide unit.40 TX-1877 21 shows higher
inhibitory activity against metastasis and angiogenesis, and causes
greater enhancement of macrophage infiltration. In addition, TX-
1877 alone shows in vivo antitumor activity in the absence of
radiation, although the detailed mechanism is unclear.


Endogeneous non-protein thiols (NPSH) play a crucial function
in determining the response of biological cells to several types
of radiation. The reduced form of glutathione (GSH), which is a
typical endogenous NPSH and exists abundantly in cells, is known
to protect intracellular molecules from radiation.41 It is therefore
likely that depletion of GSH in tumor cells is an effective target
for radiation therapy. We have proposed a series of nitroazole
radiosensitizers containing an a,b-unsaturated carbonyl group
(22)42 or propargylic sulfones (23)43 in the side chains, which are
able to capture GSH in tumor cells by alkylation (Fig. 6). These
agents exhibit efficient NPSH-depleting ability in hypoxic cells,
which enhances the hypoxic-cell radiosensitization in vitro relative
to well-documented nitroimidazole radiosensitizers.


The nitroimidazole skeleton on the radiosensitizers can act as a
hypoxia marker through bioreductive formation of hydroxylamine
derivatives followed by the covalent bonded adduct formation
with intracellular nucleophiles in hypoxic cells. In the light of
these reaction characteristics, nitroimidazole derivatives have been
applied to the imaging of hypoxic tumor cells.18F-fluorinated
misonidazole (18FMISO) was recently designed as a hypoxia probe
that can be imaged by PET. Yeh and coworkers identified an
18FMISO labeled tumor to muscle retention ratio (TMRR) for
the detection of tumor hypoxia in nasopharyngeal carcinoma
(NPC).44 The PET imaging of nasopharynx and neck by 18FMISO
showed a significantly higher TMRR in NPC than in normal
tissue, indicating that the TMRR is a clinically useful index for
identifying tumor hypoxia in NPC. Rajendran and coworkers
compared PET imaging results between 18FMISO with 18F-
labeled fluorodeoxyglucose (18FDG) used for metabolic imaging
to demonstrate significant discrepancies in the imaging patterns.45


This result is not surprising, because hypoxia is not necessarily
correlated to glucose metabolism.


3.2 Hypoxia targeting and imaging by non-nitroaromatic
functional groups


In addition to 2-nitroazole radiosensitizers, new drugs and
imaging tools for application to hypoxia have been developed
with various approaches. Brown and coworkers reported on the
design of a benzotriazine-N-oxide, tirapazamine (TPZ: 24), as a
hypoxic cytotoxin.46 TPZ 24 suppresses neurotoxicity because of
the absence of a nitro group in the chemical structure. To account
for expression of its cytotoxicity, various activation mechanisms
were proposed.46d,46e One plausible mechanism is shown in Fig. 7.
TPZ is activated to generate radical anions through bioreduction
under hypoxic conditions, followed by protonation to produce
an active neutral radical intermediate. The resulting radicals
abstract hydrogen atoms from intracellular DNA, leading to a
potent cytotoxicity. A recent study revealed that TPZ 24 also
induces topoisomerase II poisoning, resulting in DNA double
strand breaks.47 In contrast to the activation under hypoxic
conditions, anion radical intermediates generated by bioreduction
of TPZ exhibit reducing reactivity toward molecular oxygen to
form original TPZ and O2


−• under aerobic conditions, leading
to a suppression of the net reaction. Thus, TPZ exhibits the
cytotoxicity in a hypoxia-selective manner, i.e. 50–300 times more
potent cytotoxicity toward hypoxic cells relative to aerobic cells.
Consequently, TPZ has been recognized as a leading hypoxic
cytotoxin and its clinical trial is under way.


Indolequinone derivatives are other representative cytotoxins
that target hypoxia or exploit the over-expression of reducing
enzymes in tumors.48–51 These functional molecules are activated by
intracellular enzymes that reduce quinone compounds. Among the
reducing enzymes, NADPH:cytochrome P450 reductase and b5
reductase induce one-electron reduction of quinones to form the
semiquinone radical anion (Q−•), whereas NQO1 (DT-diaphorase)
results in two-electron reduction via hydride transfer to form
the hydroquinone.49 The one-electron reducing enzymes activate
quinone derivatives in a hypoxia-selective manner, thus protecting
normal aerobic tissues. In contrast, oxygen-independent activation
of quinones occurs by treatment of two-electron reducing enzymes.
Among the indolequinone derivatives, EO9 (25) possessing an
aziridine ring has been developed as a bioreductive alkylating


Fig. 6 Structures of radiosensitizers possessing GSH depletion ability and plausible reaction mechanism.


Fig. 7 Structure of tirapazamine (TPZ) and the mechanism for expressing cytotoxicity in hypoxia.
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agent related to the naturally occurring antitumor agent mito-
mycin C (MMC) for the treatment of tumors.50 The reducing en-
zyme NQO1 overexpressed in tumor cells or NADPH:cytochrome
P450 transforms EO9 to an electrophilic intermediate in several
tumor cells, causing cytotoxicity by alkylation.


Indolequinone derivatives have been identified as the effective
eliminating substituents that work through bioreduction and
radiolytic reduction, which encourage their applications to pro-
drug development. Such reductive activation of prodrugs with
indolequinone derivatives to release the drugs accompanies the
concomitant formation of electrophilic iminium cations, which
potentially involve DNA alkylation or other mechanisms of
cellular damage. In view of these reaction characteristics, prodrugs
possessing an indolequinone structural unit may result in a
synergic cytotoxicity that is attributable to both the original drug
and the electrophilic iminium species released upon reductive
activation.


Naylor and coworkers recently reported on an aspirin prodrug
possessing an indolequinone structure (26).48e They demonstrated
efficient reductive release of aspirin from the prodrug 26 and
noted that the spatial position of the drug on the indolequinone
structure seriously affects the drug release efficiency. Threadgill
and coworkers reported reductive release of isoquinolin-1-one,
a potent inhibitor of poly(ADP-ribose) polymerase (PARP),
from prodrugs bearing indolequinone51a and nitro heteroaromatic
groups.51b In addition, various phantom drugs were incorporated


into indolequinones and details of their activation mechanisms
were investigated.


More recently, we designed a prodrug of camptothecin (CPT)
that is a potent inhibitor of DNA topoisomerase (topo I).52 CPT
stabilizes the covalent binding of topo I to DNA, which leads to
irreversible and lethal strand breaks of DNA during its replication.
Thus, CPT shows high antitumor activity, although the clinical
application to cancer treatment is limited because of unfavorable
properties such as non-specific toxicity. We attempted to develop
a prodrug of CPT by conjugation of an indolequinone unit with
CPT through an N,N ′-dimethyl-1-aminoethylcarbamate linker
to obtain prodrug IQ-CPT (27) (Fig. 8). IQ-CPT had lower
cytotoxicity than its parent compound CPT, whereas IQ-CPT
showed higher hypoxia-selective cytotoxicity toward HT-29 tumor
cells than did CPT, as a result of releasing the original CPT in a
hypoxia-selective manner.


These reaction characteristics of indolequinone derivatives
prompted us to propose a hypoxia imaging by molecular probe
comprising a reducing indolequinone structure. We designed an
indolequinone derivative conjugated with a fluorescent coumarin
(IQ-Cou: 28) (Fig. 9). Two coumarin chromophores are conju-
gated with an indolequinone unit by a 2,6-bis-(hydroxymethyl)-p-
cresole linker to produce IQ-Cou. The indolequinone unit of IQ-
Cou undergoes one-electron reduction to liberate three functional
components, in which spontaneous cyclization of a free amine
intermediate occurs to generate phenol derivatives followed by


Fig. 8 Structures of prodrugs possessing an indolequinone skeleton and the mechanism for drug release upon one-electron reduction in hypoxia.
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Fig. 9 Structure of indolequinone-coumarin conjugate (IQ-Cou) as a hypoxia imaging probe and fluorescence spectra of IQ-Cou upon treatment by
reductase under hypoxic or aerobic conditions.


subsequent 1,4-quinonemethide rearrangement. IQ-Cou itself is
non-fluorescent because the fluorescent excited singlet state of the
coumarin unit is quenched efficiently by the indolequinone unit
located in close intramolecular proximity. Upon one-electron
reduction of the indolequinone unit, the coumarin chromophore
is eliminated freely from the fluorescence quenching action of
the indolequinone unit, which produces intense fluorescence. We
also confirmed that IQ-Cou shows intense fluorescence in hypoxia
upon incubation with the cell lysate of the human fibrosarcoma
HT-1080 cells. Thus, IQ-Cou has unique properties that are
favorable as a fluorescent probe for hypoxia-specific cellular
imaging.


3.3 Hypoxia targeting radiation-activated antitumor prodrugs


As described above, solid tumor tissue contains hypoxic cellular
areas of extremely low oxygen concentration that are resistant
to conventional therapies including radiotherapy.53 Production
of reactive oxygen species by ionizing radiation is remarkably
diminished in hypoxic areas, thus decreasing the efficacy of radio-
therapy. A representative strategy for radiation-activated prodrugs
is to use radiation-induced fragmentation of nontoxic or less-
toxic prodrugs to release cytotoxic drugs. Radiolytic reduction-
activated prodrugs comprise a cytotoxin and an electron-affinity
moiety, which undergo reduction to trigger fragmentation by
hydrated electrons (eaq


−) generated upon radiolysis of water under
hypoxic conditions. In contrast, in normal cells, oxygen molecules
scavenge the reducing species of eaq


− at a near diffusion-controlled
rate and also reoxidize the one-electron reduced intermediates
of the prodrugs. Because hypoxia is virtually unique to tumor
cells54 and the release of cytotoxin occurs only in hypoxic cellular
regions within the radiation field, radiotherapy using this type of
antitumor prodrug may have high efficiency, good selectivity, and
adequately diminished side effects.


A family of compounds considered as radiation-activated
prodrug candidates is nitro(hetero)cyclic methyl quaternary
ammonium (NMQ) salts,55 such as N,N-bis(2-chloroethyl)-


N-methyl-N-[(1-methyl-4-nitro-5-imidazoyl)methyl]ammonium
chloride (4-NIQ-HN2, 29) and N,N-bis(2-chloroethyl)-N-methyl-
N-[(1-methyl-5-nitro-1-pyrrolyl)methyl]ammonium chloride (5-
NPQ-HN2). These were developed originally as bioreductive
prodrugs56 and were later shown to be reducible with one-electron
stoichiometry by radiolysis to produce a DNA alkylating agent
through a benzyl-type radical (Scheme 1a).57 This family of
prodrugs have potential features such as hypoxia-selective cytotox-
icity, deactivation of nitrogen mustards, and high water solubility.
To improve the modest cytotoxicity of mechlorethamine (HN2), a
potent DNA alkylator of aminoacridine carboxamide (AMAC)
was incorporated into NMQ compounds (4-NIQ-AMAC, 30)
(Fig. 10).58 Irradiation of the prodrugs in anoxic buffer or culture
medium released AMAC, although the yield of AMAC was lower


Fig. 10 Structures of radiation-activated antitumor prodrugs.
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Scheme 1 Radiolytic reduction induced release of antitumor drugs.


than that of the HN2 analogs.57a The prodrugs also produced
unpredictable toxicity in vivo, suggesting that nitrogen mustard
may be released non-specifically,56,57a which has restricted further
development of these compounds as radiation-activated prodrugs.


A second example is the cobalt(III) transition metal complexes,
which were also investigated initially as bioreductive prodrugs to
provide an inert framework for transportation of cytotoxins that
allow cellular uptake and a cycle of reduction and reoxidation.
The hypoxic environment of tumor cells prevents reoxidation
and the reduced product of the high-spin Co(II) complex is
much less stable than its predecessor, the d6 low-spin octahedral
Co(III) complex, therefore, it releases the coordinated ligand.59 The
bidentate mustard complex SN 24771 (31), in which the auxiliary
coordination positions are occupied by acetylacetonato,60 is acti-
vated via one-electron reduction by eaq


− to release nitrogen mustard
(Scheme 1b),61 but is too unstable for in vivo use. A new series
of Co(III) complexes comprising N-donor polyazamacrocyclic
auxiliary ligands plus a bidentate cytotoxic effector ligand has
been prepared to vary the reduction potential of the Co(III)
metal center.62 For example, SN 27892 (32) is a prodrug bearing
tetradentate ligand, 1,4,7,10-tetraazacyclononane (cyclen), and a
synthetic analog of the DNA minor groove alkylator duocarmycin
SA. Under hypoxia, SN 27892 shows an efficient release of the
cytotoxin with a clinically relevant radiation dose of 2 Gy and
metabolic stability in mice, but no antitumor activity in RIF-
1-bearing mice was observed when given before or after the
irradiation.63


In 1992, we showed the first concept for radiation-activated
prodrugs designed to release the antitumor agent 5FU by ra-
diolytic one-electron reduction.64 This concept arises from the
dimerization of 5FU by electrochemical oxidation in an anoxic
solution and the reverse reactivity of the product dimer to
regenerate 5FU upon c-irradiation of an oxygen-free aqueous
solution. Hydrolysis of the dimer into 5FU did not occur at pH <


8.0, indicating a potential use of this dimer as a prodrug that can be
activated in the radiotherapy of hypoxic tumors. 1-(5′-Fluoro-6′-
hydroxy-5′,6′-dihydrouracil-5′-yl)-5-fluorouracil (33) was prepared
in 70% yield by electrolytic oxidation of an Ar-purged aqueous


solution of 5FU.65 The initial step of the dimerization is the
anodic one-electron oxidation of 5FU into the corresponding
radical cation, followed by successive deprotonation at N1 to
form the allyl-type radical which then undergoes a head-to-tail
coupling. Radiolytic reduction of the dimer hydrate 33 by eaq


−


regenerates 5FU, along with 1-(uracil-5′-yl)-5-fluorouracil (34).66


The pulse radiolysis study demonstrated a one-electron reduction
mechanism by which a radical anion in the form of an electron-
adduct at the 5FU moiety is generated as the initial intermediate
during radiolytic reduction, followed by F− elimination from
the radical anion and hydrolytic splitting of N1–C5′ linkages
to regenerate 5FU.66 Further one-electron reduction can occur
competitively from the radical [33(-F)•] into a byproduct 34. The
reduction mechanism of pyrimidine dimer has provided a novel
strategy of radiation-activated 5FU prodrugs for the treatment of
malignant hypoxic solid tumors (Scheme 2).


To achieve higher efficacy of radiation-activated prodrugs, our
group developed a series of 5-fluoro-1-(2′-oxocycloalkyl)uracils
(Fig. 11).67 The compounds 35–43 bearing a 2′-oxo group were
one-electron reduced by eaq


− and released 5FU in 47–96% yields,
whereas compounds 44 and 45 without the 2-oxo substituent
had no activity toward the reductive C1′–N1 bond splitting. A
similar mechanism was proposed for prodrug activation that eaq


−


produced by hypoxic irradiation is incorporated into the C5–
C6 double bond of 5FU to form the p* radical anion, which is
thermally activated to the r* radical anion, followed by hydrolytic


Fig. 11 Structures of N1-substituted 5-fluorouracil derivatives.
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Scheme 2 Mechanism of reductive splitting of 5FU dimer hydrate 33.


cleavage of the C1′–N1 bond and release of 5FU. Detailed studies
on the quantitative structure–activity relationship using X-ray
crystallography and molecular-orbital (MO) calculations suggest
several important features of the prodrugs leading to effective
release of 5FU: the 2′-oxo group provides (p* + r*) LUMO + 1 by
mixing of the p* orbital of the 2-oxo substituent and the r* orbital
of the adjacent C1′–N1 bond. The relatively small energy gap
between LUMO and LUMO + 1 promotes intramolecular electron
transfer from LUMO as localized at the C5–C6 pyrimidine double
bond to LUMO + 1. Structural flexibility allows the dynamic
conformational change to achieve a higher degree of (p* + r*)
MO mixing. Five- and six-membered ring compounds 37, 38 were
among the best substrates for 5FU release, resulting in nearly
quantitative yields (96% and 93%, respectively). It is likely that the
two compounds 37, 38 have a moderately flexible structure that
would be suitable for gaining maximum overlap between the p*
and r* orbitals. We evaluated the in vitro and in vivo activity of
5-fluoro-1-(2′-oxopropyl)uracil (35) as a prototype compound of
radiation-activating 5FU prodrugs.68 Upon hypoxic irradiation,
35 showed a significant cell-killing effect towards murine SCCVII
tumor cells, and the degree of cytotoxic effect was consistent
with authentic 5FU. In contrast, cytotoxicity was negligible in
nonirradiated cells or in cells treated aerobically. Although a
pharmacokinetic study showed that 35 was converted into 5FU in
vivo as well as in vitro, growth delay assays using SCCVII tumor-
bearing mice increased the tumor growth time only slightly.


We have explored an alternate design for radiation-activated
prodrugs 46–50 containing 5-fluorodeoxyuridine (5FdUrd) as
a more potent antitumor agent (Fig. 12).69 The synthesized
compounds with a 2-oxoalkyl group at their N3 position released
5FdUrd in 49–78% yields upon hypoxic irradiation in a manner
similar to that of 5FU-releasing prodrugs. As investigated with
laser flash photolysis, a 5FdUrd derivative 49, forming a radical
anion state 70 times more stable than the other compound 46,
was more efficient in releasing 5FdUrd. This clearly demonstrates
that prodrugs generating stable radical anions are more favorable
for 5FdUrd release. Although this class of prodrugs is activated
in vitro as efficiently as the prodrugs of 5FU, clear in vivo effects
were not detected.70 The 5FU and 5FdUrd prodrugs have failed


Fig. 12 Structures of N3-substituted 5-fluoro-2′-deoxyuridines.


to give the sufficient antitumor activity in vivo, but the strategy is
still promising for targeting hypoxic cancer cells. Incorporation of
more potent anticancer agents instead of 5FU and its derivatives
into prodrugs may provide agents with greater in vivo effects that
should be potent enough for clinical application.


We have recently developed another type of prodrug comprising
5FdUrd plus an indolequinone moiety at the N3 position (IQ-
FdUrd, 52).71 Hypoxic irradiation caused IQ-FdUrd to undergo
one-electron reduction and release 5FdUrd as the sole product in
a dose-dependent manner. Mechanistic studies on the fragmen-
tation of IQ-FdUrd using laser flash photolysis suggest that the
corresponding semiquinone radical anion decays predominantly
by bimolecular disproportionation to generate the iminium cation
(53) along with 5FdUrd (Scheme 3).72 IQ-FdUrd 52 showed
enhanced cytotoxicity upon hypoxic irradiation, as evaluated in
the radiation-resistant EMT6/KU murine tumor cell line. Of most
interest is that the estimated concentration of released 5FdUrd
based on the G value for the 5FdUrd formation was much less than
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Scheme 3 Radiolytic reduction of IQ-FdUrd to release 5FdUrd.


that expected from the IC50 value of 5FdUrd toward EMT6/KU
cells. The results show that this type of prodrug has synergic
cytotoxicity, which we envisage as arising from the strong cytotoxic
effect of electrophilic iminium cations.


We also proposed 2-oxoalkyl caged oligodeoxynucleotides
(ODNs) that can be activated through the removal of 2-oxoalkyl
group upon hypoxic irradiation.73 Several caging mechanisms74 by
which the recognition properties of nucleobases are temporarily
blocked to control transcription upon light irradiation have been
proposed recently.75 Our new caged ODNs with a 2-oxopropyl
group at the N3 position of thymidine (doxoT, 54) are designed
for binding to the nucleic acids or proteins to be modulated by
irradiation with ionizing radiation (Fig. 13). Radiolytic reduction
of the caged ODNs in an aqueous solution gives the corresponding
uncaged ODNs preferentially under hypoxic conditions without
producing detectable amounts of any other decomposed products.
Recovery of the hybridization property of the caged ODNs after
irradiation was confirmed by enzymatic digestion assay. Caged 18-
mer ODNs (55) that have doxoT in the middle of a Swa I recognition
site were pre-irradiated and then incubated in the presence of
ODN 56, which is complementary to the uncaged analogue
of ODN 55. The enzymatic cleavage occurred in the ODN 55
irradiated in hypoxia but not for aerobically irradiated ODN,
suggesting that the hybridization property of ODN containing
2-oxopropyl-modified thymidine can be controlled by hypoxic
irradiation. This class of caged ODNs appears to be a promising


Fig. 13 Caged ODN and the complementary sequence of the correspond-
ing uncaged ODN.


strategy for a new approach to the temporal or spatial control
of gene expression, in which RNA is inactivated by a radiation-
removable 2-oxopropyl group and inversely reactivated by hypoxic
irradiation, as well as for development of radiation-regulated
caged-antisense oligonucleotides.


4 Conclusion


Intelligent drugs and imaging systems with selective action in tu-
mor tissues have widespread potential application to the treatment
and diagnosis of cancer. In this perspective, we reviewed recent
advances in the development of drugs and imaging tools that target
tumor angiogenesis and hypoxia. The concepts are well established
and have been demonstrated in numerous model systems.


The foremost task in the design of drugs is further suppression
of unfavorable properties, such as non-specific toxicity against
normal tissues by refining the target specificity. To overcome the
problems of nonspecificity, a combination of current systems with
other nanotechnologies, such as drug delivery systems (DDS)
using nanoparticles and nanocarriers, may be effective. Because
nano-scale molecules are hyperpermeable into tumor microvessels,
these DDS methods may improve the targeting delivery of
drugs or prodrugs and their selective accumulation into tumor
tissues.


With regard to imaging systems of tumors, the use of NIR
light for imaging is one key strategy for in vivo optical imaging
because deep-seated malignant tissues cannot be imaged by probes
with shorter emission wavelengths. Optical imaging may break the
conventional depth limitation, and the effective depth is expected
to reach more than 10 cm with the use of NIR probes. The
development of noninvasive molecular imaging technologies may
produce a revolution in early detection diagnosis and personalized
therapy of cancer.
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Irradiation of substituted 2-benzylidenecyclopentanone O-alkyl and O-acetyloximes in methanol
provides a convenient synthesis of alkyl, alkoxy, hydroxy, acetoxy, amino, dimethylamino and benzo
substituted annulated quinolines. para-Substituents yield 6-substituted-2,3-dihydro-1H-
cyclopenta[b]quinolines with 8-substituted products being obtained from ortho-substituted starting
materials. Reactions of meta-substituted precursors are highly regioselective, with alkyl substituents
leading to 5-substituted 2,3-dihydro-1H-cyclopenta[b]quinolines and more strongly electron-donating
substituents generally resulting in 7-substituted products. 2-Furylmethylene and 2-thienylmethylene
analogues yield annulated furo- and thieno-[2,3e]pyridines respectively. Sequential E- to Z-benzylidene
group isomerisation and six p-electron cyclisation steps result in formation of a short-lived
dihydroquinoline intermediate which spontaneously aromatises by elimination of an alcohol
or acetic acid. For 2-benzylidenecyclopentanone O-allyloxime, singlet excited states are
involved in both steps.


Introduction


The quinoline nucleus is widely distributed in nature and is
important in the fields of medicinal chemistry and agrochemicals.1


Consequently, though there are numerous syntheses available for
quinoline derivatives,2 versatile routes to new quinoline intermedi-
ates from readily accessible precursors are of interest. Among these
have been a limited number of reports of quinoline formation from
photocyclisation of b-phenyl-a,b-unsaturated oximino systems
(Scheme 1).3 The open-chain oxime 1a,4 O-benzoyloximes 1b–
e5 and O-acetyloximes 1f–i6 underwent 6p-electron cyclisation,
involving both the carbon–nitrogen double bond and the b-aryl
group, followed by elimination of water or benzoic acid, to yield
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Scheme 1 Quinolines from photocyclisation of oximino systems.


the corresponding quinolines 2a–g, respectively. In contrast, O-
methyloximes 1j and 1k underwent only competing geometrical
isomerisation at the carbon–carbon and carbon–nitrogen double
bonds on direct and triplet sensitised excitation resulting, in both
cases, in a photostationary state comprising the four possible
geometrical isomers, but without accompanying cyclisation.7,8


Prerequisites for photocyclisation are (a) a Z-configuration at
the a,b-double bond, achieved by initial geometrical photoisomeri-
sation, and (b) significant contribution from conformers with an
s-cis orientation at the R1C–CR2 single bond. Systems with this
bond within a ring are forced to adopt an s-cis conformation.
Quinoline formation has been reported where the bond is in-
corporated within a dihydrophenanthrene or acenaphthene ring,9


involving formation of 2l and 2m from 1l and 1m respectively, or
within a cycloalkane, involving formation of 4a–f from 3a–f.10


A broad range of potential quinoline precursors is accessible
by oximation of readily available a-benzylidene ketones. Aryl ring
ortho- or para-substitution should lead to quinolines substituted
at the 5- or 7-ring carbons respectively whereas meta-substitution
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provides the possibility for formation of either 6- or 8-substituted
quinolines.


We have used a range of ortho- and para-substituted
benzylidenecyclopentanone O-alkyloximes and O-acetyloximes
(Scheme 3) to examine the scope of the photocyclisation–
elimination reaction as a route to annulated quinolines of
the 2,3-dihydro-1H-cyclopenta[b]quinoline family, and the cor-
responding meta-substituted compounds (Scheme 6) to examine
regiochemical outcomes. The required compounds were obtained
by standard oximation procedures from the appropriate 2-
benzylidenecyclopentanones which were in turn readily available
from reaction of N-(1-cyclopentenyl)morpholine with the corre-
sponding aromatic aldehydes.


Results


Unsubstituted benzylidenecyclopentanone O-alkyloximes


Irradiation of E,E-O-allyloxime 5‡ in methanol resulted in
initial E,Z-isomerisation at the carbon–nitrogen and carbon–
carbon double bonds (Scheme 2). However, isomerisation was
accompanied by the slower formation of quinoline 7 as the final
product, involving photocyclisation of the E,Z-isomer (and/or
the Z,Z-isomer) to dihydroquinoline 6, followed by rapid elimi-
nation of allyl alcohol. Quinoline 7 was also obtained from the
corresponding O-methyloxime 8.


Scheme 2 Cyclisations without aryl substituents.


‡ Compound 5 was obtained as a single isomer on reaction of 2-
benzylidenecyclopentanone with O-allylhydroxylamine. In ethyl acetate 5
underwent only E,Z-photoisomerisation to a photostationary state com-
prising the E,E- (19%), Z,E- (48%), E,Z- (23%) and Z,Z- (10%) isomers.
These were separated chromatographically and their stereochemistries
assigned.


Unlike 5 and 8, E-2-diphenylmethylenecyclopentanone O-
methyloxime 9 has an appropriately Z-oriented phenyl group
and does not require an additional E/Z-photoisomerisation step
prior to photocyclisation. On irradiation, 9 rapidly formed a
mixture of two products, one of which (Z-9) on further irradiation
transformed to the other, final product 9-phenyl-2,3-dihydro-
1H-cyclopenta[b]quinoline 10. Taking advantage of the suitably
oriented phenyl group in 9, thermal cyclisation was attempted.
However, no reaction occurred on prolonged heating of 9 in
methanol or in ethylene glycol (bp 198 ◦C) under reflux.§


ortho- and para-Substituted benzylidene systems


The ortho- and para-methyl-, and ortho- and para-methoxy-ben-
zylidene O-methyloximes 11a–d cyclised to the corresponding
8- and 6-substituted¶ 2,3-dihydro-1H-cyclopenta[b]quinolines
12a–d on irradiation in methanol (Scheme 3). Similarly the
para-hydroxy-, para-acetoxy-, and para-N,N-dimethylamino-
benzylidene O-acetyloximes 11e–g and the para-amino-
benzylidene oxime 11h cyclised to the quinolines 12e–h respec-
tively. In each case, TLC analysis showed the initial formation of
a number of products, presumed to be the various geometrical


Scheme 3 Cyclisations involving ortho- and para-substituents.


§The analogous open-chain O-acetyloxime of 4,4-diphenylbut-3-en-
2-one (Ph2C=CHCMe=NOAc) undergoes conversion to 2-methyl-4-
phenylquinoline at 187 ◦C. Semi-empirical calculations have been used
in support of a pericyclic mechanism involving disrotatory closure to
an intermediate analogous to 6, followed by subsequent intramolecular
elimination of acetic acid via a cyclic transition state.11 O-Methyloxime 1l
undergoes closure–elimination above 120 ◦C to yield 2l.9 The low activation
barrier was ascribed to aromatic stabilisation of the cyclised intermediate
due to generation of a phenanthrene unit prior to methanol elimination.
In the case of 9, however, no such stabilisation is possible.
¶Nomenclature convention results in different numbering of the aromatic
ring positions for quinolines and 2,3-dihydro-1H-cyclopenta[b]quinolines.
Benzenoid ring positions 5, 6, 7 and 8 in the former correspond to positions
8, 7, 6 and 5 respectively in the latter.
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isomers and, on further irradiation, these underwent conver-
sion to the corresponding 2,3-dihydro-1H-cyclopenta[b]quinoline.
2-Benzylidenecyclohexanone O-methyloxime similarly yielded
tetrahydroacridine 4e.


In marked contrast ortho- and para-nitro-, ortho- and para-
chloro- and para-cyano-benzylidenecyclopentanone O-methyl-
oximes 11i–m, and 2,4-difluorobenzylidene O-acetyloxime 11n
were converted to complex mixtures whose separation was not
pursued further.


Other participating p-systems


Other p-systems may replace the 2p-electron contribution of
the b-phenyl group in these systems (Scheme 4). Thus 2-(1-
naphthylmethylene)cyclopentanone O-methyloxime yielded fused
benzo[f ]quinoline 13 and 2-(1-phenothiazinylmethylene)cyclo-
pentanone O-acetyloxime was converted to the novel pyrido-
[3,2-a]phenothiazine 14. 2-(2-Furylmethylene)cyclopentanone
O-methyloxime yielded N,O-heterocycle 15 and N,S-heterocycle
16 was similarly obtained from 2-(2-thienylmethylene)cyclo-
pentanone O-acetyloxime. Compound 17, a photoisomer of
2-cinnamylidenecyclopentanone O-acetyloxime, also cyclised,
yielding pyridine 18 and requiring the adoption of an s-cis
arrangement for the open-chain dienyl unit in addition to prior
E,Z-isomerisation at the 2-exo methylene unit to achieve a viable
cyclic transition state for carbon–nitrogen bond formation.


Scheme 4 Other cyclisations.


meta-Substituted benzylidene systems


Cyclisation is possible for meta-substituted benzylidene derivatives
either from rotamer 19, giving 5-substituted-2,3-dihydro-1H-
cyclopenta[b]quinoline 21, or from rotamer 22, giving the 7-
substituted isomer 24 (Scheme 5)‖.


A meta-methyl substituent results in closure at the aryl
2-position, ortho to the methyl group (Scheme 6). 2-(3-
Methylbenzylidene)cyclopentanone O-methyloxime 25a yielded
a single photoproduct, 5-methyl compound 26a. Inclusion of
an additional ring substituent, a para-methyl or para-methoxy
group, similarly resulted in closure at the 2-position, with


‖Possible in principle for ortho-substituted benzylidene analogues, cycli-
sation with elimination of a 2-substituent (R) has not been observed,
presumably because of the difficulty of eliminating a species such as
MeOR or AcOR. Replacement of 2-substituents has been observed for
2-substituted stilbene oxidative cyclisations, involving elimination of HR.12


Scheme 5 Alternatives with meta-substituents.


Scheme 6 Cyclisations with meta-substituents.


3,4-dimethyl- and 3-methyl-4-methoxy substrates 25b and 25c
giving 5,6-dimethyl- and 5-methyl-6-methoxy-2,3-dihydro-1H-
cyclopenta[b]quinolines 26b and 26c respectively. Increasing the
steric demand of the meta-alkyl substituent again resulted in strong
preference for cyclisation–elimination involving the crowded aryl
2-position, with meta-t-butyl compound 25d giving 5-t-butyl-2,3-
dihydro-1H-cyclopenta[b]quinoline 26d∗∗.


In contrast, a meta-methoxy group results in closure at
the aryl 6-position, para to the methoxy substituent. Both 3-
methoxybenzylidene O-methyloxime 25e and O-acetyloxime 25f


∗∗Prior to recrystallisation, the 1H-NMR spectrum of the chro-
matographed product showed it to be 5-t-butyl-2,3-dihydro-1H-
cyclopenta[b]quinoline (92%) together with a small amount of another
t-butyl-containing component (8%), possibly the other regioisomer.
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yielded a single photoproduct, 7-methoxy compound 27e. In-
corporation of an additional substituent, methyl or methoxy, in
the para-position again resulted in closure at the aryl 6-position,
with 3,4-dimethoxy and 3-methoxy-4-methyl compounds 25g
and 25h giving 6,7-dimethoxy- and 6-methyl-7-methoxy-2,3-
dihydro-1H-cyclopenta[b]quinolines 27g and 27h respectively. 2,5-
Dimethoxybenzylidene O-acetyloxime 28 (Scheme 7), with the
position para to the meta-methoxy group blocked by the 2-
methoxy substituent, cyclised at the vacant ortho site to give 5,8-
dimethoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 29.


Scheme 7


Other electron-donating substituents having a nitrogen or
oxygen in the meta-position of the benzylidene group similarly
resulted in closure at the aryl-6 position (Scheme 6). Thus 3-
hydroxy- and 3-N,N-dimethylaminobenzylidene O-acetyloximes
25i and 25j, also the 3-aminobenzylidene oxime 25k, photocyclised
to the corresponding 7-substituted products 27i–k, respectively.


In contrast to these cyclisations from which a single product
was isolated, irradiation of 3-acetoxybenzylidene O-acetyloxime
25l resulted in competitive closure, involving both the aryl-6
and aryl-2 positions, and giving both 7-acetoxy and 5-hydroxy
products 27l and 26l′. The deacetylation step leading to 26l′ must
have occurred subsequent to cyclisation since, if loss of acetyl
from 25l had preceded cyclisation, the resulting initially-formed
3-hydroxybenzylidene O-acetyloxime 25i would have cyclised to
7-hydroxy compound 27i rather than to 5-hydroxy compound
26l′. No accompanying photo-Fries rearrangement products were
isolated from this reaction.


As observed for the analogous ortho- and para-substituted ben-
zylidenecyclopentanone derivatives 11j–n, irradiation of 3-nitro-,
3-chloro-, 3-cyano- and 3-fluoro-benzylidene O-acetyloximes
25m–p proved not to be synthetically useful. Only complex product
mixtures were obtained and these were not investigated further.


2-(2-Naphthylmethylene)cyclopentanone O-acetyloxime 30a
and O-methyloxime 30b (Scheme 7) cyclised at the naphthyl 1-
position to give 9,10-dihydro-8H-benzo[h]cyclopenta[b]quinoline
31, rather than at the naphthyl 3-position.13


Discussion


Excited state considerations


The inclusion of various concentrations (up to 1.0 M) of the
triplet quencher isoprene in methanol solutions of E,E-5 did not
affect the course of product evolution, consistent with both the
isomerisation and cyclisation processes arising from singlet excited
states on direct irradiation.


The four geometrical isomers of O-allyloxime 5 exhibit strong
uv absorption in the 300 nm region, probably due to the p,p*
band of the conjugated a,b-unsaturated system submerging the
much weaker n,p* band. With n,p* transitions in such systems
being generally localised at the carbon–nitrogen double bond it
is likely that cyclisation of 5 requires a lowest energy p,p* excited
state. In ethyl acetate, cyclisation of 5 does not occur,‡ suggesting
a lowest energy n,p* transition in this solvent. Methanol may
assist the formation of quinoline 7 from 5 by hydrogen bonding
to the nitrogen lone pair of the O-allyloxime thereby ensuring a
lowest energy p,p* excited state and methanol may also facilitate
elimination of allyl alcohol from dihydroaromatic intermediate 6.
In acetonitrile formation of 7 from 5 is approximately 25 times
less rapid, consistent with hydrogen-bonding playing a role in
facilitating the photocyclisation–elimination process. The rate
of quinoline formation was approximately doubled for both
meta- and para-N,N-dimethylaminobenzylidene O-acetyloximes,
25j and 11g respectively, by inclusion of a small amount of triflu-
oroacetic acid but, whereas the yield of quinoline 27j from meta-
dimethylaminobenzylidene oxime acetate 25j improved (from 6%
to 35%) in the presence of the acid, no improvement in cyclisation
yield (26%) was observed for para-dimethylaminobenzylidene
oxime acetate 11g. Methanol with added mineral acid has been
used as the medium for quinoline formation from oximes 3a–d,f.10


Analogy with stilbene cyclisation


The photocyclisation–elimination process for quinoline synthesis
is analogous to the well-established conrotatory photocyclisa-
tion process for 1,3,5-hexatrienes, the most studied being the
oxidative photoconversion of stilbenes to phenanthrenes14–16 via
dihydrophenanthrene intermediates which aromatise either in
the presence of oxygen or, more commonly, in the presence of
an added oxidant such as iodine. Though chloro, fluoro and
cyano substituents are compatible with stilbene photoconversion
to phenanthrenes,14c,15,17 also with quinoline formation from p-
chlorophenyl O-benzoyloxime 1e,5 this is not the case for quino-
line formation from benzylidenecyclopentanone oxime ethers or
acetates 11k–n and 25n–p. Possibilities for this difference in
behaviour include (a) enhanced intersystem crossing for these par-
ticular b-aryl-a,b-unsaturated oxime derivatives, with alternative
reaction pathways being available to the triplet excited state,††
(b) the nature of their lowest excited singlet states, with n,p*
states being generally less amenable to 6p-electron cyclisation and
(c) the intervention of other reaction pathways, possibly involving
radicals and leading to alternative reaction outcomes. The lack of
photocyclisation when electron-withdrawing groups are present
on the b-aryl ring may imply the necessity for a polarised transition
state in which electron density is transferred through the p-system
from the aryl ring to the oximino nitrogen, facilitating aryl–
nitrogen bond formation and detachment of the leaving group.


Regioselectivity


In general 2-naphthyl homologues of stilbene (Scheme 8) have been
found15 to undergo oxidative photocyclisation at the 1-naphthyl


††For the currently included substituents this seems likely only for the
nitro group. There do not appear to have been any reports of oxidative
photocyclisations of nitrostilbenes.
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Scheme 8 Alternative cyclisation options from ground state rotamers.


position, though more recent studies have shown that reaction
may also occur at the naphthyl 3-position.


Thus the ground state rotamers 32 and 33 of Z-di(2-
naphthyl)ethene undergo competitive 1,1′- and 1,3′-cyclisation
respectively to give the corresponding dihydrophenanthrenes on
excitation,19,20‡‡ and oxidative conditions can be adjusted to yield
predominantly dibenzo[c,g]phenanthrene or dibenzo[b,g]phenan-
threne respectively.19,21 Prediction of the preferred cyclisation route
for diarylethenes has been assisted by the use of calculated free
valence numbers or electronic overlap populations22 as measures
of reactivity for electrocyclic processes, with most success being
for polycyclic aromatic substituents.


Though more favourable substituent-dependent frontier orbital
overlap in the transition state for cyclisation of one of the rotamers
of a meta-substituted stilbene may play a contributing part in
determining regioselectivity, it would not seem to be a determining
one since, for many meta-substituted stilbenes, approximately
equal amounts of the corresponding 2- and 4-substituted phenan-
threnes are found.14c,23 Recent consideration of the photocy-
clisations of styrylpyridines and 2-aminostyrylpyridines24 has
pointed to the role of rotamers and led to the suggestion
that the regiochemical outcome for a meta-substituted stilbene
analogue is determined by the relative rates of oxidation and
ring-opening of the intermediate dihydrophenanthrenes. Similar
substituent-related competition between ring-opening and elim-
ination steps for the non-aromatic intermediates from meta-
substituted benzylidenecyclopentanone oxime derivatives, 20 and
23 from rotamers 19 and 22 respectively (Scheme 5), probably also
determines whether 5-substituted or 7-substituted products, 21 or
24 respectively, are obtained. The nature and interactions of these
substituent effects has yet to be determined.


Other observations


The nature of the group eliminated does not affect the cyclisation
outcome. O-Allyloxime 5, O-methyloxime 8 and the corresponding
O-acetyloxime yielded 2,3-dihydro-1H-cyclopenta[b]quinoline 7.
Similarly O-acetyloxime 30a and O-methyloxime 30b yielded 9,10-
dihydro-8H-benzo[f ]cyclo-penta[b]quinoline 31 and 7-methoxy-
2,3-dihydro-1H-cyclopenta[b]quinoline 27e was obtained from
both O-methyloxime 25e and O-acetyloxime 25f. Initial studies
were undertaken with O-methyloximes but, when it became ap-
parent that the cyclisation outcome was independent of the nature
of the leaving group, the more readily prepared O-acetyloximes
were subsequently used.


Photocyclisation of the O-acetyloximes 34 of 2-phenyl-
benzaldehyde, 2-phenylacetophenone and 2-phenylbenzophenone
to the corresponding phenanthridines 35 (Scheme 9) has recently


‡‡The principle of non-equilibration of excited rotamers (NEER) implies
that the ground state populations of 32 and 33 determine the excited state
populations.18


Scheme 9


been reported.25 The 2-vinyl analogues are similarly converted
to the corresponding isoquinolines. These outcomes may also
be rationalised by a six p-electron cyclisation process. How-
ever, iminyl radicals 36 have been proposed as intermediates
in the formation of 35, generated by nitrogen–oxygen bond
photocleavage. Such homolysis, yielding acyloxy and aryliminyl
radicals, occurs in the photochemistry of O-acyloxime derivatives
of simple aromatic carbonyl compounds such as benzaldehyde,
acetophenone, benzophenone and 9-fluorenone and has been used
as a convenient source of carbon-centred radicals for synthetic
investigations26,27 and as a photochemical source of amines for
polymer cross-linking, the amines resulting from hydrolysis of the
imines formed following nitrogen–oxygen bond cleavage.28


Whether the phenanthridines 35 are formed by a six p-electron
photocyclisation process in competition with radical formation,
or are formed through the intermediacy of photogenerated
iminyl radicals 36, is unclear. Iminyl radicals may be readily
generated by a variety of non-photochemical routes,29 and there
is precedence for radicals analogous to 36 undergoing closure
to phenanthridines and quinolines30 though five-membered ring
formation has been reported to accompany quinoline formation
in favourable cases.31


Benzaldehyde O-alkyloximes undergo very inefficient carbon–
nitrogen bond photocleavage on direct or triplet sensitised
excitation,32 though the efficiency of radical formation from
benzaldehyde O-acyloximes can be increased by the use of triplet
photosensitisers.33 However, given that the compounds that com-
prise the present study lack the phenone O-acyl or O-alkyloxime
functionality, which seems to be essential for such cleavage on
direct excitation, it can be concluded that these cyclisations
proceed by the proposed six p-electron photocyclisation§§. This
conclusion is supported by the absence of reports of nitrogen–
oxygen bond homolysis on direct or triplet sensitised excitation
of a wide range of other O-alkyl and O-acyloximes such as ace-
tophenone O-methyloxime,35 acetonaphthone O-methyloxime,36


b-phenyl-a,b-unsaturated oximino systems 1a–m,4–10 b-ionone O-
ethyloxime,37 b,c-unsaturated oxime acetates38 and cholestanone
O-acetyloximes.39


Conclusions


This photocyclisation–elimination process provides a conve-
nient route to a wide variety of substituted 2,3-dihydro-1H-
cyclopenta[b]quinolines from readily accessible precursors and has


§§In the presence of excited 1,5-dimethoxynaphthalene (DMN) as a single
electron transfer agent, c,d-unsaturated ketone O-acyl and O-methyloximes
are converted to radical anions, which cyclise by an iminyl radical mecha-
nism to 3,4-dihydro-2H-pyrroles. Alternatively, triplet energy transfer from
excited DMN may result in iminyl radical formation and cyclisation.34 Such
reaction conditions were absent from the present study.
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the potential for extension to the synthesis of numerous novel
fused pyridines/quinolines of biomolecular interest derived, for
example, from terpenoid or steroidal ketones.


Experimental section


NMR spectra were recorded on a Bruker AC-400 instrument
operating at 400 MHz for 1H and 100 MHz for 13C. Unless
otherwise stated, spectra were recorded using CDCl3 as solvent,
with Me4Si as internal standard. TLC was on silica gel plates
containing a fluorescent indicator (Riedel-de-Haen, DC-Cards
SiF, layer thickness 0.2 mm). Light petroleum for recrystallisation
had bp 80–100 ◦C, unless stated otherwise. Yields were not
optimised. Melting points are uncorrected. Satisfactory elemental
analyses were obtained for all new compounds.


Photochemical reactions were carried out using a water-cooled
immersion well containing a Photochemical Reactors 400 W
medium pressure mercury vapour lamp fitted with a Pyrex filter
(k > 300 nm). Solutions for photochemistry used high purity grade
solvents which were deoxygenated by passing a stream of nitrogen
or argon through the solution for 30 minutes prior to irradiation
and the inert gas atmosphere was maintained over the solutions
during irradiation.


Preparative details and nmr spectra are reported here for the
annulated quinolines. Other analytical data for the quinolines, also
experimental and spectral data for the other compounds included
in this work, are reported in the ESI accompanying this paper.†


Preparation of 2-benzylidenecyclopentanones


Preparations involved reaction of the morpholine enamine of
cyclopentanone with the appropriate aromatic aldehyde.40


Preparation of 2-benzylidenecyclopentanone oximes


Preparations involved reaction of the ketones with hydroxylamine
hydrochloride in pyridine.


Preparation of benzylidenecyclopentanone O-methyloximes


Preparations involved reaction of the required oxime with excess
dimethyl sulfate in the presence of sodium hydroxide.


Preparation of benzylidenecyclopentanone O-acetyloximes


Preparations involved reaction of the required oxime with acetyl
chloride in pyridine.


General procedure for synthesis of
2,3-dihydro-1H-cyclopenta[b]quinolines


A methanol solution (250–350 cm3) of the appropriate O-
methyloxime, O-acetyloxime or oxime (2.5–10.0 × 10−3 M) was
irradiated under the standard conditions. Reaction progress was
monitored by TLC using light petroleum–ethyl acetate [ethanol in
the cases of 12g, 14 and 27j]. In general, a number of products ap-
peared soon after irradiation began and on continued irradiation,
one of these became the sole/predominant product, at which time
irradiation was discontinued. Removal of the methanol yielded the
crude 2,3-dihydro-1H-cyclopenta[b]quinoline. Purification was
by recrystallisation or by chromatography on silica, with light


petroleum–ethyl acetate as eluent, prior to recrystallisation. Unless
otherwise stated, recrystallisation was from light petroleum–ethyl
acetate.


2,3-Dihydro-1H-cyclopenta[b]quinoline 7. (24% from 5; 29%
from 8), mp 60–61 ◦C (lit.,41 60–61 ◦C); dH 2.18 (2H, qn, J 7.4,
CH2CH2CH2), 3.06 (2H, t, J 7.4, CH2Ar), 3.14 (2H, t, J 7.4,
CH2Ar), 7.43 (1H, t, J 7.7) and 7.59 (1H, t, J 7.9) (arH-7 and
arH-6), 7.70 (1H, d, J 7.7, arH-8), 7.85 (1H, br s, arH-9) and 8.00
(1H, d, J 7.9, arH-5); dC 23.62, 30.50, 34.60 (3 × CH2), 125.49,
127.43, 128.30 and 128.51 (benzenoid-CH), 130.29 (pyridyl-CH),
127.37, 135.77, 147.48 and 167.91 (quaternary Cs).


9-Phenyl-2,3-dihydro-1H-cyclopenta[b]quinoline 10. (72%),
mp 132–134 ◦C (methanol) (lit.,42 134–135 ◦C); dH 2.16 (2H, qn,
J 7.5, CH2CH2CH2), 2.90 (2H, t, J 7.5, CH2Ar), 3.24 (2H, t, J
7.5, CH2Ar), 7.36 (3H, m), 7.49 (3H, m) and 7.62 (2H, m) (8 ×
arH), 8.08 (1H, d, J 8.4, arH-5); dC 23.42, 30.22, 35.08 (3 × CH2),
125.39, 125.54, 126.09, 127.88, 128.13, 128.39, 128.68, 129.18,
133.55, 136.62, 142.59, 147.81 and 167.31 (13 × arC).


8-Methyl-2,3-dihydro-1H-cyclopenta[b]quinoline 12a. (35%),
mp 64–65 ◦C (light petroleum); dH 2.21 (2H, qn, J 7.4,
CH2CH2CH2), 2.65 (3H, s, Me), 3.11 (2H, t, J 7.4, CH2Ar), 3.16
(2H, t, J 7.4, CH2Ar), 7.28 (1H, d, J 8.4, arH-7), 7.50 (1H, t, J 8.4,
arH-6), 7.87 (1H, d, J 8.4, arH-5) and 8.07 (1H, s, arH-9); dC 18.83
(Me), 23.65, 30.72 and 34.50 (3 × CH2), 126.12, 126.53, 126.75,
126.89, 127.94, 133.98, 135.22, 147.68 and 167.23 (9 × arC).


6-Methyl-2,3-dihydro-1H-cyclopenta[b]quinoline 12b. (37%),
mp 86–88 ◦C (light petroleum); dH 2.20 (2H, qn, J 7.5,
CH2CH2CH2), 2.54 (3H, s, Me), 3.07 (2H, t, J 7.5, CH2Ar), 3.15
(2H, t, J 7.5, CH2Ar), 7.30 (1H, d, J 8.2, arH-7), 7.63 (1H, d, J
8.2, arH-8), 7.79 (1H, s, arH-5) and 7.85 (1H, s, arH-9); dC 21.82
(Me), 23.66, 30.48 and 34.63 (3 × CH2), 125.37, 127.07, 127.70,
128.98, 130.15, 131.93, 134.73, 138.49 and 167.80 (9 × arC).


8-Methoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 12c. (48%),
mp 76–77 ◦C (light petroleum); dH 2.21 (2H, qn, J 7.6,
CH2CH2CH2), 3.09 (2H, t, J 7.6, CH2Ar), 3.15 (2H, t, J 7.6,
CH2Ar), 3.99 (3H, s, MeO), 6.81 (1H, d, J 8.1, arH-7), 7.51 (1H,
t, J 8.1, arH-6), 7.61 (1H, d, J 8.1, arH-5) and 8.33 (1H, s, arH-9);
dC 23.61, 30.64, 34.62 (3 × CH2), 55.68 (OMe), 103.62, 119.56,
120.89, 125.06, 128.17, 134.76, 148.34, 155.07 and 168.05 (9 ×
arC).


6-Methoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 12d. (53%),
mp 58–60 ◦C (light petroleum); dH 2.20 (2H, qn, J 7.5,
CH2CH2CH2), 3.06 (2H, t, J 7.5, CH2Ar), 3.15 (2H, t, J 7.5,
CH2Ar), 3.93 (3H, s, OMe), 7.12 (1H, dd, J 8.8, 2.2, arH-7), 7.37
(1H, d, J 2.2, arH-5), 7.62 (1H, d, J 8.8, arH-8) and 7.82 (1H, s,
arH-9); dC 23.58, 30.32, 34.59 (3 × CH2), 55.35 (OMe), 106.95,
118.20, 122.34, 128.30, 130.23, 133.31, 148.98, 159.86 and 167.98
(9 × arC).


6-Hydroxy-2,3-dihydro-1H-cyclopenta[b]quinoline 12e. (36%),
mp 168–169 ◦C; dH (CD3)2SO 2.09 (2H, qn, J 7.5, CH2CH2CH2),
2.93–3.01 (4H, m, CH2Ar), 7.00 (1H, dd, J 8.8, 2.2, arH-7), 7.24
(1H, d, J 2.2, arH-5), 7.50 (1H, d, J 8.8, arH-8), 7.73 (1H, s,
arH-9) and 9.65 (1H, br s, OH); dC (CD3)2SO 22.64, 29.27, 33.59
(3 × CH2), 109.30, 117.16, 120.73, 127.36, 129.43, 131.50, 148.06,
157.06 and 166.67 (9 × arC).
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6-Acetoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 12f. (36%),
mp 96–97 ◦C; dH 2.21 (2H, qn, J 7.6, CH2CH2CH2), 2.36 (3H, s,
MeCO), 3.08 (2H, td, J t 7.6, Jd 1.0, CH2Ar), 3.08 (2H, t, J 7.6,
CH2Ar), 7.24 (1H, dd, J 8.8, 2.4, arH-7), 7.71–7.74 (2H, m, arH-
5/8) and 7.88 (1H, br s, arH-9); dC 21.19 (Me), 23.58, 30.42, 34.57
(3 × CH2), 119.64, 120.80, 125.40, 128.34, 130.15, 135.62, 147.91,
150.46, 168.57 and 169.41(9 × arC + C=O).


6-N ,N -Dimethylamino-2,3-dihydro-1H -cyclopenta[b]quinoline
12g. (26%), mp 104–106 ◦C; dH 2.16 (2H, qn, J 7.5,
CH2CH2CH2), 3.01 (2H, td, J t 7.5, Jd 1.0, CH2Ar), 3.06 (6H, s,
NMe2), 3.09 (2H, t, J 7.5, CH2Ar), 7.13 (1H, dd, J 8.8, 2.6, arH-
7), 7.14 (1H, d, J 2.6, arH-5), 7.55 (1H, d, J 8.8, arH-8) and 7.72
(1H, s, arH-9); dC 23.60, 30.33, 34.70 (3 × CH2), 40.60 (NMe2),
107.11, 115.15, 119.93, 127.86, 130.08, 131.41, 149.20, 150.67 and
167.77 (9 × arC).


A similar yield (24%) of 6-N,N-dimethylamino-2,3-dihydro-
1H-cyclopenta[b]quinoline 12g was obtained following similar
irradiation in the presence of added trifluoroacetic acid (1 equiv.,
3.6 mM). Isolation, by diethyl ether extraction and chromatogra-
phy, followed initial adjustment of the irradiated solution to pH
∼8 by addition of 10% aq. sodium carbonate solution.


6-Amino-2,3-dihydro-1H-cyclopenta[b]quinoline 12h. (36%),
mp 94–96 ◦C; dH 2.15 (2H, qn, J 7.6, CH2CH2CH2), 3.02 (2H,
td, J t 7.6, Jd 1.0, CH2Ar), 3.26 (2H, t, J 7.6, CH2Ar), 4.22 (2H,
br, NH2), 6.89 (1H, dd, J 8.5, 2.3, arH-7), 7.36 (1H, s, arH-9),
7.50 (1H, d, J 8.5, arH-8) and 7.80 (1H, d, J 2.3, arH-5); dC 22.73,
30.31, 31.17 (3 × CH2), 99.83, 118.84, 121.96, 123.55, 129.47,
133.34, 141.82, 148.14 and 152.25 (9 × arC).


9,10-Dihydro-8H-benzo[f ]cyclopenta[b]quinoline 13. (69%),
mp 126–128 ◦C (light petroleum); dH 2.27 (2H, qn, J 7.4,
CH2CH2CH2), 3.19 (2H, t, J 7.4, ArCH2), 3.22 (2H, J 7.4,
ArCH2), 7.61 (1H, t, J 7.4) and 7.66 (1H, t, J 7.4) (arH-2/3), 7.92
(3H, m; arH-1/4/5), 8.60 (1H, d, J 7.8, arH-6) and 8.74 (1H, s,
arH-11); dC 23.66, 30.92, 34.47 (3 × CH2), 122.36, 123.99, 125.75,
126.60, 126.69, 127.91, 128.61, 129.63, 129.82, 131.48, 135.82,
147.08 and 166.86 (13 × arC).


1,2,3,12-Tetrahydrocyclopenta[5,6]pyrido[3,2-a]phenothiazine 14.
(12%), mp 67–68 ◦C; dH 2.14 (2H, qn, J 7.2, CH2CH2CH2), 2.44
(2H, t, J 7.2) and 3.29 (2H, t, J 7.2) (2 × CH2Ar), 6.38 (1H, s,
NH), 6.68 (1H, dd, J 7.2, 0.8), 6.95 (2H, m), 7.10 (3H, m) and 7.32
(1H, dd, J 8.8, 1.0) (7 × arH); dC 16.69, 24.56, 29.78 (3 × CH2),
107.64, 116.34, 116.46, 116.74, 117.19, 119.18, 123.02, 123.77,
124.74, 126.52, 127.56, 128.25, 136.08, 136.18 and 137.56 (15 ×
arC).


6,7-Dihydro-5H-cyclopenta[b]furo[2,3-e]pyridine 15. (45%),
mp 64–65 ◦C (light petroleum); dH 2.15 (2H, qn, J 7.4,
CH2CH2CH2), 2.97 (2H, t, J 7.4, CH2Ar), 3.02 (2H, t, J 7.4,
CH2Ar), 6.84 (1H, d J 2.5, furoH-3), 7.51 (1H, s, pyridylH-8)
and 7.70 (1H, d, J 2.5, furoH-2); dC 24.14, 30.70, 33.65 (3 ×
CH2), 107.68, 114.64, 133.36, 145.67, 147.31, 147.74 and 162.15
(furopyridine).


6,7-Dihydro-5H-cyclopenta[b]thieno[2,3-e]pyridine 16. (51%),
mp 84–85 ◦C; dH 2.21 (2H, qn, J 7.4, CH2CH2CH2), 3.03 (2H,
t, J 7.4, CH2Ar), 3.11 (2H, t, J 7.4, CH2Ar), 7.47 (1H, d, J 5.9)
and 7.52 (1H, d, J 5.9) (thienoH-2/3), 7.95 (1H, s, pyridylH-8);


dC 23.83, 30.45, 33.87 (3 × CH2), 124.43, 125.70, 128.66, 131.24,
133.10, 154.64 and 164.39 (7 × arC).


2-Phenyl-6,7-dihydro-5H-cyclopenta[b]pyridine 18. (10%), mp
79–80 ◦C (lit.,43 81–82 ◦C); dH 2.04 (2H, qn, J 7.6, CH2CH2CH2),
2.84 (2H, t, J 7.6, CH2Ar), 2.96 (2H, t, J 7.6, CH2Ar), 7.24 (1H, tt,
J 7.6, 1.2), 7.32 (3H, m), 7.42 (1H, d, J 7.6) and 7.81 (2H, m) (7 ×
arH); dC 23.23, 30.48, 34.41 (3 × CH2), 118.25, 126.89, 128.32,
128.64, 132.56, 135.41, 140.00, 155.87 and 165.83 (9 × arC).


5-Methyl-2,3-dihydro-[1H ]-cyclopenta[b]quinoline 26a. (32%),
mp 92–94 ◦C (light petroleum); dH 2.19 (2H, qn, J 7.4,
CH2CH2CH2), 2.80 (3H, s, Me), 3.05 (2H, t, J 7.4, CH2), 3.16
(2H, t, J 7.4, CH2), 7.32 (1H, t, J 8.3, arH-7), 7.44 (1H, d, J 8.3,
arH-8 or -6), 7.55 (1H, d, J 8.3, arH-6 or -8) and 7.81 (1H, s, arH-
9); dC 18.32 (Me), 23.72, 30.43, 34.87 (3 × CH2), 125.04, 125.52,
127.22, 128.54, 130.46, 135.08, 136.20, 146.63 and 166.88 (arC).


5,6-Dimethyl-2,3-dihydro-1H-cyclopenta[b]quinoline 26b.
(17%), mp 90–91 ◦C; dH 2.10 (2H, qn, J 7.5, CH2CH2CH2), 2.40
(3H, s, Me), 2.67 (3H, s, Me), 2.98 (2H, t, J 7.5, CH2), 3.09 (2H,
t, J 7.5, CH2), 7.19 (1H, d, J 8.2) and 7.40 (1H, d, J 8.2) (arH-7
and arH-8), 7.71 (1H, s, arH-9); dC 13.48, 20.64 (2 × Me), 23.75,
30.33, 34.88 (3 × CH2), 124.45, 125.55, 128.17, 130.46, 133.49,
133.97, 135.91, 146.53 and 166.75 (9 × arC).


5-Methyl -6 -methoxy-2,3 -dihydro-1H - cyclopenta[b]quinoline
26c. (15%), mp 89–91 ◦C; dH 2.12 (2H, qn, J 7.5, CH2CH2CH2),
2.62 (3H, s, Me), 2.98 (2H, t, J 7.5, CH2), 3.10 (2H, t, J 7.5, CH2),
3.90 (3H, s, OMe), 7.15 (1H, d, J 9.0, arH-7), 7.50 (1H, d, J 9.0,
arH-8) and 7.73 (1H, s, arH-9); dC 9.94 (Me), 23.78, 30.30, 35.00
(3 × CH2), 56.41 (OMe), 112.25, 121.54, 122.47, 125.56, 130.47,
132.81, 147.15, 156.68 and 167.65 (9 × arC).


5-t-Butyl-2,3-dihydro-1H-cyclopenta[b]quinoline∗∗ 26d. (13%),
mp 62–64 ◦C (light petroleum); dH 1.70 (9H, s, CMe3), 2.20 (2H,
qn, J 7.6, CH2CH2CH2), 3.07 (2H, t, J 7.6, ArCH2), 3.14 (2H, t,
J 7.6, Ar′CH2), 7.36 (1H, t, J 7.6, arH-7), 7.58 (2H, coincident
doublets, J 7.6, arH-6 and arH-8) and 7.83 (1H, s, arH-9); dC


22.61, 28.68, 29.39, 30.03, 33.82 (3 × CH2, CMe3 and CMe3),
123.73, 123.78, 125.35, 127.04, 129.50, 132.94, 145.59, 146.31 and
163.70 (9 × arC).


7-Methoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 27e. (63%
from both 25e and 25f), mp 96–97 ◦C (light petroleum) (lit.44


99–100 ◦C); dH 2.72 (2H, qn, J 7.9, CH2CH2CH2), 3.58 (2H, t,
J 7.9, ArCH2), 3.65 (2H, t, J 7.9, ArCH2), 4.42 (3H, s, OMe),
7.53 (1H, d, J 2.5, arH-8), 7.81 (1H, dd, J 8.9, 2.5, arH-6), 8.32
(1H, s, arH-9) and 8.45 (1H, d, J 8.9, arH-5); dC 23.28, 30.18, 33.93
(3 × CH2), 55.06 (OMe), 105.16, 120.07, 127.87, 128.93, 129.46,
135.52, 143.05, 156.70 and 164.98 (9 × arC).


6,7-Dimethoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 27g.
(21%), mp 99–100 ◦C (lit.,45 112–113 ◦C; lit.,46 120–121 ◦C); dH


2.12 (2H, qn, J 7.6, CH2CH2CH2), 2.98 (2H, t, J 7.6, CH2), 3.04
(2H, t, J 7.6, CH2), 3.92 (3H, s, OMe), 3.94 (3H, s, OMe), 6.92
(1H, s, arH-8), 7.31 (1H, s, arH-5) and 7.68 (1H, s, arH-9); dC


23.59, 30.46, 34.34 (3 × CH2), 55.90, 55.94 (both OMe), 105.21,
107.53, 122.44, 129.10, 133.69, 143.99, 148.82, 151.34 and 165.24
(9 × arC).


6-Methyl-7-methoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 27h.
(57%), mp 129–130 ◦C; dH 2.10 (2H, qn, J 7.6, CH2CH2CH2), 2.31
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(3H, s, Me), 2.96 (2H, t, J 7.4, CH2), 3.03 (2H, t, J 7.6, CH2), 3.84
(3H, s, Me), 6.85 (1H, s, arH-8) and 7.68 (2H, coincident singlets,
arH-5/9); dH (CD3)2SO 2.01 (2H, qn, J 7.6, CH2CH2CH2), 2.21
(3H, s, Me), 2.88 (4H, m, CH2C=C and CH2C=N), 3.80 (3H, s,
OMe), 7.03 (1H, s, arH-8), 7.55 (1H, s) and 7.74 (1H, s) (arH-5/9);
dC 17.01 (Me), 23.62, 29.49, 34.24 (3 × CH2), 55.34 (OMe), 103.72,
126.75, 129.05, 129.20, 130.93, 134.54, 143.07, 156.21 and 164.83
(9 × arC).


7-Hydroxy-2,3-dihydro-1H-cyclopenta[b]quinoline 27i. (30%),
mp 142–143 ◦C; dH (CD3)2SO 2.08 (2H, qn, J 7.6 CH2CH2CH2),
2.96 (4H, m, ArCH2 and Ar′CH2), 6.96 (1H, d, J 2.4, arH-8), 7.13
(1H, dd, J 8.9, 2.4, arH-6), 7.63 (1H, s, arH-9), 7.70 (1H, d, J
8.9, arH-5) and 9.35 (1H, s, OH); dC (CD3)2SO 23.19, 30.00, 33.68
(3 × CH2), 108.45, 120.09, 128.14, 128.48, 128.91, 135.22, 141.99,
154.44 and 164.02 (9 × arC).


7-N ,N -Dimethylamino-2,3-dihydro-1H -cyclopenta[b]quinoline
27j. (6%), mp 122–123 ◦C; dH 2.10 (2H, qn, J 7.5, CH2CH2CH2),
2.96 (2H, t, J 7.5, ArCH2), 2.98 (6H, s, NMe2), 3.03 (2H, t, J 7.5,
ArCH2), 6.71 (1H, d, J 2.6, arH-8), 7.21 (1H, dd, J 9.2, 2.6, arH-6),
7.65 (1H, s, arH-9) and 7.80 (1H, d, J 9.2, arH-5); dC 23.48, 30.57,
34.14 (3 × CH2), 40.88 (NMe2), 105.75, 118.27, 128.70, 128.83,
128.87, 135.75, 141.29, 148.18 and 163.56 (9 × arC).


A higher yield (35%) of 7-N,N-dimethylamino-2,3-dihydro-
1H-cyclopenta[b]quinoline 27j was obtained following similar
irradiation in the presence of added trifluoroacetic acid (1 equiv.,
2.4 mM). Isolation, by diethyl ether extraction and chromatogra-
phy, followed initial adjustment of the irradiated solution to pH
∼8 by addition of 10% aq. sodium carbonate solution.


7-Amino-2,3-dihydro-1H-cyclopenta[b]quinoline 27k. (26%),
mp 121–122 ◦C; dH 2.00 (2H, qn, J 7.6, CH2CH2CH2), 2.85 (2H,
t, J 7.6, ArCH2), 2.94 (2H, t, J 7.6, ArCH2), 3.80 (2H, s, NH2),
6.67 (1H, d, J 2.4, arH-8), 6.89 (1H, dd, J 8.8, 2.4, arH-6), 7.47
(1H, s, arH-9) and 7.68 (1H, d, J 8.8, arH-5); dC 23.51, 30.37, 33.93
(3 × CH2), 107.91, 120.13, 128.39, 128.46, 128.59, 135.75, 142.14,
143.81 and 163.90 (9 × arC).


7-Acetoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 27l and 5-
hydroxy-2,3-dihydro-1H-cyclopenta[b]quinoline 26l′. The two
products that remained following irradiation of 2-(3-acetoxy-
benzylidene)cyclopentanone O-acetyloxime were separated on a
silica column with mobile phase 10 : 90 light petroleum–ethyl
acetate to give:


(i) 7-Acetoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 27l.
(20%), mp 118–119 ◦C; dH 2.13 (2H, qn, J 7.5, CH2CH2CH2),
2.27 (3H, s, MeCO), 2.99 (2H, td, J t 7.5, Jd 1.2, ArCH2), 3.07 (2H,
t, J 7.5, Ar′CH2), 7.27 (1H, dd, J 8.9, 2.5, arH-6), 7.39 (1H, d, J
2.5, arH-8), 7.76 (1H, s, arH-9) and 7.95 (1H, d, J 8.9, arH-5);
dC 20.17 (Me), 22.59, 29.49, 33.45 (3 × CH2), 117.21, 122.27,
126.62, 128.84, 129.05, 135.35, 144.38, 146.81, 166.94 (9 × arC)
and 168.53 (C=O).


(ii) 5-Hydroxy-2,3-dihydro-1H-cyclopenta[b]quinoline 26l′.
(17%), mp 74–75 ◦C; dH (CD3)2SO 2.14 (2H, qn, J 7.5,
CH2CH2CH2), 3.05 (4H, m, 2 × ArCH2), 6.98 (1H, dd, J 8.0, 1.6,
arH-6) and 7.28 (1H, dd, J 8.0, 1.6, arH-8), 7.32 (1H, t, J 8.0,
arH-7), 8.03 (1H, s, arH-9) and 8.29 (1H, s, OH); dC 23.65, 30.47,
34.11 (3 × CH2), 109.15, 117.65, 126.39, 127.53, 130.35, 136.60,
137.35, 151.49 and 165.70 (9 × arC).


5,8-Dimethoxy-2,3-dihydro-1H-cyclopenta[b]quinoline 29.
(8%), mp 104–105 ◦C (lit.,47 98–100 ◦C); dH 2.11 (2H, qn, J 7.5,
CH2CH2CH2), 3.00 (2H, td, J t 7.5, Jd 1.0, CH2Ar), 3.13 (2H, t,
J 7.5, CH2Ar), 3.86 (3H, s, OMe), 3.94 (3H, s, OMe), 6.61 (1H,
d, J 8.8) and 6.77 (1H, d, J 8.8) (arH-6/7), 8.22 (1H, s, arH-9);
dC 22.62, 29.64, 33.86 (3 × CH2), 54.76, 54.89 (OMe), 101.89,
104.76, 119.58, 124.20, 134.44, 138.64, 147.73, 148.24 and 166.25
(9 × arC).


9,10-Dihydro-8H-benzo[h]cyclopenta[b]quinoline 31. (74%
from 30a; 72% from 30b), mp 115–116 ◦C; dH 2.23 (2H, qn, J
7.9, CH2CH2CH2), 3.07 (2H, t, J 7.9, ArCH2), 3.26 (2H, t, J 7.9,
ArCH2), 7.59 (1H, d, J 8.5), 7.70 (3H, m), 7.84 (1H, s, arH-7),
7.89 (1H, dd, J 7.9, 0.9 Hz) and 9.35 (1H, d, J 8.5); dC 23.57,
30.49, 34.70 (3 × CH2), 124.12, 124.90, 125.52, 126.30, 126.48,
127.34, 127.55, 130.60, 131.42, 133.20, 135.85, 145.32 and 166.14
(13 × arC).
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A chiral macrocyclic ytterbium cationic complex catalyses the nitro-aldol reaction between
a-ketocarboxylates and nitromethane under ambient aqueous conditions, leading to the formation of
for example, methyl-2-hydroxy-2-methyl-3-nitropropanoate in 96% yield and 59% enantiomeric purity.
Monitoring of the paramagnetically shifted intermediate Yb species by 1H NMR allows several
different species on the catalytic cycle to be identified and is consistent with the intermediacy of
stereoisomeric chelated pyruvates of differing reactivity towards the nucleophile, as well as product
inhibition of turnover.


Introduction and background


The Henry condensation reaction may be catalysed by Lewis
acids or by base and affords an efficient route to substituted
b-nitroalcohols from readily available carbonyl and nitroalkane
precursors.1 It is, therefore, not surprising that catalytic asym-
metric variants have been sought for this carbon–carbon bond-
forming reaction.2 The most successful of these operate under
chiral base catalysis, typically at low temperatures in non-aqueous
media,3 and with rare exceptions3a are most effective for reactions
of aldehydes.4 The reactions in neat nitromethane with a-keto
esters, catalysed by chiral bisoxazoline–copper(II) complexes,4a,5


are particularly useful and the use of Cinchona alkaloids3a as
catalytic chiral bases (CH2Cl2, −20 ◦C) has been shown to give
rise to products of high enantiomeric purity.


Recently, a diverse array of chiral lanthanide complexes has
begun to be studied and catalysis of a variety of reduction or
carbon–carbon bond forming reactions is being examined for the
synthesis of small molecules.3c,6,7 The overwhelming majority of
these studies has been undertaken in non-aqueous media, as a
consequence of the hydrolytic instability of many lanthanide salts
and their simple complexes. However, there is a strong impetus
to study the development of catalytic reactions in water under
aqueous conditions for economic and environmental reasons.8 Hy-
drolytically stable diaqua–lanthanide complexes of chiral ligands
have been devised over the past few years, mostly as a consequence
of their function as selective anion receptors or as NMR shift
and relaxation agents.9,10,11 Recently, the reduction of certain a-
keto acids by sodium borohydride in aqueous solution has been
shown to be catalysed by diaqua–ytterbium(III) complexes, such
as (RRR)-[Yb(H2O)2L1](CF3SO3)3, giving substituted (R)-lactates
in up to 49% ee.12a Preferential formation of a si-bound chelated
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pyruvate intermediate was suggested, and the X-ray structure of
the chelated lactate product has been isolated.10a,12b


Results and discussion


With this background in mind, we set out to examine the utility of
(RRR)-[Yb(H2O)2L1](CF3SO3)3 and related lanthanide complexes
as catalysts for the Henry reaction between simple pyruvate salts
and nitromethane in aqueous media. The reaction proceeds at
room temperature in H2O–MeOH (4 : 1) to give a single major
product. Solubility constraints preclude the use of a system
operating either in pure water or pure methanol. The use of the
sodium salt of the pyruvate was found to be essential; the Li salt
was slow to react under these conditions and curiously the Cs salt
reacted only reacted very sluggishly (Scheme 1).


Scheme 1


Crude reaction products were converted directly into the corre-
sponding methyl esters (MeI–NaHCO3 in DMF), in order to allow
1H NMR analysis of their enantiomeric purity, following addition
of the chiral shift reagent Eu(hfc)3 in CDCl3. Data obtained
for reaction of methyl and benzyl pyruvate catalysed by (RRR)-
[Yb(H2O)2L1](CF3SO3)3 (Table 1) revealed good conversion and
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Table 1 Reaction of pyruvate saltsawith nitromethane under [LnL1]
catalysis


Entry R Mole % catalyst Time/h % Yield % eeb


1 Me 0 24 27 0
2 Me 0 48 44 0
3a,c Me 10 48 98 58
4 Me 5 48 60 52
5d Me 10 48 96 59
6e Me 10 48 59 34
7f CH2Ph 0 24 25 0
8 CH2Ph 10 48 96 41
9c Ph 10 48 50 5


10g CH2CH2CO2
− 10 48 8 26


a In each case, the solvent used was 4 : 1 H2O–MeOH (required for
homogeneity); under these conditions the Li pyruvate salt did not react
and the Cs salt gave only a 20% yield under the conditions for entry 3.
b The (RRR)-[Yb(H2O)2L1] catalyst was used as its triflate salt (use of the
chloride salt gave identical behaviour) unless indicated and gives the R
product, as shown by comparison of the shifted NMR spectrum for a
sample of authentic 2a, prepared as defined in reference 3a. c For the acid
itself, no reaction was observed. d Reaction at 0 ◦C. e Using the Tb complex
(for the Nd and Ho analogues, % ee values (% yields) were: 11 (52) and 17
(62) respectively). f When the reaction time was 48 h, the isolated yield was
49%, (% ee = 0). g No reaction was observed in the absence of added Yb
complex.


moderate product enantiomeric purities, in the range 41 to 59%.
The use of phenylpyruvate under the same conditions gave product
with a lower yield and enantiomeric purity.


Consideration of the results summarised in Table 1 suggests that
there is a competition between an uncatalysed and non-selective
reaction and a lanthanide complex catalysed reaction (entries 1
and 2 versus 3). The most active system required the use of an
Yb complex; the use of Nd, Tb and Ho analogues gave products
of lower yield and enantiomeric purity. Given the well-known
lanthanide contraction that determines ionic radii across the f
block series, the observed reactivity and selectivity profile may be
reasonably linked to the higher charge density and greater steric
demand around the Yb(III) centre.


In additional work, Yb complexes of other chiral macrocyclic
ligands were also examined. Thus, systems with different pendant
arms, [Yb(H2O)2L2]3+ and [Yb(H2O)2L3]3+ were examined; the
ligand L2 is the tris(1-naphthyl) analogue of L1. The complexes
with L2 gave similar behaviour to those based on L1, whereas
those derived from L3 were inferior in reactivity and selectivity
and were not studied in detail.


Mechanistic studies using 1H NMR spectroscopy


In seeking to understand the mechanism of this reaction, some
1H NMR studies have been undertaken. The speciation of
ytterbium complexes in solution may be deduced by analysis
of their paramagnetically shifted 1H NMR spectra, examining
in particular the shifted resonances of the chiral macrocyclic
ligand. Detailed studies with a wide range of organic substrates (a-
hydroxy acids, simple carboxylates, amino-acids, many phospho-
anions)10,11 have provided a wealth of spectral information that
allows secure comparisons to be made.13 Indeed, for many of these
adducts (acetate, glycinate/serinate/alaninate, lactate, citrate) X-
ray structural data have been obtained to corroborate solution
NMR structural information. Thus, the spectral form of the 1H


NMR spectra of a wide range of such Yb species allows a direct
correlation with solution speciation.


The (RRR)-[Yb(H2O)2L1]3+ complex (triflate salt) exists in
aqueous media as one major species (K-dddd, characterised in the
X-ray structure10a), in which there is fast exchange on the NMR
timescale between three other higher energy stereoisomers, either
via concerted arm rotation or cooperative d/k conformational
exchange, involving the four macrocyclic five-ring chelates.10a For
this aqua complex, the most shifted (axial) macrocyclic ring
protons appear as four singlets (mean chemical shift is +77 ppm)
in the range +49 to +114 ppm.


When sodium pyruvate (10-fold excess) was added to
[Yb(D2O)2L1](CF3SO3)3 (D2O–CD3OD; 500 MHz, 20 ◦C), two
major new species could be discerned by examining the most
shifted of the four ‘axial’ ring proton resonances, (Fig. 1).
Following addition of CH3NO2 (10-fold excess/Yb), the relative
intensity of these two species diminished rapidly, and a new major
species began to appear (dH +62, +78, +81, +116 ppm; d Hmean


ax =
+84 ppm) whose intensity grew with time, until after about 24 h
it was the only significant species present, (Fig. 1 and 2). In the
period between 1 h and 6 h, an intermediate species appeared
(mean shift +61 ppm; most shifted axial ring protons observed at
dH = +94, +60, +52 and +39 ppm), grew in relative intensity and
then reduced in intensity as the proportion of the product-derived
complex increased.


Taken together, this behaviour is consistent with the initial
formation of a chelated pyruvate adduct, in which there is modest
selectivity for the formation of a given diastereomeric complex,
i.e. si- vs. re-bound pyruvate, presumably with a preference for
the (RRR)-K-dddd square antiprismatic set of isomers. In recent
studies in solution and with related crystallographic work,10,11 the
isomeric K-kkkk/K-dddd twisted square antiprismatic complexes
have not been observed. The observed ‘intermediate species’ could
be a chelated carboxylate, (Scheme 2 right) in which each of the
carboxylate oxygens is bound. The chemical shift properties of
this species are very similar to those published for the chelation of
acetate to this Yb complex; the structure of the acetate complex
has been established crystallographically, (d Hmean


ax = +68 ppm in
D2O).10a


The origin of the observed enantioselectivity may be traced
to the differing reactivity towards the nitromethane anion of
the si- and re-bound equilibrating species. The final observed
species (Fig. 2; also see ESI† for an analogous spectrum obtained
using phenylpyruvate as substrate) was shown in a separate
NMR experiment to be the chelated product, by adding an
authentic sample of MeC(OH)[CO2


−]CH2NO2 to the Yb complex
in D2O. Confirmation of this hypothesis was provided by positive
ion electrospray mass spectrometry, as the chelated “product”
adduct [YbL1MeC(OH)CO2(CH2NO2)]2+ in the reaction mixture
could be observed as the mono-triflate salt at m/z 1126 D.


A tentative mechanistic cycle may be formulated to account for
these observations (Scheme 2). The absence of preferential forma-
tion of a preferred, reactive chelated intermediate at equilibrium is
evidently a significant factor in limiting the product enantiomeric
purity. In addition, the observation of the product as a chelated
adduct with the Yb catalyst that is in slow exchange with the
complex precursor on the NMR timescale (298 K, 500 MHz) is
consistent with the possibility of product inhibition of catalysis, in
agreement with the relatively slow turnover observed.
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Fig. 1 Paramagnetically shifted partial 1H NMR spectra (295 K, 500 MHz) for: (upper) the [Yb(D2O)2L1]3+ complex showing the axial ring hydrogens
at +49, +67, +80 and +114 ppm (1 mmol complex, CD3OD–D2O, pD 5.6); (lower) following addition of 10 equivalents of sodium pyruvate (pD 6).


Scheme 2


Summary and conclusions


In summary, the addition of nitromethane to sodium alkylpyru-
vates at ambient temperature in an aqueous medium is catalysed by
a cationic, chiral Yb macrocyclic complex. Although the catalytic
efficiency and observed selectivity may only be considered to
be moderately good, this does represent the first example of
such catalysis under ambient aqueous conditions. The 1H NMR
studies have provided detailed information about putative catalytic


intermediates and suggest that future studies require a more
conformationally rigid Yb complex, in which the reactivity of one
of the diastereoisomeric chelated adducts towards attack by the
nitromethane anion is enhanced.


Experimental


All starting materials and reagents are commercially available
and were used as received; ytterbium complexes were prepared
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Fig. 2 Paramagnetically shifted partial 1H NMR spectra (295 K, 500 MHz) of Yb complex species following addition of 10 equivalents of sodium
pyruvate and 10 equivalents of nitromethane after (top to bottom): (a) 30 min; (b) 3 h; (c) 24 h. In the lower spectrum of the bound product, resonances
at +62, +78, +81 and +116 ppm refer to the most shifted set of 4 ring ‘axial’ protons.
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as described in the literature.10 1H NMR spectra were recorded
on Varian Mercury or Inova instruments at 400 or 500 MHz
respectively, and ESMS spectra were obtained using a Fisons
Platform-II ES spectrometer. The product enantiomeric purity
was assessed following addition of 1 to 2 mol% of Eu(hfc)3


to solutions of the appropriate methyl esters of the nitro-aldol
products, 2a or 2b.


A typical reaction procedure is as follows: to a solution of
[Yb(H2O)2L1](CF3SO3)3 (13.1 mg, 10 lmol) in water (1 mL)
was added sodium pyruvate (11 mg, 0.1 mmol) and the mixture
was stirred for 5 minutes at room temperature. A solution of
nitromethane (26.9 lL, 0.5 mmol) in methanol (0.2 mL) was added
and the mixture stirred at 20 ◦C for 48 h. After removal of solvents
under reduced pressure, the crude product was dissolved in DMF
(1 mL), treated with sodium hydrogen carbonate (8 mg, 10 lmol)
and methyl iodide (320 lL, 1 mmol) and the mixture was heated
for 2 h at 50 ◦C. After removal of solvent, the product was purified
by chromatography (SiO2, CH2Cl2) to yield the desired methyl
ester, 2a, which gave spectroscopic data in accord with literature
data3a (see also ESI† for 1H NMR spectra). Isolated yields refer to
the purified methyl ester product.
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Porphyromonas gingivalis, a recognized periodontal pathogen, is a source of sphinganine bases, fatty
acids, free ceramides as well as complex lipids that potentiate interleukin-1b-mediated secretory
responses in gingival fibroblasts. The purpose of this study is the structural verification of the
sphinganine bases and fatty acids that had been proposed as major components of the complex lipids
found in P. gingivalis. The putative C17, C18, and C19 sphinganine bases were prepared from Garner’s
aldehyde (1) or from a protected serine Weinreb’s amide (2). We confirmed that isobranched
sphinganine bases are the major structural feature of the ceramides observed from P. gingivalis. We also
prepared a C17 unsaturated fatty acid, along with an isobranched C17 3-hydroxy fatty acid, and
determined that the major component of the active lipids was the latter.


Introduction


The anaerobic, Gram-negative organism, Porphyromonas gin-
givalis, is thought to be a major periodontal pathogen asso-
ciated with inflammatory periodontal disease in adults. Since
inflammatory periodontal disease in adults is initiated with the
accumulation of specific bacteria in the sulcus around the teeth
followed by a chronic inflammatory reaction to these organisms by
the host, identification of the active components associated with
P. gingivalis is important for understanding and treating perio-
dontal disease. Previous work used GC-mass1 and electrospray-
mass2 spectroscopic analysis to show that the lipid extracts of
P. gingivalis are similar to lipid profiles in extracts of diseased tooth
roots and diseased gingival tissues.1 Lipid extracts of P. gingivalis
are known to potentiate prostaglandin secretion from gingival
fibroblasts when co-treated with interleukin-1b, and more recent
work demonstrated that phosphorylated dihydroceramides are the
primary biologically active lipid constituents.3 Beyond the GC-MS
data, little is known about the specific lipids responsible for this
biological activity. Preliminary structural identification pointed to
phosphorylated dihydroceramides with an unusual sphinganine
base and fatty acid components that are proposed to contain
isobranched aliphatic chains. Within each polar or nonpolar
sphingolipid class of P. gingivalis, a mixture of lipid species exists
and preliminary evidence based on analysis of the lipid mixtures
suggested that the base dihydroceramide core structures comprise
C17, C18 and C19 long chain dihydrosphinganine bases in amide


aDepartment of Chemistry, U3060, University of Connecticut, 55
North Eagleville Road, Storrs, CT 06269-3060, USA. E-mail: michael.
smith@uconn.edu.; Fax: +1 860-486-2981; Tel: +1 860-486-2881
bDivision of Periodontology, University of Connecticut School of Dental
Medicine, 263 Farmington Avenue, Farmington, , CT 06030, USA
cHashemite University, Department of Chemistry, P.O. Box 150459, Zarqa
13115, Jordan
† Electronic supplementary information (ESI) available: Preparation of
Garner’s Aldehyde, the Weinreb amide precursors, 1–7, and 25–27. See
DOI: 10.1039/b712707c


linkage to 3-OH isoC17:0 fatty acids. Mass spectral evidence on
enriched lipid fractions, along with proton NMR data of these
mixtures, suggests that the C17 and C19 long chain bases are
isobranched. Similar analysis led us to conclude that the aliphatic
chain of the 3-OH isoC17:0 fatty acid was similarly isobranched,
and that the isobranching was critical for expression of biological
activity.4 Since each bioactive fraction was a mixture, the presence
of dihydroceramides as the main components, the length of the
carbon chain of both the dihydrosphinganine component and the
fatty acid, the presence of isobranches, and the b-hydroxyl unit
on the fatty acid unit, remained tentative identifications. Before
proceeding with a complete total synthesis to establish both the
structure of the active dihydroceramides, along with establishment
of the relative and absolute stereochemistry of these compounds,
it was imperative that we synthesize both the long chain bases and
the fatty acid for confirmation that these structures are present
in the biologically active fractions, by direct comparison with
hydrolyzed lipid extracts recovered from P. gingivalis. Verification
of the constituent long chain bases and fatty acids will allow
the preparation of synthetic P. gingivalis dihydroceramide lipid
standards for evaluation of host cell recognition and activation of
these impressive lipid products. The work described herein verifies
the structures of the base and fatty acid components.


Results and discussion


Our first targets were the sphinganine bases described above as
putative metabolites of P. gingivalis. The stereochemistry of these
compounds is unknown, but we initiated a synthesis based on L-
serine as a template, as this is the biological form of serine. We used
Garner’s aldehyde (1)5,6 as the starting material in one approach,
and a protected serine derivative that is activated as a Weinreb
amide (2)7 in a second. Both starting materials can be prepared
from L-serine.8 Subsequent synthesis of dihydrosphinganine com-
pounds from 1 used a coupling reaction with an appropriate alkyne
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anion, whereas 2 was reacted with a long-chain organometallic,
followed by reduction of the resulting ketone.


We examined the L-serine template-Garner’s aldehyde route, and
prepared the targeted C17 and C19 straight-chain components
from the appropriate alkyne anions. Although this approach was
successful, poor yields and isolation problems plagued key steps
in the syntheses of the isobranched compounds. These problems
led us to use 2 and 8 for the preparation of the latter compounds.


The reaction of commercially available 11-bromo-1-undecanol
with the Grignard reagent of 2-bromopropane and Li2CuCl4


(prepared in situ) provided 12-methyl-1-tridecanol (3)9 in 94%
yield. This procedure is essentially identical to that described
by Singh et al.9 or Mori and co-workers.10 Similarly, the Grig-
nard reagent derived from 1-bromo-3-methylbutane was coupled
with 11-bromo-1-undecanol to give 14-methyl-1-pentadecanol
(4)11 in 95% yield. Subsequent treatment of 3 with NBS and
triphenylphosphine12 led to an 81% yield of the bromide, 5.12


Similarly, 4 was converted to 613 in 86% yield.


Protection of L-serine as the N-Boc derivative (7)14 by a
literature procedure15 was followed by conversion to the corre-
sponding Weinreb amide16 8, in 81% yield, by reaction with N,O-
dimethyhydroxylamine hydrochloride and N-methylmorpholine.
When 8 reacted with tert-butyldiphenylsilyl chloride in DMF, in
the presence of imidazole and a catalytic amount of DMAP,7 the
silyl-protected derivative 2 was obtained in 93% yield.


The targeted dihydrosphinganine compounds were prepared by
reaction of 8 or 2 with the appropriate Grignard reagent, followed
by reduction of the resulting ketone. The reaction of 8 with 2
equivalents of a sacrificial base (sec-butylmagnesium bromide) in
THF, followed by addition of the Grignard reagent prepared from
5 and magnesium in THF,7 gave ketone 9 in 21% yield.


Subsequent reaction of 9 with NaBH4 in methanol17,18 gave 10a
in 89% yield as a 3 : 1 mixture of diastereomers favoring the anti-
diastereomer. This procedure failed to give good yields of coupling
product using 6, and we used 2 to address problems with reactivity.
When 8 was treated with one equivalent of sec-butylmagnesium
bromide in THF, and then with the Grignard reagent formed
from 6, we obtained a 34% yield of ketone 11. Reduction with
NaBH4 as before gave a 56% yield of 12a, again as a 3 : 1 mixture
of diastereomers favoring anti-12a. Deprotection with aqueous
trifluoroacetic acid provided 10b in 57% yield. The presence of
the silyl protecting group in 12 forced us to use two steps to
give 12c from 12a. Deprotection of 12a with tetrabutylammonium
fluoride (TBAF) gave 12b in 93% yield, and final deprotection of
12b provided 12c in 83% yield.


The straight-chain sphinganine compounds were prepared
from the appropriate alkyne by coupling with Garner’s aldehyde
(1). Garner’s aldehyde was prepared from serine by literature
methods.5 The alkynes were prepared from commercially available
1-hexadecene or 1-pentadecene. 1-Hexadecene (13) was converted
to dibromide 15 by reaction with bromine in dichloromethane, in
95% yield. Reaction of 15 with potassium tert-butoxide in THF
gave 1-hexadecyne 17 in 65% yield. Similarly, 1-pentadecene (14)
gave the corresponding dibromide 16 in 95% yield, and elimination
provided 1-pentadecyne 18 in 65% yield. If the temperature of
the reaction was not well-controlled, the 2-alkyne was obtained
as the major product, occasionally the only product. Under the
conditions described, we obtained the desired alkynes in poor-to-
moderate yield.


The C19 and C18 straight-chain sphinganine compounds were
synthesized according to the procedures developed by Garner
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et al.8b and by Liotta et al.5b The addition of n-butyllithium to
1-hexadecyne (17) generated the alkyne anion, and subsequent
reaction with 1 gave alcohol 19 in 62% yield. Similar reaction of 1-
pentadecyne led to 20, also in 62%. Catalytic hydrogenation with
Adams catalyst in ethyl acetate provided the saturated alcohols 21
in 91% yield and 22 in 92% yield. Deprotection with a 20:1 mixture
of trifluoroacetic acid and water, followed by neutralization with
sodium carbonate, gave the targeted sphinganine 23 in 86% yield
and 24 in 89% yield.


Analysis of the lipid fractions from P. gingivalis suggested two
major 17-carbon fatty acids were present, heptadec-3-enoic acid
(27) and 15-methyl-3-hydroxyhexadecanoic acid (31). We first
targeted the major component of the extracts, 27. Commercially
available 1-pentadecanol was oxidized to pentadecanal 2519 with
PCC, in 90% yield. Subsequent Horner–Wadsworth–Emmons ole-
fination with ethyl diethylphosphonoacetate and sodium hydride
gave a 95% yield of the expected conjugated ester, 26.20 Analysis by
NMR and GC-MS showed that the alkene unit in 26 was >98%
trans. Saponification with aqueous lithium hydroxide provided
2721 in 84% yield.


The 3-hydroxy fatty acid 31 was prepared from commercially
available 10-bromo-1-decanol. Initial coupling with the Grignard
reagent of 1-bromo-3-methylbutane, in the presence of Li2CuCl4


according to the procedure reported by Singh et al.9 and by Mori
et al.,10 gave 13-methyl-1-tetradecanol (28) in 95% yield, analogous
to the preparation of 3 and 4 described above. Oxidation with PCC
gave aldehyde 28 in 85% yield. Reformatsky reaction with methyl
bromoacetate gave the requisite 3-hydroxy ester 30 in 70% yield.
Saponification gave 31 in 85% yield.


Comparison of synthetic standards with lipid extracts from
P. gingivalis


Analysis of esterified fatty acids was accomplished by treating
a sample of the lipid fraction with 0.5 N sodium methoxide in
anhydrous methanol (0.5 mL, 40 ◦C for 20 min). The reaction was
stopped with the addition of 100 mL of glacial acetic acid and 1 mL
of water. The sample was then extracted twice with hexane and
the contents dried under nitrogen. The sample was reconstituted in
hexane for GC-MS analysis. For long chain base and amide linked
fatty acid analyses, samples of HPLC fractions were hydrolyzed
in 4 N KOH (0.5 mL, 100 ◦C for 4 h). After cooling, the
sample was extracted twice with 2 mL of CHCl3 and dried under
nitrogen. Trimethylsilyl (TMS) derivatives of long chain bases were
prepared by treating with bis(trimethylsilyl)trifluoroacetamide
(BSTFA) (40 mL, room temperature overnight). TMS derivatives
of bacterial fatty acids and long chain bases were analyzed
using gas chromatography combined with electron impact mass
spectrometry. For analyses, selected HPLC fractions were treated
to form TMS derivatives and were applied to an SPB-1 column (15
m × 0.25 mm, 0.1 mm film thickness, Supelco, Inc., State College,
PA). Complex lipid samples were injected with the inlet block
at 310 ◦C using the splitless mode with a temperature program
of 10 ◦C min−1 from 200 ◦C to 300 ◦C followed by 5 ◦C min−1 to
310 ◦C and 4 min at 310 ◦C. The mass spectrometer was used in the
electron impact ionization mode with the ion source temperature
of 150 ◦C, an electron energy of 70 eV and an emission current
of approximately 300 mA. The injector block and transfer tube
were held at 310 ◦C. For positive ion chemical ionization analyses,
methane was used as the reagent gas and was maintained at 0.5
torr and the ion source temperature was held at 150 ◦C. ESI-MS
analysis was accomplished using a Micromass Quattro II mass
spectrometer system. Ceramide lipid fractions were dissolved in
hexane–isopropanol (6 : 8, v/v, elution solvent) and the samples
injected at a maximum concentration of 100 mg mL−1. Lipid
samples (10 mL) were infused at a flow rate of 20 mL min−1.
The solvation and inlet block temperatures were 80 ◦C and 120 ◦C,
respectively. The cone voltage was usually 30 volts, the electrospray
potential was 3500 volts and the mass range analyzed was
0–2000 amu for initial electrospray MS analyses. MS-MS analysis
used a collision energy of between 28 and 30 volts, and argon
was introduced at a pressure of 10−2 to 10−4 torr. The gas
and collision energies were adjusted to minimize the parent ion
recoveries and maximal daughter ion recoveries. These conditions
were used for both positive and negative ion electrospray MS-MS
analyses.
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Direct comparison of the lipids isolated from P. gingivalis with
sphinganines 10b, 12c, 23, 24, and 27 as well as fatty acids 21
and 26 confirms that P. gingivalis synthesizes phosphoceramides
with a core lipid structure consisting of a straight chain 18-
carbon and isobranched 17 and 19 carbon long chain bases, in
an amide linkage to a 3-OH isoC17:0 fatty acid. Although 27 was
confirmed as the major fatty acid constituent of the P. gingivalis
lipid extracts, it does not correlate as a constituent of the bioactive
compound(s). The free ceramides of P. gingivalis detected in HPLC
fractions 7–8 (data not shown) and described in previous reports,1–4


likely serve as the substrate molecules for the synthesis of the
phosphoceramides described here.


An earlier report concluded that the unsaturated ceramides are
synthesized by P. gingivalis because the a,b-unsaturated C17:0 fatty
acid is recovered in alkaline hydrolyzates of P. gingivalis lipids.
However, this monounsaturated C17:0 fatty acid is not recovered
in HPLC fraction 20 lipids (data not shown), which suggested
that it cannot be a constituent of this bioactive ceramide fraction.
The synthesis of 27 and direct comparison with the lipid fractions
confirmed this hypothesis.


Conclusions


The results of this study demonstrate that a major periodontal
pathogen, P. gingivalis, synthesizes a group of unusual complex
lipids, specifically phosphoglycerol ceramides, that appear to
account for the ability of P. gingivalis lipid extract to potentiate
interleukin-1b-mediated prostaglandin secretion from fibroblasts.
The key lipid bases are now confirmed as 10a, 12c and 24, and
the key fatty acid is 31. The stereochemistry of all stereogenic
centers has not yet been correlated with the biological activity
of the dihydroceramides, but all sphinganine bases in this study
are derived from L-serine. For purposes of comparison with
hydrozylates from P. gingivalis in this study, the C3 hydroxyl unit
is a 3 : 1 mixture of anti : syn diastereomers, and the b-hydroxyl
fatty acid is racemic at that stereocenter. Therefore, our analysis
is based on a mixture of stereoisomeric compounds that confirms
the constitutional identity of the components, but not the specific
stereochemistry. That work will follow as we prepare the ceramides
and a bioassay that will allow us to verify the stereochemical
identity of the bioactive compound(s).


Experimental


All glassware was flame-dried under nitrogen, and all reactions
were performed under a nitrogen atmosphere. All chemicals were
purchased from the Aldrich Chemical Co. and used without
further purification. The tetrahydrofuran was dried over sodium–
benzophenone and distilled immediately prior to its use. The 1H
NMR (400 MHz) and the 13C NMR (100.65 MHz) spectra were
recorded on a Brücker DRX-400 instrument, in CDCl3 unless
otherwise noted, and all chemical shifts are reported relative to
tetramethylsilane (TMS) as an internal standard. Infrared spectra
were recorded on a JASCO FT/IR-410 instrument, and reported
in cm−1. Mass spectra were recorded on a Hewlett-Packard 5970
GC-MS instrument. High resolution mass spectrometry of new
compounds was performed on a Micromass VB-QTOF tandem
mass spectrometer.


[2-Hydroxy-1-(methoxymethylcarbamoyl)-ethyl]-carbamic acid
tert-butyl ester, 8


A solution of N-(tert-butoxycarbonyl)-L-serine in 75 mL dry
CH2Cl2, cooled to −15 ◦C, was treated with N,O-dimethyl-
hydroxylamine hydrochloride (1.91 g, 19.60 mmol), followed by
N-methylmorpholine (2.15 mL, 19.60 mmol). N-(3-Dimethyl-
aminopropyl)-N ′-ethylcarbodiimide hydrochloride (3.76 g,
19.60 mmol) was then added portionwise as a solid over a period
of 30 minutes. The reaction mixture was stirred for 1.5 h at the
same temperature and then ice cold 1 M HCl was added (15 mL).
The aqueous layer was extracted with CH2Cl2 and the combined
organic layers were washed with saturated NaHCO3, dried over
MgSO4, filtered, and evaporated to yield a white solid, 815 (3.80 g,
15.30 mmol, 81% over 2 steps), which was used without further
purification. 1H NMR (400 MHz, CDCl3): d 5.59 (bs, 1H), 4.81 (bs,
1H), 3.84–3.80 (m, 5H), 3.25 (s, 3H), 2.58 (bs, 1H), and 1.47 ppm
(s, 9H); MS (EI) m/z 188 [M − N(OMe)Me], 175, 132, 104, 57.


(2S)-2-(N-t-Butoxycarbonyl)amino-1-hydroxy-15-
methylhexadecane-3-one, 9


[2-Hydroxy-1-(methoxymethylcarbamoyl)-ethyl]-carbamic acid
tert-butyl ester (8, 0.82 g, 3.3 mmol) was dissolved in dry
THF (7 mL) under N2.15 The resulting solution was cooled
to −15 ◦C and sec-BuMgBr [prepared from 2-bromobutane
(0.73 mL, 6.6 mmol) and Mg (0.19 g, 7.92 mmol) in 8 mL
dry THF] was added dropwise at −15 ◦C. After 10 minutes,
12-methyltridecylmagnesium bromide [prepared from 5 (1.83 g,
6.6 mmol) and Mg (0.19 g, 7.92 mmol) in 8 mL dry THF] was
added at −15 ◦C. The resulting solution was allowed to warm
to room temperature overnight. The mixture was again cooled
to −15 ◦C and HCl (9 mL) was added, followed by ethyl acetate
(10 mL). The two layers were separated and the aqueous layer
extracted further with CH2Cl2. The combined organic layers were
washed with water, dried over MgSO4, filtered and concentrated
in vacuo. Purification by flash column chromatography on silica
gel (hexane–EtOAc 75 : 25) provided the product as a white solid.
915 (0.27 g, 0.69 mmol, 21%): 1H NMR (300 MHz, CDCl3): d 5.67
(d, J = 5.8 Hz, 1H), 4.34 (bs, 1H), 3.92 (m, 1H), 3.66–3.62 (t, J =
6.7 Hz, 2H), 2.82 (bs, 1H), 2.66–2.48 (m, 2H), 1.67–1.46 (m, 10H),
1.29–1.14 (m, 19H), and 0.88–0.85 ppm (d, J = 6.5 Hz, 6H); 13C
NMR (75 MHz, CDCl3): d 207.9, 156.0, 80.3, 63.2, 61.6, 60.4,
39.9, 39.0, 29.9, 29.7, 29.6, 29.5, 29.4, 29.1, 28.3, 28.0, 27.4, 23.4,
22.6, 21.0, and 14.2 ppm; LCMS (ES+) m/z 410.2 (Na adduct);
HRMS (ESI+): m/z (M + H)+, calcd for C22H43O4N: 386.3265;
found: 386.3279.


(2S)-2-(N-tert-Butoxycarbonyl)amino-1,3-dihydroxy-15-
methylhexadecane, 10a


(2S)-2-(N-tert-Butoxycarbonyl)amino-1-hydroxy-15-methylhexa-
decane-3-one (0.27 g, 0.7 mmol) in methanol (34 mL) was treated
with a solution of NaBH4 (0.05 g, 1.32 mmol) in H2O (2 mL)
stabilized with 1 drop of a 1 M NaOH solution. The resulting
mixture was stirred for 2 h at room temperature and then poured
into cold water (68 mL). The aqueous layer was extracted
three times with EtOAc. The combined organic layers were dried
over MgSO4, filtered and the solvent was removed in vacuo to
yield a white solid 10a18 as a 3 : 1 mixture of diastereomers (0.24 g,
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0.62 mmol, 89%). 1H NMR (400 MHz, CDCl3 with methanol-d4):
d 3.88–3.84 (dd, J = 3.9, 11.8 Hz, 1H), 3.67–3.61 (d, J = 7.8 Hz,
2H), 3.43 (bs, 1H), 1.50–1.38 (m, 12H), 1.30–1.06 (m, 20H), and
0.87–0.84 ppm (d, J = 6.7 Hz, 6H); 13C NMR (100 MHz, CDCl3


with methanol-d4): d 79.7, 76.7, 73.6, 62.1, 39.0, 34.2, 29.9, 29.6,
28.3, 27.9, 27.4, 25.9, and 22.6 ppm; LCMS (ESI+) m/z 408.4 (Na
adduct); HRMS (ESI+): m/z (M + H)+, calcd for C22H45O4N:
388.3421; found: 388.3413.


(2S)-2-Amino-1,3-dihydroxy-15-methylhexadecane, 10b


A solution of trifluoroacetic acid (2.42 mL) and water
(0.11 mL) was added to (2S)-2-(N-tert-butoxycarbonyl)-amino-
1,3-dihydroxy-15-methylhexadecane 10a (182.1 mg, 0.47 mmol)
at ambient temperature. After 1 h, aqueous saturated sodium
bicarbonate was added to the reaction mixture until a white solid
formed as a suspension (about 50 mL). The solid was filtered and
washed with water, giving 10b as a tan solid (76.7 mg, 0.27 mmol,
57%). 1H NMR (400 MHz, pyridine-d5)22 d 5.92 (bs, 1H), 4.89
(bs, 3H), 4.28–4.24 (dd, J = 4.1, 10.2 Hz, 1H), 4.10–4.06 (dd,
J = 7.5, 10.4 Hz, 1H), 4.00 (m, 1H), 3.30–3.28 (m, 1H), 1.83–
1.12 (m, 23H), and 0.86–0.84 ppm (t, J = 6.7 Hz, 6H); 13C NMR
(100 MHz, pyridine-d5): d 73.6, 64.4, 58.3, 39.0, 34.1, 30.0, 29.8,
29.7, 28.0, 27.5, 26.4, and 22.5 ppm; LCMS (ESI+): m/z 288.2;
HRMS (ESI+): m/z (M + H)+, calcd for C17H37NO2: 288.2902.
Found, 288.2876.


(2S)-2-(N-tert-Butoxycarbonyl)-amino-1-tert-
butyldiphenylsilanyloxy-17-methyloctadecane-3-one, 11


[2-(tert)-Butyldiphenylsilanyloxy)-1-(methoxymethylcarbamoyl)-
ethyl]-carbamic acid tert-butyl ester (2, 1.70 g, 3.49 mmol) was
dissolved in dry THF (8 mL) under N2. The resulting solution
was cooled to −15 ◦C and sec-BuMgBr [2.0 M solution in diethyl
ether (1.66 mL, 3.32 mmol)] was added dropwise at −15 ◦C. After
10 minutes, 14-methylpentadecylmagnesium bromide [prepared
from 6 (1.70 g, 5.57 mmol) and Mg (0.16 g, 6.68 mmol) in 15 mL
dry THF] was added at −15 ◦C. The resulting solution was
allowed to warm to room temperature overnight. The mixture
was again cooled to −15 ◦C and HCl (10 mL) was added,
followed by EtOAc (10 mL). The two layers were separated and
the aqueous layer extracted further with CH2Cl2. The combined
organic layers were washed with water, dried over MgSO4,
filtered and concentrated in vacuo. Purification by flash column
chromatography on silica gel (CH2Cl2–EtOAc 100 : 0 to 0 : 100)
provided a white solid, 11 (0.77 g, 1.19 mmol, 34%): 1H NMR: d
7.64–7.61 (m, 4H), 7.47–7.41 (m, 6H), 5.57–5.55 (d, J = 7.5 Hz,
1H), 4.37–4.35 (ddd, J = 2.9, 3.9, 7.5 Hz, 1H), 4.08–4.05 (dd, J =
10.4, 2.9 Hz, 1H), 3.94–3.91 (dd, J = 10.6, 3.9 Hz, 1H), 2.56–2.48
(m, 2H), 1.64–1.01 (m, 43H), and 0.91–0.89 ppm (d, J = 6.7 Hz,
6H); 13C NMR: d 207.6, 155.3, 135.6, 132.8, 130.0, 129.9, 127.8,
79.7, 79.5, 64.3, 61.1, 40.1, 39.1, 30.3, 30.0, 29.8, 29.7, 29.6, 29.5,
29.4, 29.2, 28.4, 28.0, 27.6, 26.8, and 26.5 ppm; HRMS (ESI+):
m/z (M + H)+, calcd for C40H65O4NSi: 652.4756; found: 652.4755.


(2S)-2-(N-tert-Butoxycarbonyl)-amino-1-tert-
butyldiphenylsilanyloxy-17-methyloctadecane-3-ol, 12a


(2S)-2-(N-tert-Butoxycarbonyl)-amino-1-tert-butyldiphenylsilan-
yloxy-17-methyloctadecane-3-one (11, 2.72 g, 4.17 mmol) in


methanol (160 mL) was treated with a solution of NaBH4 (0.32 g,
8.53 mmol) in H2O (12 mL) stabilized with 4 drops of a 1 M
NaOH solution. The resulting mixture was stirred for 2 h at room
temperature and then poured into cold water (120 mL). The
aqueous layer was extracted three times with ethyl acetate. The
combined organic layers were dried over MgSO4, filtered and the
solvents were removed in vacuo to yield a white solid, 12a as a 3 :
1 mixture of diastereomers (1.52 g, 2.34 mmol, 56%). 1H NMR:
d 7.75–7.66 (m, 4H), 7.48–7.42 (m, 6H), 5.31 (bs, 1H), 3.97–3.93
(dd, J = 11.1, 3.2 Hz, 1H), 3.86–3.84 (bs, 1H), 3.70 (bs, 1H),
3.60 (bs, 1H), 2.86–2.84 (d, J = 6.7 Hz, 1H), 1.58–1.48 (m, 13H),
1.29–1.05 (m, 32H), and 0.94–0.88 ppm (d, J = 6.8 Hz, 6H); 13C
NMR: d 155.8, 135.6, 134.8, 132.7, 132.6, 130.0, 129.5, 129.9,
127.9, 127.6, 79.4, 73.8, 64.2, 54.6, 39.1, 34.5, 33.9, 30.0, 29.8,
29.7, 29.6, 28.5, 28.0, 27.5, 26.9, 26.6, 25.9, 25.6, 22.7, 19.2, and
19.0 ppm; HRMS (ESI+): m/z (M + H)+, calcd for C40H67O4NSi:
654.4912; found: 654.4882.


(2S)-2-(N-tert-Butoxycarbonyl)-amino-1,3-dihydroxy-17-
methyloctadecane, 12b


A 1 M solution of tetrabutylammonium fluoride (1.29 mL,
1.29 mmol) was added to a stirred solution of 12a [(2S)-2-(N-
tert-butoxycarbonyl)-amino-1-tert-butyldiphenylsilanyloxy-17-
methyloctadecan-3-ol] (0.56 g, 0.86 mmol) in dry THF (5 mL) at
ambient temperature. The reaction was allowed to stir overnight,
and quenched with aqueous saturated ammonium chloride. The
aqueous layer was extracted twice with ethyl acetate, and then
twice with CH2Cl2. The combined organic layers were dried
over MgSO4, filtered, and concentrated in vacuo. Purification by
column flash chromatography on silica gel (CH2Cl2–EtOAc, 100 :
0 to 50 : 50) gave a white solid, 12b (0.33 g, 0.81 mmol, 94%).
1H NMR (400 MHz, pyridine-d5):23 d 4.96–4.89 (bs, 3H), 4.47–
4.45 (m, 1H), 4.33–4.30 (m, 3H), 1.94–1.16 (m, 36H), and 0.89–
0.88 ppm (d, J = 6.5 Hz, 6H); 13C (100 MHz; 150 MHz, pyridine-
d5): d 72.7, 62.8, 58.3, 39.7, 35.4, 30.6, 30.4, 29.0, 28.6, 28.1, and
23.2 ppm; HRMS (ESI+): m/z (M + H)+, calcd for C24H49NO2:
416.3740. Found, 416.3748.


(2S)-2-Amino-1,3-dihydroxy-17-methyloctadecane, 12c


A solution of trifluoroacetic acid (2.40 mL) and water
(0.12 mL) was added to (2S)-2-(N-tert-butoxycarbonyl)-amino-
1,3-dihydroxy-17-methyloctadecane 12b (218.5 mg, 0.53 mmol)
at ambient temperature. After 1 h, aqueous saturated sodium
bicarbonate was added to the reaction mixture until a white solid
formed as a suspension (about 50 mL). The solid was filtered
and washed with water, giving 12c as a white solid (139.3 mg,
0.44 mmol, 83%). 1H NMR (400 MHz, pyridine-d5): d 5.87 (bs,
1H), 4.87 (bs, 3H), 4.27–4.23 (dd, J = 4.1, 10.2 Hz, 1H), 4.11–
4.04 (m, 1H), 4.01–3.96 (m, 2H), 3.28–3.24 (m, 1H), 1.84–1.12
(m, 26H), and 0.88–0.86 ppm (t, J = 6.57 Hz, 6H); 13C NMR
(125 MHz, pyridine-d5): d 74.5, 65.3, 58.9, 39.7, 34.7, 30.6, 30.5,
30.4, 28.6, 28.1, 27.1, and 23.2 ppm; HRMS (ESI+): m/z (M +
H)+, calcd for C19H41NO2: 316.3216. Found, 316.3225.


1,2-Dibromohexadecane, 15


1-Hexadecene 13, (6.9 mL, 22.3 mmol) was dissolved in CH2Cl2


(49 mL), and cooled in an ice bath. After slow addition of
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bromine (1.26 mL, 24.5 mmol), the reaction mixture was stirred
for 30 minutes at room temperature. Saturated aqueous sodium
thiosulfate (4 mL) was added to the reaction mixture. After
stirring for 5 minutes, water (50 mL) and CH2Cl2 (50 mL) were
added to the reaction mixture. The organic layer was separated,
washed with water (30 mL) and brine (30 mL), dried with
MgSO4 and concentrated in vacuo. Vacuum distillation gave 1,2-
dibromohexadecane (15)10 as a colorless oil (8.1 g, 21.2 mmol,
95%). IR (neat): 2925(s), and 1465(m) cm−1; 1H NMR: d 4.2–4.1
(m, 1H), 3.86–3.83 (dd, 1H), 3.65–3.60 (t, 1H), 2.17–2.09 (m, 1H),
1.87–1.73 (m, 1H), 1.6–1.26 (m, 24), and 0.89–0.86 ppm (t, 3H)
ppm; 13C NMR: d 56, 39–26, and 17 ppm; MS (m/z): 57 (100), 71,
85, 97, 177, 191, 233, and 305.


1,2-Dibromopentadecane, 16


1-Pentadecene (14, 6.0 mL, 22.3 mmol) was dissolved in CH2Cl2


(49 mL), and cooled in an ice bath. After slow addition of
bromine (1.26 mL, 24.5 mmol), the reaction mixture was stirred
for 30 minutes at room temperature. Saturated aqueous sodium
thiosulfate (4 mL) was added to the reaction mixture. After
stirring for 5 minutes, water (50 mL) and CH2Cl2 (50 mL) were
added to the reaction mixture. The organic layer was separated,
washed with water (30 mL) and brine (30 mL), dried with
MgSO4 and concentrated in vacuo. Vacuum distillation gave 1,2-
dibromopentadecane (16)24 as colorless oil (7.84 g, 21.2 mmol,
95%). IR (neat): 2925(s), and 1465(m) cm−1; 1H NMR: d 4.2–4.1
(m, 1H), 3.86–3.83 (dd, 1H), 3.65–3.60 (t, 1H), 2.17–2.09 (m, 1H),
1.87–1.73 (m, 1H), 1.6–1.26 (m, 22), and 0.89–0.86 ppm (t, 3H)
ppm; 13C NMR: d 56, 39–26, and 17 ppm; MS (m/z): 57 (100), 71,
85, 97, 177, 235, and 291.


1-Hexadecyne, 17


1,2-Dibromohexadecane (15, 2.784 g, 7.25 mmol) was dissolved in
THF (16 mL) and potassium tert-butoxide (2.44 g, 21.7 mmol) was
added to the reaction mixture. After refluxing overnight, saturated
aqueous NH4Cl (5 mL) was added. After stirring for 5 minutes,
water (30 mL) and diethyl ether (30 mL) were added. The organic
layer was extracted with ether, washed with brine (20 mL) and
dried over MgSO4, and filtered. After passage through a short pad
of silica gel and concentration in vacuo, vacuum distillation gave
pure 1-hexadecyne (17)25 as a colorless oil (1.05 g, 65%). IR (neat):
3308 (s), 2926 (s), 2117 (w), 1467 (s) cm−1; 1H NMR: d 2.2–2.16 (td,
2H), 1.98–1.93 (t, 1H), 1.56–1.26 (m, 27H), and 0.89–0.86 ppm (t,
3H) ppm; 13C NMR: d 87, 71, 35, 32.6–31.4, 25.6, 21, and 17 ppm;
MS (m/z): 81 (100), 95, 109, and 151.


1-Pentadecyne, 18


1,2-Dibromopentadecane (16, 2.68 g, 7.25 mmol) was dissolved in
THF (16 mL) and potassium tert-butoxide (2.44 g, 21.7 mmol) was
added to the reaction mixture. After refluxing overnight, saturated
aqueous NH4Cl (5 mL) was added. After stirring for 5 minutes,
water (30 mL) and diethyl ether (30 mL) were added. The organic
layer was extracted with ether, washed with brine (20 mL) and
dried over MgSO4, and filtered. After passage through a short pad
of silica gel and concentration in vacuo, vacuum distillation gave
pure 1-pentadecyne (18)8 as a colorless oil (0.98 g, 4.71 mmol,
65%). IR (neat): 3308 (s), 2926 (s), 2117 (w), and 1467 (s) cm−1; 1H


NMR: d 2.2–2.16 (td, 2H), 1.98–1.93 (t, 1H), 1.56–1.26 (m, 25H),
and 0.89–0.86 ppm (t, 3H) ppm; 13C NMR: d 87, 71, 35, 32.6–31.4,
25.6, 21, and 17 ppm; MS (m/z): 81 (100), 95, 109, and 151.


N-Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxy-2-heptadecynyl]-1,3-
oxazolidine, 19


Hexadecyne (3.237 g, 14.58 mmol) was dissolved in THF (80 mL)
and cooled to −5 ◦C. After addition of n-BuLi (1.99 M in heptane,
8 mL, 16.04 mmol) the reaction mixture was stirred for 30 minutes
at 0 ◦C, cooled to −78 ◦C, and hexamethyl phosphoramide
(HMPA, 13.5 mL) was added. Garner’s aldehyde (1, 1.67 g,
7.29 mmol) dissolved in THF (34 mL) and cooled at −78 ◦C was
slowly added to the reaction mixture via cannula. After stirring
for 4 h at −78 ◦C, saturated aqueous NH4Cl (3 mL) was added to
the reaction mixture. Water (50 mL) and diethyl ether (100 mL)
were added with stirring. The organic layer was extracted with
ether, washed with brine, dried with MgSO4 and concentrated
in vacuo. Purification with silica gel chromatography (1 : 7
EtOAc–hexane) gave N-Boc-2,2-dimethyl-(4S)-[(1R)-hydroxy-2-
heptadecynyl]-1,3-oxazolidine 19, as a colorless oil (2.04 g,
4.52 mmol, 62%). IR (neat): 3440 (m), 2926 (s), 2857 (s), and
1690 (s) cm−1; 1H NMR: d 4.51–3.66 (m, 4H), 2.20–2.17 (t, 2H),
1.65–1.26 (m, 39H), and 0.89–0.86 ppm (t, 3H) ppm. MIMW:
calcd for C27H49NO4, m/z: 452.3740 (M + H)+; found 452.3741.


N-Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxy-2-hexadecynyl]-1,3-
oxazolidine, 20


1-Pentadecyne (3.03 g, 14.58 mmol) was dissolved in THF (80 mL)
and cooled to −5 ◦C. After addition of n-BuLi (1.99 M in
heptane, 8 mL, 16.04 mmol) the reaction mixture was stirred for 30
minutes at 0 ◦C, cooled to −78 ◦C and hexamethyl phosphoramide
(HMPA, 13.5 mL) was added. Garner’s aldehyde (1, 1.67 g,
7.29 mmol) dissolved in THF (34 mL) and cooled at −78 ◦C was
slowly added to the reaction mixture via cannula. After stirring for
4 h at −78 ◦C, saturated aqueous NH4Cl (3 mL) was added to the
reaction mixture. With stirring, water (50 mL) and diethyl ether
(100 mL) were added. The organic layer was extracted with ether,
washed with brine, dried with MgSO4 and concentrated in vacuo.
Purification with silica gel chromatography (1 : 7 EtOAc–hexane)
gave N-Boc-2,2-dimethyl-(4S)-[(1R)-hydroxy-2-hexadecynyl]-1,3-
oxazolidine 208b as a colorless oil (1.97 g, 4.52 mmol, 62%). IR
(neat): 3440 (m), 2926 (s), 2857 (s), and 1690 (s) cm−1; 1H NMR:
d 4.51–3.66 (m, 4H), 2.20–2.17 (t, 2H), 1.65–1.26 (m, 37H), and
0.89–0.86 ppm (t, 3H); 13C NMR: d 157, 97.8, 89.5, 84, 80.8, 68,
67, 64, and 34.8–17 ppm.


N-Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxyheptadecyl]-1,3-
oxazolidine, 21


N -Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxy-2-heptadecynyl]-1,3-
oxazolidine 19 (0.83 g, 1.84 mmol) was dissolved in EtOAc (6 mL).
After addition of PtO2 (0.071 g) H2 was bubbled through the
mixture, and a hydrogen balloon was placed over the reaction
mixture. After stirring for 8 h, all solids were filtered through a
pad of Celite and the solution was concentrated in vacuo. Silica gel
chromatography (1 : 6 EtOAc–hexane) gave N-Boc-2,2-dimethyl-
(4S)-[(1R)-hydroxyheptadecyl]-1,3-oxazolidine 21 as a colorless
oil (0.76 g, 1.67 mmol, 91%). IR (neat): 3328 (w), 2984 (m), 2924 (s),
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and 1711 (m) cm−1; 1H NMR: d 4.05–3.75 (m, 4H), 1.65–1.25 (m,
41H), and 0.90–0.86 (t, 3H) ppm; 13C NMR: d 97, 83, 76, 68, 65,
36–25, and 17 ppm. MIMW: calcd for C27H53NO4, m/z: 456.4053
(M + H)+; found 456.4054.


N-Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxyhexadecyl]-1,3-
oxazolidine, 22


N-Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxy-2-hexadecynyl]-1,3-oxa-
zolidine 20 (0.80 g, 1.84 mmol) was dissolved in EtOAc (6 mL).
After addition of PtO2 (0.071 g) H2 was bubbled through the
mixture, and a hydrogen balloon was placed over the reaction
mixture. After stirring for 8 h, all solids were filtered through
Celite and the solution was concentrated in vacuo. Silica gel
chromatography (1 : 6 EtOAc–hexane) gave N-Boc-2,2-dimethyl-
(4S)-[(1R)-hydroxyhexadecyl]-1,3-oxazolidine 2226 as colorless oil
(0.74 g, 1.69 mmol, 92%). IR (neat): 3328 (w), 2924 (s), 2984 (m),
and 1711 (m) cm−1; 1H NMR: d 4.05–3.75 (m, 4H), 1.65–1.25 (m,
39H), and 0.90–0.86 (t, 3H) ppm; 13C NMR: d 97, 83, 76, 68, 65,
36–25, and 17 ppm.


D-erythro-2-Amino-1,3-nonadecanediol, 23


N-Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxyheptadecyl]-1,3-oxazol-
idine 21 (0.1 g, 0.22 mmol) was dissolved in a 1 : 10 mixture of
water–trifluoroacetic acid (2.2 mL) and stirred for 1 h. The reaction
mixture was slowly poured into 50 mL of a saturated aqueous
Na2CO3 solution at 0 ◦C. The resulting suspension was extracted
with hot ethyl acetate, the solvent was evaporated, and the solid
was dried in vacuo to give D-erythro-2-amino-1,3-nonadecanediol
2327 (60 mg, 0.19 mmol, 86%). IR (KBr): 3438 (m), 2921 (s), 2853
(m), and 1680 (s) cm−1; 1H NMR: d 3.92–3.29 (m, 4H), 1.53–1.26
(m, 29H), and 0.89–0.86 (t, 3H) ppm.


D-erythro-2-Amino-1,3-octadecanediol, 24


N -Boc-2,2-Dimethyl-(4S)-[(1R)-hydroxyhexadecyl]-1,3-oxazol-
idine 22 (0.097 g, 0.221 mmol) was dissolved in a 1 : 10 mixture
of water–trifluoroacetic acid (2.2 mL) and stirred for 1 h. The
reaction mixture was slowly poured into 50 mL of a saturated
aqueous Na2CO3 solution at 0 ◦C. The resulting suspension was
extracted with hot EtOAc, the solvent was evaporated, and the
solid dried in vacuo to give D-erythro-2-amino-1,3-octadecanediol
2428 (59 mg, 0.197 mmol, 89%). IR (KBr): 3438 (m), 2921 (s), 2853
(m), and 1680 (s) cm−1; 1H NMR: d 3.92–3.29 (m, 4H), 1.53–1.26
(m, 27H), and 0.89–0.86 (t, 3H) ppm.


13-Methyl-1-tetradecanol, 28


A suspension of Mg turnings (1.21 g, 49.8 mmol) in THF (10 mL)
was treated with 1-bromo-3-methylbutane (5 mL, 41.5 mmol) with
vigorous stirring at room temperature. After the reaction had
begun, an additional 25 mL of THF was added and stirred until
the reaction mixture reached ambient temperature. A solution of
10-bromo-1-decanol (3 g, 12.6 mmol) dissolved in THF (27 mL)
and cooled to −78 ◦C was treated with the Grignard reagent
prepared above and Li2CuCl4 (0.1 M, 4 mL), at −78 ◦C. The
reaction mixture was stirred overnight, during which time the
temperature rose to room temperature, giving a dark solution.
With stirring, saturated aqueous NH4Cl (15 mL), water (150 mL)


and EtOAc (150 mL) were added in that order. The organic
layer was separated and washed with saturated aqueous NaHCO3,
brine, dried with MgSO4 and concentrated in vacuo. Purification
with silica column chromatography gave 13-methyl-1-tetradecanol
2810a,29 as a colorless oil (2.9 g, 47.3 mmol, 95%); IR (neat): 3335
(m), 2925 (s), 1467 (w) cm−1; 1H NMR: d 3.70–3.67 (t, 2H), 1.64–
1.17 (m, 26H), and 0.95–0.90 ppm (d, 6H).


13-Methyl-1-tetradecanal, 29


A solution of 13-methyl-1-tetradecanol (28, 0.215 g, 0.944 mmol)
in CH2Cl2 (2.5 mL) was added to a stirred suspension of PCC
(0.334 g, 1.55 mmol) dissolved in 4 mL of CH2Cl2. The reaction
mixture was stirred for 4 h, at which time 4 mL of diethyl ether
was added. The mixture was stirred vigorously and the supernatant
liquid passed through a 2 inch pad of silica gel. The eluant was
concentrated in vacuo and purified by silica gel chromatography
(5% ether in hexane) to give 13-methyl-1-tetradecanal 2930 as a
colorless oil (0.18 g, 0.802 mmol, 85%). IR (neat): 2924 (s), 2854
(m), 1727 (m), and 1463 (w) cm−1; 1H NMR: d 9.76–9.75 (t, 1H),
2.43–2.39 (td, 1H), 1.64–1.49 (m, 3H), 1.29–1.13 (m, 18H), and
0.87–0.85 ppm (d, 6H); 13C NMR: d 105.4, 46.8, 41.9, 36.7–30.3,
25.5, and 25 ppm; MS (m/z): 57 (100), 82, 96, 180, and 208.


Methyl 3-hydroxy-15-methylhexadecanoate, 30


A well-stirred suspension of 13-methyl-1-tetradecanal (29, 0.49 g,
2.63 mmol), Zn dust (0.86 g, 13 mmol), and methyl bromoacetate
(0.75 mL, 7.89 mmol) in THF (10 mL) was treated with BF3·OEt2


(0.66 mL, 5.26 mmol) in portions over a period of 15 min. The
mixture was stirred at room temperature for 5 h, filtered, and the
residue was washed with EtOAc. The organic layer was washed
with dilute aqueous HCl (5%), water, and brine and dried with
MgSO4. The solvent was evaporated and the crude product was
purified by silica gel chromatography (20% EtOAc in hexane) to
give methyl 3-hydroxy-15-methylhexadecanoate 3031 as a colorless
oil (0.53 g, 1.84 mmol, 70%). IR (neat): 3452 (s), 2924 (s), 2853
(m), 1737 (m), and 1466 (w) cm−1; 1H NMR: d 4.02–4.00 (m, 1H),
3.71 (s, 3H), 2.54–2.38 (ddd, 2H), 1.56–1.12 (m, 26H), and 0.87–
0.85 ppm (d, 6H); 13C NMR: d 176, 70.9, 54.6, 44, 42, 39, and
32.8–25.6 ppm.


3-Hydroxy-15-methylhexadecanoic acid, 31


Aqueous LiOH (1 M, 2 mL, 2 mmol) was added to a stirred solu-
tion of methyl 3-hydroxy-15-methylhexadecanoate (30, 0.158 g,
0.527 mmol) in THF (0.5 mL) and MeOH (1 mL), at room
temperature. The reaction mixture was stirred overnight and
concentrated in vacuo. The residue was poured into 25 mL of
EtOAc, acidified with dilute aqueous HCl to pH 3, the organic
phase was separated, and the aqueous phase was extracted with
EtOAc. The extract was washed with water and brine, dried with
MgSO4 and concentrated in vacuo. Crystallization from hexane
gave 3-hydroxy-15-methylhexadecanoic acid 3131b,32 as a white
solid (0.128 g, 0.448 mmol, 85%). IR (KBr): 3479.9 (m), 2923.6
(s), and 1724 (m) cm−1; 1H NMR: d 4.03 (m, 1H), 2.60–2.48 (ddd,
2H), 1.54–1.16 (m, 26H), and 0.87–0.85 ppm (d, 6H); 13C NMR:
d 176.5, 68, 40.8, 39, 36, and 29.9–22.6 ppm.
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Yoctolitre-sized vessels (1 yL = 10−24 L) defined by encompassing porphyrin islands by rigid molecular
monolayers of diamido bolaamphiphiles (with different characteristics) on smooth surfaces—the
so-called yoctowells—have the ability to store (house) molecules in ways reminiscent of a molecular
container. Such containers fill by kinetic or thermodynamic trapping processes allowing in some
instances for the sorting and spatial positioning of molecular entities within the container. In this
Emerging Area we describe the usefulness and versatility of yoctowells as the basis for modeling
biological systems with a view to addressing some of the challenges in chemistry, molecular biology and
biochemistry.


1. Introduction


The term ‘supramolecular’ was first applied by Jean-Marie
Lehn in the late 1970’s as a way of succinctly describing the
chemistry of association, in the broadest sense.1 Since this time,
chemists have attained an astonishing degree of control over
molecular interactions and have used the design techniques learnt
to synthesise beautiful and intricate functional structures with
dimensions on the nanometre scale.2 This ability to construct
nanoscale architectures with precision has provided impetus in
the field of nanoscience, where preparation and manipulation of
molecular structures occurs on the 1–500 nm scale.3 The challenge
is in the transition between solution and condensed phases and
the ramifications for function and ordering.4 Condensed phase
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molecular assemblies are, of course, ubiquitous in biological
systems, underlying both the wide variety of complex biological
structures and functions these systems possess. Understanding
the nature of molecular assembly and the associated non-covalent
interactions that connect complementary interacting molecular
surfaces in biological ensembles is of central concern to structural
biology and biochemistry. By way of example, energy conversion
and molecular recognition processes usually occur in the non-
solution environment of various cell membranes and proteins,
in which are embedded the biological ensembles designed to
carry out specific functions.5–7 Photosynthesis, arguably the most
important biological process, is one such example. The bacterial
photosynthetic reaction center (PRC) formed for long-lived light-
induced charge separation shows several membrane proteins,
which fixate the functional components—one bacteriochlorophyll
molecule (DL, as a special pair), two bacteriopheophytins and
two quinones (QA and QB)—along an axis through a membrane
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within a pseudo-C2 symmetry i.e. a 12 yoctolitre volume. These
regiospecifically well-defined functional components are the key
in the initial stages of photosynthetic reactions in bacteria and
green plants (Fig. 1a).8,9 Of interest to an overall appreciation
of the reaction centre is the role of proteins and associated ions
and water molecules, which can only be made within models that
mimic the specific environment.


Chemists have been successful with the isolation and analysis,
but not with the reproduction of the working molecular apparatus,
of the PRC, which was devised using long-term evolutionary
processes. A small step towards the development of reaction
centers of yoctolitre size are membrane gaps, which replace the
protein helices.10 One such approach is highlighted in Fig. 1b. Here
the light-induced phenomena are mimicked by a helical channel
superstructure comprising core-substituted naphthalene diimides
and contained within a lipid bilayer membrane.11 The photosystem
was prepared by self-assembly of four p-octiphenyl components
each bearing eight amino-core-substituted naphthalene diimides
along the rigid-rod scaffold and assembled using hydrophobic
and van der Waals interactions. The photosystem ensemble


was characterised in vesicles equipped with external electron
donors (ethylenediaminetetraacetate, EDTA), internal electron
acceptors (1,4-naphthoquinone-2-sulfonate, Q), and HPTS as
an internal fluorescent pH meter (Fig. 1b). In this system,
transmembrane charge separation in response to the irradiation of
the helix is translated into external EDTA oxidation [E1/2 (NHE)
+430 mV] and internal quinone reduction [E1/2 (NHE) −60 mV]
for the fluorometric detection of photoactivity as intravesicular
deacidification with light was detected intramembrane by utilising
HPTS dye. Despite this success, few artificial systems have been
specifically designed for the entrapment and ordering of molecules,
in particular dyes, within well-defined cavities. One of the first
reported examples was of a “pea in a pod” (Fig. 2a) in which
continuous rows of C60 molecules were aligned within carbon nan-
otubes as observed by transmission electron microscopy (TEM).12


In another example, the hydrophilic pore of zeolite L, with a pore
diameter of 0.75 nm, took up thousands of hydrated, electron-
conducting methyl viologen molecules or energy-transporting
oligophenyl derivatives, which were thin enough to enter the tunnel
together with solvent molecules. Entrapped diphenyl hexatriene


Fig. 1 (a) Schematic of the 12 yoctolitre-sized bacterial photosynthetic center for light-induced charge separation. It consists of a sorted sequence of
bacteriochlorophyll derivatives inside the cell membrane and a quinone on its outside. (b) Transmembrane photoinduced electron transfer from EDTA
donors to quinone acceptors Q is measured as formal proton pumping with light across lipid bilayers using a rigid-rod p-M-helix as a supramolecular
photosystem. HPTS (1-hydroxypyrene-3,6,8-trisulfonate) is used to measure intravesicular deacidification with light.


Fig. 2 (a) Schematic representation of the packing arrangement of C60 inside carbon nanotubes, like peas in a pod. (b) trans-Diphenyl hexatriene in a
zeolite L channel. There is not enough space to allow for the formation of the cis isomers by light-induced isomerisation. (c) Ordering of dye molecules
in zeolite L channels by consecutive addition. Molecules cannot pass each other in the narrow pores, leading to molecular sorting.
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fitted only as a trans isomer, and upon irradiation did not isomerise
to the broader cis isomer within the pores (Fig. 2b). This same
zeolite, shown schematically in Fig. 2c, showed molecular sorting
based on hydrophilic/hydrophobic effects of the ensemble in
response to the addition of water. Because dye molecules did not
pass each other in the pore, they could be ordered by stepwise
addition. However, the number of molecules in each individual
domain and intermolecular distances remain unknown (Fig. 2c).13


Naturally, the entrapment of molecules in nanospaces also leads
to unusual properties. Water molecules inside hydrophobic nan-
otubes, for example, manifest phases of ice that are not found
under bulk conditions.14 Condensation-drying isotherms of water
within zeolites bearing hydrophobic and hydrophilic pores showed
that hydrophilic surfaces lead to an enhanced density of 1.2 g mL−1


of quasi-liquid water layers, whereas hydrophobic pores had no
measurable effect at room temperature.15


While much has been learnt in confining molecules in molecular
capsules and efforts to extrapolate to condensed phases are
underway, much is still to be undertaken before pragmatic molec-
ular devices, highly functional sensors and complex biological
models can be formed with confidence. Designer yoctowells which
may act as tiny chemical reactors or sensors by manipulating
the interactions between guest molecules and the walls of the
yoctowell gap could become a useful supramolecular tool for
studying intermolecular interactions. Such studies could also
advance our understanding of phase transitions of dimensionally
confined environments, hydrophobic and hydrophilic interactions
and the mechanisms of chemical reactions. Gaps filled with
biologically active molecules may be used as vehicles for drug
delivery, for separation science or sensors in living organisms.
Encapsulation of electron spin or optically active compounds have
also been proposed as an approach for the assembly of electronic
nanodevices suitable for quantum information processing. In this
short review, we will give an up-to-date view of the progress in the
field of yoctowell chemistry and its implications in biological and
supramolecular chemistry, including distance-dependent electron
transfer, receptor and host–guest chemistry.


2. Gaps on solid surfaces


Three general methods exist for preparing gaps on surfaces:
lithographic (photo and electron beam), embossing, and chemical
deposition methods such as self-assembled monolayers or direct
surface functionalisation, in which discrimination is possible.
Of these methods, lithography is a destructive rather than a
constructive technique, which still suffers at the low nm level in
terms of spatial resolution and so will not be included in further
discussion.16 Laser-assisted embossing with transparent molds of
100 nm silica spheres has been used to generate hemispherical
nanowells in amorphous silicon of zeptolitre (10−21 L) volume.
The size and depth of the wells were readily manipulated by
changing the fluence of the laser and by applying variable pressure.
These nano-scale wells, which were as small as 50 nm in diameter,
were used as reaction vessels for the growth of inorganic salts and
semiconducting nanocrystals with controlled sizes (Fig. 3).17


Relevant to the following discussions are Sagiv’s studies of
gaps in covalently bound molecular monolayers on glass.18,19 Here,
glass plates were coated using trichlorooctadecylsilane (TCODS)
punctuated by cyanine dyes with long alkyl chain substituents


Fig. 3 Scheme for fabricating nanoscale wells in silicon by laser-assisted
embossing (1 zeptolitre (zL) = 10−21 L).


(Fig. 4). The physisorbed dye was extracted with chloroform after
the fixation of the monolayer and then added again in the same
solvent. The cyanine dye template was re-adsorbed within 30–
60 min. Larger chromophores, also bearing long alkyl chains, were
adsorbed into the cavities made by smaller dyes at a slower rate
but in equal amounts. The fact that the monolayer “remembered”
molecules that were present in its formation period indicated that
the glass surface was smooth enough to make the formation
of molecular monolayers with empty areas of several square
micrometres possible (Fig. 4).19


Fig. 4 Functionalisation of glass plates with a silyl chloride, TCODS, in
the presence of cyanine dyes leads to alkyl monolayers with dye-filled
holes. The gap remains if the dye is simply washed out with CHCl3.
Readsorption of the dye into the gaps occurs, but is neither size-selective
nor orientation-discriminating.


The ability to bind into the gaps in a cooperative manner
was explored a decade ago by the group of Fuhrhop. Their
approach was based on developing hydrophobic gaps of steroid
dimensions on gold as a means of actively sequestering 1,2-
trans-cyclohexanediols and glucose from bulk water (Fig. 5).20


The membrane gaps were produced by chemisorption of thiol-
functionalised steroid molecules and subsequent self-assembly of
alkyl (hydrophobic) thiols on gold surfaces. We should note that
steroids alone had negligible effects. Although it was difficult to
quantify the amount of D-glucose or cyclohexanediol that was
physisorbed, there was a strong differentiation between 1,2-cis-
and 1,2-trans-cyclohexanediols.


Recently, the group of Forster has prepared interfacial self-
assembled monolayers (SAMs) of c-cyclodextrins functionalised
with two aminomethylpyridine groups on platinum electrodes
(Fig. 6). Electrochemistry studies revealed that the layers are
permeable, a phenomenon restricted when 1-nonanethiol is added
within the layer. SERS (surface-enhanced Raman scattering) spec-
tra of the backfilled layers showed both pyridine and alkanethiol
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Fig. 5 Schematics showing: (a) a gold electrode surface; (b) a mixed monolayer of octadecanethiol and steroid; and (c) a nanosized hydrophobic gap
with flexible walls and a representation of sequestration of D-glucose from the bulk phase into the gaps.


Fig. 6 Schematic illustrating a possible well-like orientation of the
c-CD-(py)2 molecules on the platinum surface after backfilling with
1-nonanethiol.


bands, indicating that backfilling with alkanethiols did not dis-
place the cyclodextrins (CDs). This backfilling appears to dramat-
ically affect the layer structure however, and the electrochemical
data obtained is consistent with CDs undergoing reorientation.21


3. Further criteria for functional rigid and fluid
monolayers


Fluid or rigid monolayers covered with reactive end groups were
later applied to yield electron-conducting materials or machinery
based on molecular recognition processes. The reactivity and
structure of bolaamphiphiles (compounds in which two or more


functionalities, which are usually hydrophilic, are connected by a
hydrophobic section (the bola))22 open easy and accessible ways
to change the properties of surfaces with a minute amount of
material. Fluid and rigid bolas were also applied on gold and
silicon electrode surfaces to fixate redox systems and to intro-
duce an insulating monolayer.23 Colloids, proteins,24 quinones,25


fullerenes,26 and porphyrins27 have so far been attached and
reduced or oxidised from a distance. Examples are shown in Fig. 7.


Fig. 7 Fluid and rigid bolas applied on gold and silicon electrodes to
fixate redox molecules.


The stiffness (and order) of the bola monolayer can be
increased through judicious choice of functionalisation. For
example, by incorporating two secondary amide groups at the
end of the hydrophobic section of the bola, two parallel running
hydrogen-bond motifs act cooperatively to reduce flexibility and
conformational changes (Fig. 8).28 The interactivity and hence
stiffness of the monolayer depends strongly on the scant angle
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Fig. 8 Schematic of a section of the crystalline monolayer of two
p-amidobenzoyl azides: (a) before the surface reaction with amine; and
(b) after amination and photolinking to the polyacrylonitrile (PAN)
surface. In each case, hydrogen bonding provides order and stiffness to
the layers.


(ca. 20◦ required) and an even number of methylene groups in
between both secondary amide groups—a result demonstrated
in other work.28,29 Upright-standing and odd-numbered diamide
bolas form fluid monolayers as a result of geometry constraints.
The impermeability for water and other small molecules, such
as methylamine, also depends upon an even-numbered spacer
between the two amide groups.29


4. Construction of yoctowells on gold


meso-Tetraphenylporphyrins bearing four or eight carboxylic acid
groups on the four meso phenyl rings, e.g. 1, bind strongly to
smooth gold at pH 12 (Fig. 9a).29 The binding of the requisite
four carboxylate groups of the porphyrin to gold under the
conditions used is faster than the steroid-hydrosulfide shown
in Fig. 5, which requires extended exposure times (i.e. >8 h).
The unwanted aggregation of porphyrins in either a stacking or
lateral mode, which would fill up potential yoctowells or lead to
domains and large wells of ill-defined diameter, is circumvented by
thoroughly washing with potassium hydroxide and water. These
newly functionalised gold surfaces, with approximately 20–40%
of their surface covered with porphyrins, are then immersed in
a solution of mercaptodiamido bola (10−3 M) for several hours,
completing the surface coverage (Fig. 9).


The monolayer of flat-lying, separated porphyrin monomers on
gold produced a residual fluorescence spectrum upon excitation
with an argon laser. Fluorescence enhancement by small holes
between gold atoms was assumed to explain the small quenching
effect of the metal surface.30,31 Visible spectroscopy proved that the
amount of porphyrin on the gold surface had not changed after
the second self-assembly of dimido bolaamphiphile. The rigidity
of the monolayer (and hence the gap walls) was assured in this case
by the introduction of the two intermolecular (but intraensemble)
hydrogen bond chains formed by the specific functionalisation of
the bola (Fig. 9b) without affecting the porphyrin fluorescence.29


The yoctowell made up of porphyrin 1 and octadecanethiol walls


Fig. 9 Schematics of: (a) octacarboxyporphyrin 1 bound to the gold
plate (b) a yoctowell made up of basal porphyrin 1 and walls of diimido
bolaaphiphile 4, which form a rigid membrane gap, and (c) fluid gaps made
up of porphyrin 1 and octadecanethiol.


(which are unable to hydrogen bond) forms more fluid membrane
gaps (Fig. 9c).


The rigid nature of the monolayer formed using the diamido
bolaamphiphile allows for size exclusion studies to be performed
(Fig. 10). Under conditions of yoctowell formation, porphyrin 1
exists in an anionic state (as the carboxylate). Hence, electrostatic
interactions (possible through the introduction of pyridinium
porphyrins 2 and 3) can be employed as a stabilising feature for
inclusion into the yoctowell. The difference in overall size between
2 and 3 (porphyrin diameters of 2.4 and 3.3 nm, respectively)
and their ability to be included in the gap (of ca. 2–3 nm
diameter) should differ if the gap’s geometry is conserved by
hydrogen bonding. Moreover, fluorescence quenching techniques
can be used to monitor inclusion because of the redox and
photophysical differences between the porphyrin base 1 and the
manganese porphyrins 2 and 3. Ultimately, while fluorescence
quenching was observed between 1 and 2 or 3 in the absence
of the bola (Fig. 10a), only 2 exhibited quenching when 1 was
incorporated in a yoctowell (Fig. 10b–d). In contrast to the
gaps in rigid monolayers made from the diamide bola, a gap
in a monolayer made of octadecanethiol should have only very
limited discriminating power, since the edges of the membrane
pores are not defined. Indeed, addition of the large manganese(III)
porphyrin 3 led to total fluorescence quenching after few minutes
(not shown).29


5. Functionalising and filling yoctowells


Two general approaches to functionalising and filling this class
of yoctowell can be realised. The first relates to the judicious
choice of base porphyrin (e.g. 1) in which its overall dimensions
dictate, in part, the potential volume of the yoctowell and its
functionalisation, which leads to stability in chemisorption, ability
for recognition events through axial ligation (in the case of
metalloporphyrins) and in the defined photophysical properties of
the yoctowell as an optical readout of inclusion. The second relates
to the functionalisation of the walls, which, as we have already
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Fig. 10 Schematics of: (a) heterodimerisation of porphyrin 1 (2.4 nm) with manganese porphyrinate 3 (3.3 nm) through non-covalent interactions on a
naked gold surface leads to fluorescence quenching; and (b) the yoctowell bearing porphyrin 1 surrounded by rigid walls shows size discrimination. (c)
Fluorescence spectra of 1 (in yoctowell) before and after the addition of Mn(III) porphyrin 2 (2.4 nm diameter) show significant quenching. (d) The larger
manganese(III) porphyrin 3 (3.3 nm diameter) has no effect on the fluorescence quantum yield of 1.


discussed, can impart hydrophobic/hydrophilic properties as well
as providing rigidity to the monolayers defining the yoctowell
geometry. As we will now discuss, further functionalisation of
the bolaamphiphiles (e.g. 4) can lead to novel closed structures
(Fig. 11a–c).


Long-chain sulfide-functionalised bolas containing carbon–
carbon double bonds were self-assembled on gold surfaces around
a flat-lying octaanionic porphyrin (Fig. 11a).29 Rigid and reactive,
surface monolayers with 2 nm wide yoctowell gaps were thus
obtained (Fig. 11a). Only the double bonds at the border of
the gaps were accessible to methylamine dissolved in the bulk
water and thus able to react. Experiments using ferricyanide
ion as the electrolyte (10−4 M) showed electrochemical activity
as the ferricyanide entered the yoctowell (Fig. 11c (i)–(iii)).
Functionalisation of the bola 5 with methylamine yielded a new
yoctowell in which the charge could be manipulated based on
pH (Fig. 11b). At pH < 7, the yoctowells contained enough
positive charge as a result of generating ammonium groups to
electrostatically hold a Mn(III) tetraanionic porphyrin above the
surface, inhibiting the inclusion of ferricyanide as indicated by a
complete loss of the CV current (Fig. 11b,c (iv)–(v)). The distance
between the porphyrins (estimated at 8–10 Å) was such that the
inclusion did not lead to a quenching of the base porphyrins’
fluorescence. The porphyrin cap could be removed and replaced
by adjusting the pH between 12 and 7, leading to the flow
and inhibition of ferricyanide ions (Fig. 11c (v)–(vii)).32 The
cover effect only occurred when the gap had been treated with
methylamine. The original gaps containing only unreacted double
bonds were not blocked by the tetrasulfonated porphyrin.


Similar electrochemical experiments can be performed to mon-
itor the irreversible adsorption of cellobiose, ascorbic acid and
tyrosine to the yoctowells shown in Fig. 9.29,32–34 The results of CV
experiments showed: 1) that tyrosine, ascorbic acid, cellobiose,
and related molecules block the yoctowell for several days in
contact with bulk water so that no electron transport at all takes
place from the electrode to ferricyanide in bulk water; 2) that
the blocking effect is abolished when 1% of maltose is added
to the cellobiose; 3) that the yoctowell, closed by the cellobiose,
will re-open in the presence of dimethyl viologen (10−3 M) after
CV cycling between +0.5 and −0.8 V (against Ag/AgCl).33 The
main interest in the phenomenon of solute fixation comes first
from the astonishing non-equilibrium behavior and second from
the possibility that similar effects may also be responsible for
glycoprotein recognition processes on cell surfaces.


6. Yoctowells on colloidal gold particles


A significant development in the science behind yoctowell in-
clusion phenomena came in changing from flat gold (electrode)
surfaces to colloidal gold particles. This selection allowed the
application of most of the chemistry developed on the solid
gold electrodes, but the larger surface areas possible allowed
photochemical experiments to be conducted. Small, water-soluble
particles (diameter <4 nm), such as the Brust gold particles, were
found to be ineffective in forming well-organised membrane gaps
(Fig. 12a), probably as a result of the high curvature of these
particles which does not allow the preparation of wall-like domains
around the adsorbed dyes. Experiments with 20 nm citrate gold
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Fig. 11 Schematics of: (a) a functionalised yoctowell allowing ferricyanide to diffuse into the gap, leading to an electrochemical response; and
(b) addition of protonated methylammonium groups leading to a closed yoctowell upon the addition of a tetraanionic porphyrin. (c) Cyclic voltammetry
curves and pictograms of ferricyanide ions (1 mM) in bulk water depending on the coating of the gold electrode: (i) bare gold, (ii) bola 5, (iii) bola
5 + porphyrin 1 (approx. 30% coverage) (iv) after methylamination, (v) after addition of tetrasulfonated porphyrin, (vi, vii) removal and placement of
porphyrin cover using pH manipulation.


particles proved more successful, resulting in size-selective rigid
gaps (Fig. 12b) and more practically, fluorescence quenching
experiments could now be performed in aqueous solution using
a routine spectrophotometer.34 Importantly, the tightness and
impermeability of the hybrid monolayer could be confirmed by
monitoring the effect of cyanide ion on the gold surface,33 and
surface functionalisation did not lead to particle aggregation
effects.35


7. Developments in yoctowells formed on smooth
aminated silica particles and their applications


Despite the significant advances made using gold, applications
requiring higher fluorescent quantum yields and different sizes,
stabilities, analyses and chemical compositions of the yoctowell
components and carriers led to the development of smooth amine-
coated silica gel particles36 as the carrier of choice. Their modestly
curved, reactive, and photochemically inactive surface and ability
to be prepared under a variety of conditions with different coatings
provides a perfect basis for the establishment of closed a monolayer
with yoctowells. The main aims in moving in this direction were
based on whether the yoctowell could be successfully applied to:
(1) flash photolysis experiments in water and organic solvents,
(2) enhancing the lifetime of base porphyrin triplet states by a


factor of 10, (3) studying 2D diffusion of fluorescence quenching
molecules on a variety of surfaces and 1D diffusion within the
pores using a standard spectrometer, (4) the analysis of reversible
particle aggregation, (5) the establishment of nanometre-sized
containers that can be closed and opened by pH changes, and
most interestingly, (6) for the establishment of long-distance redox
pairs in aqueous medium as well as their advantages with respect
to assembled polymer capsules.37


Preparation of yoctowells on silica


The silicate particles developed by van Blaaderen, produced
by hydrolysis of tetraethoxysilane (TEOS) with aqueous am-
monia in ethanol and further stabilised by treatment with 3-
aminopropyltriethoxysilicate (Fig. 13a), were used as the carrier.38


Spherical particles with a diameter between 20 and 150 nm
(depending on the concentration and hydrolysis time) can be
prepared by this method. The smaller particles showed, however,
a rough surface in TEMs which was not appropriate for the self-
assembly of rigid membranes and defined nanometre gaps.29,32–34


The smallest uniform particles with a perfectly smooth surface had
a diameter of 100 ± 10 nm. These particles, reproducibly made in
1–10 g quantities and purified by repeated precipitation at pH 2
and centrifugation followed by redissolution at pH 11, could be
stored indefinitely as a moist powder.38
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Fig. 12 (a) Schematic of a Brust gold particle (2–3 nm) partially covered
with a porphyrin base, which is about the size of a surface plane, and
small blocks of isolated hybrid monolayers. (b) Schematic of a citrate
gold particle (20 nm) coated with a closed hybrid lipid monolayer and
porphyrin-based yoctowells.


Fig. 13 (a) Preparation of 100 nm smooth aminated silica colloidal
particles. (b) Formation of yoctowells on aminated particles by two-step
self-assembly of the flat-lying porphyin 6b and the bolas 7a or 7b around
it.


The yoctowells were formed using meso-(tetra-m-benzoyl-
chloride)porphyrin 6a or the mixed tetraanhydride 6b as the
base porphyrin, which stops the aggregation associated with 1
under the conditions used. After centrifugation and redispersion
in dichloromethane, bolaamphiphile 7a or 7b was added.38 The
more stable mixed anhydrides 6b made with ethyl chloroformate
were much more reliable for yoctowell formation than 6a, which
forms domains on the silicate surface rather than spots of
monomeric porphyrins. The results using 6b clearly indicated that


no measurable domain formation of the bottom porphyrin had
taken place and that the walls of the gaps were neither fluid nor
contained any irregular bends.


Electron transfer within heterodimers


The yoctowells defined by the base porphyrin derived from 6b and
surrounded by bolaamphiphiles derived from 7a or 7b walls were
functionalised at the double bond with methylamine (Fig. 14).
The manganese(III) tetraphenylsulfonate porphyrin 8, used as a
cap in previous studies (Fig. 11), bound at the rim of the gap
(Fig. 14a), thus impeding further inclusion of excess 8, or more
importantly quinone 9 (Fig. 14b). Two long-distance (0.5 nm


Fig. 14 (a) Schematic of porphyrin 8 covering the yoctowell gap forming
a heterodimer within the yoctowell. (b) After functionalisation with
methylamine, addition of large excesses of 8 or 9 to the porphyrin-covered
yoctowell does not lead to fluorescence quenching of the bottom porphyrin,
demonstrating exclusivity. (c) Decay profiles after photoexcitation. Trace
(i) shows the decay of 6b on aminated silicate particles; trace (iii) is the
whole system with 6b and bola 7a. Traces (ii) and (iv) were obtained after
fixation of Mn(III) TPPS at a distance of 10 Å (using bola 7a) and 5 Å
(using bola 7b), respectively. Only trace (iv) indicates an effect of Mn(III)
TPPS, namely 60% decay after 0.16 ns.
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and 1.0 nm) redox pairs of 6b with metalloporphyrin 8 were
thus established using 7a and 7b, respectively. The behavior of
the excited singlet state of the base porphyrin in the absence or
presence of Mn(III) TPPS 8 at both distances has been studied
(Fig. 14c). The excited singlet state of the base porphyrin was
produced with 200 fs pulses at 420 nm, and its decay profile was
measured over time. Experiments conducted in the absence of 8
or at the extreme distance (1 nm) in the presence of 8 showed little
difference in the decay profile (Fig. 14c, plots (i)–(iii)). With 8 at a
distance of 0.5 nm, however, the decay rate increased, leading to a
decay time of 0.16 ns (Fig. 14c).38


The mechanism of quenching is thought to be energy transfer,
which is expected in non-organised, aqueous systems, though more
detail is not forthcoming.39


Molecular sorting in yoctowells


Silica particles bearing a 4% yoctowell coverage of on the surface
and comprising amphiphilic walls of three different heights
(6, 10, and 15 Å) have been prepared to investigate solvent


and sorting effects.34,35,38,39 For example, manganese(III) tetra(2-
methylpyridinium)porphyrinate 10, with an external diameter of
3.6 Å, doesn’t exhibit quenching phenomena in chloroform–
ethanol solution (5 : 1 v/v) because this diameter is larger than
the diagonal of the yoctowell (2.4 nm) (for similar results on
gold see Fig. 10b). Titrations with size-complementary porphyrins
10a, 12 or 12a (in water) or 12b (in chloroform) on the other
hand, caused time-dependent quenching of the base porphyrin’s
fluorescence (Fig. 15b). The half-life of this quenching process
was extremely long (∼103 s), indicating the stability of the well-
filled ensemble in water, ethanol, and chloroform solutions. The
observed slowness of diffusion (and hence the quenching effect)
is presumably dominated by interactions of the porphyrin and
solvent with amphiphilic walls, the former finally sticking on the
walls by van der Waals interactions. Desorption is exceedingly
slow, because of desolvation about the polyether portion of the
bolamphiphile (Fig. 15a).39


An advantage of the observed slow, and somewhat irreversible,
adsorption process is the ability to develop a procedure for the
“sorting” of porphyrin stacks within the yoctowells (Fig. 15c)


Fig. 15 (a) Schematic of the yoctowell showing hydrophilic (blue) and hydrophobic (cream) sections of the bola, (b) Schematic of the stacking of the
three porphyrins 6b, 10b, and 11 (A, B, and C, respectively) in a 2 nm yoctowell. (b) Quenching of the base porphyrin’s fluorescence by the addition of
10a and 12 applied in water or ethanol, and 10b applied in chloroform. (d) Structures of the porphyrins used in these studies.
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in a desired fashion, e.g. A··B··C or A··C··B. For example, the
chloroform-soluble meso-tetraphenyl-2,3-dihydroxychlorin (11,
designated B) was deposited within the wells already containing
the base porphyrin (6b, designated A) (A). After filtering the silica
particles through a 100 nm steel frit in combination with a 200 nm
pore filter, manganese(III) porphyrinate (10a, designated C) was
then added, and the particles centrifuged. All three components
were then detectable by UV/vis spectroscopy in the expected ratio
of 1 : 1 : 1, or by electrochemical methods. The procedure was
also inverted: first manganese porphyrinate 10a (desigated B), and
then chlorin 11 (designated C) were added as shown in Fig. 15b.39,40


This is, to the best of our knowledge, the only method to produce
isolated and defined stacks of three or four different molecules at
a defined distance in linear order, and opens the possibility for
the introduction of all sorts of redox-active or -inactive groups
between the porphyrin–porphyrin–chlorin or chlorin–porphyrin–
chlorin heterotrimers.


Characterisation of immobile solutes by NMR and IR techniques


One of the most interesting properties exhibited by the yoctowells
on silica or gold is their ability to entrap specific solutes from
dilute (0.1 M) aqueous solutions.33,34,38 A range of techniques are
open to use, including 14C-radioactivity and solid-state 13C-NMR
spectroscopy to determine the extent of capture (and subsequent
release), and IR, 1H NMR and 2H NMR techniques, which also
yield information on the types of water environments possible as a
result of anisotropic effects of the base porphyrin. As an example
of capture and release, a 0.1 M tyrosine solution prepared in
aqueous NaOH (pH = 10.5) and mixed with commercial radioac-
tive 14C-tyrosine (Amersham, 86 MBq mg−1) leads to the rapid
uptake of radiolabeled tyrosine into the yoctowell. The ensemble
is believed to be stabilised by hydrophobic interactions between
the tyrosines and the yoctowell walls, as well as intramolecularly.
Further stabilisation is gained by curious water dimers which
are also immobilised within the well (Fig. 16a). The immobility
of these interconnected molecules is the assumed reason for the
formation and entrapment of the nanocrystallites. The nanocrystal
model, which requires specific conformational constraints, agrees
with the estimated 35 ± 10 molecules within each 8 nm3 yoctowell.
The kinetics of the tyrosine release from the loaded surface into the
bulk water volume was then measured (Fig. 16b). About 90% of the
total radioactivity was released from the surface within three days,
the remaining 10% being retained as entrapped tyrosine. The
release of this final 10% was followed further. Extrapolation of
the results indicated complete release after a period of about
3 years!41 Similar experiments with 0.1 M solutions of 12C-tyrosine
in D2O could be monitored by IR spectroscopy. In particular, a
strong, narrow and diagnostic D2O signal at 2721 cm−1 was found,
indicative of the presence of D2O-dimers within the yoctowell.42,43


Displacement of the included water and tyrosine molecules was
shown to be possible by the addition of viologen through a
molecular stirring process.


Replacing the bola with glycol and peptide walls


The hydrophobic yoctowells act, in general, as size-selective kinetic
traps for various solutes in water and provide a unique means
to study water-soluble molecules in confined systems. But what


Fig. 16 (a) Schematic illustrating the organisation of 20 tyrosine
molecules (represented by yellow blocks) onto the yoctowell walls and
16 more within the ca. 8 yL volume. Water dimers (shown in blue) which
orientate at the amino acid end are also given. (b) Release of tyrosine from
yoctowells from day 4 to 17.


about the reverse case, that is yoctowells containing hydrophilic
walls? One such example replaces the hydrophobic oligomethylene
walls with functional walls of tetraethyleneglycol (TEG, 13;
Fig. 17a), which resembles a three-dimensional crown ether,38,41,44


or diglycinyl triamide (14; Fig. 17c).44 The form and stability of the
new wells was demonstrated again by size-selective fluorescence
quenching experiments using porphyrins 8 and 12, porphyrin 8
being too large to fit in the yoctowell.


The new hydrophilic TEG yoctowells (Fig. 17a), bearing a
similarity to crown ethers, tightly bind oligoamines (e.g. sper-
mine, polylysine, and the rigid tricyclic tetraamine tobramycin)
at around physiological pH (Fig. 17b). Titration of the filled
yoctowell with naphthoquinone 2-sulfonate 15 failed to displace
the oligoamines, suggesting binding constants in the order of
>103 M−1 in water or ethanol. This differed substantially from the
hydrophobic yoctowells containing only flexible TEG headgroups
on the outer surface (e.g. 7a, 7b); neither spermine, polylysine nor
tobramycin had any measurable blocking effect in water at the
concentrations which were used with the hydrophilic well (13).44


The use of diglycinyl triamide bola 14 allowed the testing of
amide hydrogen bonding as a stabilising feature of yoctowell
inclusion. Addition of the triglycine derivative of fluorescein 16 as
a guest molecule (Fig. 17c and d) displaced the naphthoquinone
15, restoring the base porphyrin fluorescence, leading to con-
comitant fluorescence quenching of the fluorescein moiety. This
arrangement allowed, for the first time, counting of the number
of entrapped molecules in each well by fluorescence comparisons
of the base porphyrin and the guest 16. Comparisons consistently
pointed to a fluorescein:porphyrin molecular ratio of 2 : 1 and a
binding constant K >1013 M−2 for inclusion into the well.44
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Fig. 17 Schematics showing: (a) a yoctowell made up of TEG bolas 13 and including a fluorophore 15 that induces quenching of the base porphyrin’s
fluorescence; (b) blocking of 15 by spermin, polylysine and tobramycin (all symbolised by the green sphere); (c) a yoctowell made up of diglycinyl
triamide bola 14; (d) that binding of triglycine derivative 16 of fluorescein as a guest molecule impedes base porphyrin quenching, but leads to fluorescein
quenching.


8. Conclusions and perspectives


Yoctowells bearing a variety of side walls were precisely con-
structed through two-step self-assembly of a porphyrin and
a diamido bolaamphiphile on gold plates, gold particles and
aminated silica particles. The nature of the gaps and their size-
exclusivity properties as confirmed by fluorescence quenching
experiments indicate their well-defined nature, the propensity for
structure–function relationships, and indeed the dimensions of the
gaps consistent with a volume of a few yoctolitres (1 yL = 10−24 L).


The most characteristic property lies in the inclusion phenom-
ena they exhibit—from the formation of well-filling “nanocrys-
tals” in dilute (10−1 M) aqueous solutions such as cellobiose or
tyrosine to the molecular sorting exhibited by three different com-
ponents. Yoctowells are easy to prepare and can have hydrophobic
as well as hydrophilic side walls, providing simple models of bio-
logical systems. Some significant experimental opportunities have
thus been established with yoctowells, which are not accessible
with the zeolite pores and dye-loaded multilayers mentioned in


the introduction, with vesicular and micellar45 assemblies or with
printed attolitre containers.46 The apparently non-swelling walls
of the yoctowells allow for dissolution of molecules exclusively in
the entrapped water, ethanol, or chloroform volumes. The use of
porphyrins as the base by which the yoctowell is templated allows
both electrochemical and photophysical handles with which to
study inclusion phenomena. Modification of the wall properties
(hydrophobic to hydrophilic etc.) within the yoctowells with
oligomethylene or triglycinyl yoctowells allow new phenomena
with biological implications or biological mimicry to be inves-
tigated. For example, the phenomenon of “irreversible kinetic
trapping” of amphiphiles within the hydrophobic yoctowells may
help to provide an understanding of the detachment of steroidal
hormones from the carrier systems in blood by glycoproteins
on membrane surfaces. Future directions for these yoctowell
models may be related to the recognition process between steroid
hormones and branched oligoglycosides on the surface of biolog-
ical membranes, and further monomolecular distance-dependent
electron transfer may be achievable. Whatever the approach, it is
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clear that yoctowells like the ones described herein provide new
opportunities in biology, materials science and medicine.


Acknowledgements


SVB has particular pleasure in expressing his thanks to his PhD
supervisor Professor J. H. Fuhrhop (Freie Universität Berlin,
Germany) and his colleagues for their contributions in developing
this stimulating area of research. We wish to thank the School
of Chemistry, Monash University, Clayton, for their support and
facilities.


References


1 J.-M. Lehn, Acc. Chem. Res., 1978, 11, 49–57.
2 J.-M. Lehn, Supramolecular Chemistry: Concepts and Perspectives,


Wiley-VCH, Weinheim, 1995.
3 J. W. Steed and J. L. Atwood, Supramolecular Chemistry, Wiley & Sons,


Chichester, 2000.
4 G. M. Whitesides, J. P. Mathias and C. Seto, Science, 1991, 254, 1312–


1319.
5 J. H. Fuhrhop and C. Endisch, Molecular and Supramolecular Chem-


istry of Natural Products and Model Compounds, Marcel Dekker, New
York, 2000.


6 J. A. Adams, Biochemistry, 2003, 42, 601–607.
7 D. A. Doyle, J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gulbis, S. L.


Cohen, B. T. Chait and R. Mackinnon, Science, 1998, 280, 69–71.
8 D. Mauzerall and F. T. Hong, in Porphyrins and Metalloporphyrins.


Photochemistry of Porphyrins in Membranes and Photosynthesis, ed.
K. Smith, Elsevier, Amsterdam, The Netherlands, 1975, p. 707.


9 J. Deisenhofer, O. Epp, K. Miki, R. Huber and H. Michel, Nature,
1985, 318, 618–624.


10 G. Steinberg-Yfrach, P. A. Liddell, S.-C. Hung, A. L. Moore, D. Gust
and T. A. Moore, Nature, 1997, 385, 239–241.


11 S. Bhosale, A. L. Sission, P. Talukdar, A. Furstenberg, N. Banerji, E.
Vauthey, G. Bollot, J. Mareda, C. Roger, F. Würthner, N. Sakai and S.
Matile, Science, 2006, 313, 84–86.


12 A. N. Khlobystov, D. A. Britz and G. A. D. Briggs, Acc. Chem. Res.,
2005, 38, 901–909.


13 C. Minkowski and G. Calzaferri, Angew. Chem., 2005, 117, 5459–5463.
14 J. N. Israelachvili, P. M. McGuiggan and A. M. Homola, Science, 1988,


240, 189–191.
15 N. Desbiens, I. Demachy, A. H. Fuchs, H. Kirsch-Rodeschini, M.


Soulard and J. Patarin, Angew. Chem., Int. Ed., 2005, 44, 5310–5313.
16 M. Kang, S. Yu, N. Li and C. R. Martin, Small, 2004, 1, 69–71; F.


Buyukserin, M. Kang and C. R. Martin, Small, 2007, 3, 106–110.
17 J. E. Barton and T. W. Odom, Nano Lett., 2004, 4, 1525–1528.
18 E. E. Polymeropoulos and J. Sagiv, J. Chem. Phys., 1978, 69, 1836–1847.
19 J. Sagiv, J. Am. Chem. Soc., 1980, 102, 92–98.


20 J.-H. Fuhrhop, T. Bedurke, M. Gnade, J. Schneider and K. Doblhofer,
Langmuir, 1997, 13, 455–459.


21 C. T. Mallon, R. J. Forster, A. McNally, E. Campagnoli, Z. Pikramenou
and T. E. Keyes, Langmuir, 2007, 23, 6997–7002.


22 J. H. Fuhrhop and T. Wang, Chem. Rev., 2004, 104, 2901–2038.
23 M. L. Chaninye, X. Chem, R. E. Hotmlin, H. Jacobs, H. Skulason,


C. D. Frisbie, V. Mujica, M. A. Ratner and G. M. Whitesides, J. Am.
Chem. Soc., 2002, 124, 11730–11736.


24 H. Imahori, H. Norieda, Y. Nishimura, I. Yamazaki, K. Higuchi, N.
Kato, T. Motohiro, H. Yamada, K. Tamaki, M. Arimura and Y. Sakata,
J. Phys. Chem. B, 2000, 104, 1253–1260.


25 Z. Liu, A. A. Yasseri, J. S. Lindsey and D. F. Bocian, Science, 2003,
302, 1543–1545.


26 H. Imahori, K. Mitamura, T. Umeyama, K. Hosomizu, Y. Matano, K.
Yoshida and S. Isoda, Chem. Commun., 2006, 406–408.


27 J. Jiao, P. Thamyongkit, I. Schmidt, J. S. Lindsey and D. F. Bocian,
J. Phys. Chem. C, 2007, 111, 12693–12704.


28 J. Schneider, C. Messerschmidt, A. Schulz, M. Gnade, B. Schade, P.
Luger, P. Bombicz, V. Hubert and J.-H. Fuhrhop, Langmuir, 2000, 16,
8575–8584.


29 W. Fudickar, J. Zimmermann, L. Ruhlmann, J. Schneider, B. Roeder,
U. Siggel and J.-H. Fuhrhop, J. Am. Chem. Soc., 1999, 121, 9529–9545.


30 R. R. Naujok, R. V. Duevel and R. M. Corn, Langmuir, 1993, 9, 1771–
1774.


31 H. Kuhn, Naturwissenschaften, 1967, 54, 429–435.
32 M. Skupin, G. Li, W. Fudickar, J. Zimmermann, B. Roder and J.-H.


Fuhrhop, J. Am. Chem. Soc., 2001, 123, 3454–3461.
33 G. Li, K. Doblhofer and J.-H. Fuhrhop, Angew. Chem., 2002, 114,


2855–2859, (Angew. Chem., Int. Ed., 2002, 41, 2730–2734).
34 G. Li and J.-H. Fuhrhop, Langmuir, 2002, 18, 7740–7747.
35 C. S. Weisbecker, M. V. Merritt and G. M. Whitesides, Langmuir, 1996,


12, 3763–3772.
36 A. van Blaaderen and J. Vrij, J. Colloid Interface Sci., 1993, 156, 1–12.
37 Z. Dai, L. Dahne, E. Donath and H. Mohwald, Langmuir, 2002, 18,


4553–4555.
38 G. Li, Sh. V. Bhosale, T. Wang, S. Hackbarth, B. Roeder, U. Siggel and


J.-H. Fuhrhop, J. Am. Chem. Soc., 2003, 125, 10693–10702.
39 Sh. V. Bhosale, S. Bhosale, T. Wang, G. Li, U. Siggel and J.-H. Fuhrhop,


J. Am. Chem. Soc., 2004, 125, 13111–13118.
40 K. Ono, M. Yoshizawa, T. Kato, K. Watanabe and M. Fujita, Angew.


Chem., Int. Ed., 2007, 46, 1803–1806.
41 Sh. Bhosale, G. Li, F. Li, T. Wang, R. Ludwig, T. Emmler, G.


Buntkowsky and J.-H. Fuhrhop, Chem. Commun., 2005, 3559–3561.
42 F. Huisken, M. Kaloudis and A. Kulcke, J. Chem. Phys., 1996, 104,


17–25.
43 A. J. Tursi and E. R. Nixon, J. Chem. Phys., 1970, 52, 1521–1528.
44 S. Bhosale, Sh. Bhosale, T. Wang, M. Kopaczynska and J.-H. Fuhrhop,


J. Am. Chem. Soc., 2006, 128, 2156–2157.
45 J.-H. Fuhrhop and J. Koening, Molecular Assemblies and Membranes,


ed. J. F. Stoddart, The Royal Society of Chemistry, London, UK, 1994,
pp. 1–227.


46 T. Wang, Sh. Bhosale, Si. Bhosale, G. Li and J.-H. Fuhrhop, Acc. Chem.
Res., 2006, 39, 498–508.


3744 | Org. Biomol. Chem., 2007, 5, 3733–3744 This journal is © The Royal Society of Chemistry 2007








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


A versatile strategy for the synthesis of N-linked glycoamino acids from
glycals†‡


Vipin Kumar and Namakkal G. Ramesh*


Received 20th August 2007, Accepted 2nd October 2007
First published as an Advance Article on the web 19th October 2007
DOI: 10.1039/b712841j


A versatile route for the synthesis of N-linked glycoamino acids from readily available glycals is
reported. A variety of glycals possessing different carbohydrate templates (mono-, di- and trisaccharide
glycals) were shown to undergo a novel iodine catalyzed stereoselective diamination reaction with
chloramine-T. Taking advantage of the difference in the reactivity between the anomeric and C2
sulfonamido groups of these diamines 7, 13, 15, 17 and 19, they could be protected differentially at the
C2 and anomeric nitrogen atoms. Thus, chemoselective acetylation of these diamines installed the C2
acetamido group, an essential functionality that plays a crucial role in inducing a b-turn in N-linked
glycoproteins. Subsequent protection of the anomeric nitrogens of 20a,b,e as their Alloc
(allyloxycarbonyl) derivatives followed by SmI2 mediated facile didetosylation afforded 24a–c.
Deprotection of the Alloc group of 24a and 24c and coupling of the liberated free amine with a variety
of protected amino acids provided N-linked glycoamino acids 25 and 27 in high yields. An illustrative
synthesis of an N-linked glycopeptide 29 is also reported.


Introduction
It has now been well recognized that protein-glycosylation, which
is the most complex post-translational modification of proteins, is
key to many biological processes such as cell–cell recognition,
cell adhesion, cellular differentiation etc.1–4 Significantly, it is
the carbohydrate moiety in a glycoprotein that plays a crucial
role in protein-folding and transport, inhibiting their proteolysis
and improving the biological half-life of proteins.1–4 Protein
glycosylation has also been implicated in various physiological
processes including bacterial and viral infection, and hence
understanding their structure, stereochemistry and binding ability
would enable the development of carbohydrate based therapeutics.
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Fig. 1 Examples of an N-linked glycoprotein containing the pentasaccharide core 1 and a 2-amino-b-glycosylamine 2.


However, a major hurdle in this direction is the existence of
glycoproteins as a heterogeneous mixture of glycoforms and hence
isolation of pure homogeneous glycoproteins/glycopeptides from
natural sources has become a formidable task. As a consequence,
presently, synthesis (both chemical and enzymatic) of glycopro-
teins/glycopeptides with a tailored glycosylation pattern seems
to be the only solution to obtain well-defined homogeneous
materials.4–6 N-Linked glycoproteins 1 (Fig. 1), one among the two
forms of protein glycosidation that are naturally found, typically
possess a core pentasaccharide moiety which is always bound
to the side chain of an asparagine amino acid of the protein
moiety via an N-glycosidic linkage. It has also been established
that the acetamido group at C2 position and the anomeric b-
stereochemistry of 1 are decisive in ensuring a well-defined b-turn
in the peptide backbone of N-linked glycoproteins.7


N-Linked glycopeptides can be readily accessed through a solid
phase peptide synthesis where pre-formed glycosyl amino acid
building blocks are employed in a step-wise assembly of peptides.6,8


While this process provides the opportunity for automated syn-
thesis, non-availability of glycosyl amino acid building blocks with
complex oligosaccharide side chains, however, is often a matter of
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concern in this strategy. A convergent approach in which a complex
oligosaccharide is directly coupled to a peptide through the
anomeric nitrogen provides a very flexible alternative to the former
strategy.9–11 2-Amino-b-glycosylamines, such as 2 (Fig. 1), serve as
the basic carbohydrate building blocks in the convergent synthesis
of N-linked glycoproteins/glycopeptides. Literature strategies for
the synthesis of 2-amino-b-glycosylamines such as Kochetkov’s
amination and its modification,12,13 reduction of 2-acetamido
glycosyl azides,10,14 reductive cyclization of d-hydroxynitriles15 all
rely on the extensive synthetic modifications of D-glucosamine (2-
amino-2-deoxy glucose) or its derivatives by way of introducing
the second amino functionality at the anomeric position. While
2-amino derivatives of monosaccharides are easily accessible, it
is not the case with complex oligosaccharides. Since glycals of
mono-, di-, tri- and oligosaccharides are readily available and/or
easily prepared, strategies that introduce two amino functionalities
on to the double bond of a glycal moiety have significant
synthetic advantages. Notable among them are (a) Danishefsky’s
iodosulfonamidation followed by azidation;16 (b) Finney’s dipolar
cycloaddition–photochemical reaction;17 (c) Nicolaou’s synthesis
of 2-azido mannosylamine using Burgess reagent;18 one-pot
synthesis of 2-acetamido glycosyl azides by Gin;19 (e) Mn(OAc)3


catalyzed direct diazidation of glycals.20 Some of these protocols
suffer from drawbacks such as protecting group intolerance,
lack of substrate-generality and stereoselectivity, need for special
reaction conditions and use of hazardous chemicals such as azides.
Recently, we have briefly communicated our research work on a
facile and mild one-pot stereoselective diamination of a variety
of glycals using chloramine-T in presence of iodine as a catalyst
and demonstrated the synthetic scope of these diamines with
an illustrative synthesis of an N-linked glycoamino acid 25a.21


Subsequently, we have explored the efficacy of our methodology
and successfully realized the stereoselective synthesis of a variety
of N-linked glycoamino acids including glycosylasparagines in
high yields. We have also extended this methodology for a facile
synthesis of N-Ala-Asp linked glycopeptide. We herein describe
a full account of our research findings along with a plausible
mechanism for one-pot diamination of glycals.


Results and discussion


Glycal aziridines such as 4 are highly unstable due to the presence
of the ring oxygen atom and are opened up immediately in
the presence of a nucleophile.17,22 Our quest for a simple and
general synthesis of 2-amino-b-glycosylamines prompted us to
take advantage of their instability and hence, we expected that
under suitable aziridination conditions and in the presence of
an appropriate nitrogen source, the unstable glycal aziridines
obtained from glycals 3 could be opened up, in a domino
process, by the nucleophilic amino reagent itself, to afford 2-
amino glycosylamines such as 5, directly in one-pot (Fig. 2).
After extensive experimentation, we successfully realized our


Fig. 2 Retro-synthetic route for diamination of glycals.


hypothesis, when we treated tri-O-acetyl-D-glucal 6a with 15 mol%
of iodine and 2.3 eq. of chloramine-T.23–25 The expected diamine
7a was obtained in 69% yield as a single diastereomer having
the same stereochemistry (b-D-gluco configuration) as in naturally
occurring N-linked glycoproteins (Scheme 1). The stereochemistry
of 7a was established from detailed 1H-NMR studies.21


Scheme 1 Iodine catalyzed reaction of chloramine-T with tri-O-acetyl-
D-glucal 6a. Reagents and conditions: (i) chloramine-T (2.3 eq.), I2


(15 mol%), CH3CN, 0 ◦C, 14 h, 69%.


A plausible mechanism for the formation of 7a from 6a is
depicted in Fig. 3. Electrophilic attack of iodine (from the iodine–
chloramine-T complex 8)23 on to the double bond of 6a, exclusively
from the b-face, might provide the iodonium ion 9. Anionic
opening of the iodonium ion by the nucleophilic nitrogen atom
would then lead to intermediate 10, in which the C2 iodo and
anomeric N-chloro sulfonamido groups are properly oriented
(anti-periplanar) for an aziridine formation 11, which in fact
would very readily be facilitated by the iodide ion present in the
medium. SN2 type anionic ring opening of the aziridine 11 by
another molecule of chloramine-T from the b-face would then
afford the diamine 7a. Alternatively, opening of the aziridine ring
of 11 by the lone pair of electrons on the ring oxygen atom to
afford an oxocarbenium ion followed by nucleophilic attack by
another molecule of chloramine-T from the b-face would also
afford 7a. The iodine monochloride (ICl) generated during this
reaction would serve as a further source of iodonium ion and hence
only a catalytic amount of iodine is required for the reaction. This
was further supported from the fact that this reaction also works
well with stoichiometric amount ICl.


Success of our initial results prompted us to investigate the
diamination reaction with a variety of glycals possessing different
carbohydrate templates. As can be seen from Table 1, in all the
cases, the reaction proceeded smoothly affording the correspond-
ing diamines in good to moderate yields. The synthetic advantages
of our methodology are: (i) while the literature methodologies of
introducing two nitrogen functionalities onto the double bond
of glycals are protecting group specific, this reaction does not
depend on the nature of the protecting group and works well
with both ester as well as ether protected substrates (entries
1–8); (ii) the reaction conditions are mild and do not require
special experimentation; (iii) reagents are easily available and non-
hazardous; (iv) the reaction can be performed on a large scale
without loss in yield. Synthetically more rewarding is the facile
transformation of disaccharide glycals 14a–b,26 1626 and even a
trisaccharide glycal 1826 to their corresponding disulfonamides in
high yields. Among the various carbohydrates used, the maximum
yield (79%) obtained from the diamination of the complex
trisaccharide glycal 18 deserves special mention.


In general, while these disulfonamides should prove to be
versatile synthetic intermediates in carbohydrate chemistry, their
transformation into C2-acetamido-b-glycosylamines, such as 22
(or their stable equivalents), provides the vital glycodomain
for the convergent synthesis of N-linked glycoamino acids and
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Fig. 3 Proposed mechanism for one-pot diamination of glycals.
Table 1 Iodine catalyzed one-pot disulfonamidation of glycals with chloramine-Ta


Entry Starting material Product Time/h Yield (%)b


1 6a: R = Ac, R1 = OAc, R2 = H 7a 14 69
2 6b: R = Bn, R1 = OBn, R2 = H 7b 13 57
3 6c: R = Me, R1 = OMe, R2 = H 7c 13 60
4 6d: R = Ac, R1 = H, R2 = OAc 7d 72c 38d


5 12a: R = Ace 13a 14 63
6 12b: R = Mee 13b 14 60


7 14a: R = Acf 15a 96 65g


8 14b: R = Bnf 15b 96 51g ,h


9 16f 17 96 71g


10 18f 19 100 79g


a Unless otherwise mentioned, all the reactions were performed at 0 ◦C using 2.3 eq. of chloramine-T and 15 mol% of iodine in acetonitrile. b Isolated
yield after column chromatography. c The reaction was incomplete. d Yield based on recovered starting material; isolated yield 21%. e For the synthesis
of glycals 12 see ref. 27. f For the synthesis of glycals 14, 16 and 18 see ref. 26. g 3.0 eq. of chloramine-T and 20 mol% of iodine were used. h Mixture of
diastereomers, at 0 ◦C dr was ∼1 : 1 and at −10 ◦C dr was ∼ 4 : 1.
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N-linked glycopeptides. For instance, synthesis of 22a from 7a
requires incorporation of an acetyl group exclusively at the C2
nitrogen followed by didetosylation. When acetylation of 7a was
attempted using acetic anhydride (2 eq.) in presence of DMAP
(1 eq.) and pyridine, we were pleasantly surprised to note that
acetylation occurred chemoselectively at C2 nitrogen to afford
monoacetylated compound 20a in 84% yield (Scheme 2) and the
anomeric nitrogen remained unaffected even with an excess of
acetic anhydride (up to 5 eq.) and prolonged reaction time. This
was confirmed from the splitting pattern of the H-2 proton in
the 1H-NMR spectrum of the product obtained which resonated
at d 4.29 as triplet with J = 9.0 Hz due to its coupling with
H-1 and H-3. Also, its splitting pattern remained unchanged
on exchange with D2O. On the other hand, the H-2 proton of
starting diamine 7a appeared at d 3.40 as quartet with J =
9.0 Hz due to its coupling with H-1, H-3 and NH protons.
Even though it may be rationalized that the selective acetylation
is due to poor nucleophilicity of the anomeric nitrogen (as
compared to the C2 nitrogen) dictated by the electron withdrawing
ring oxygen atom, to our knowledge such a selectivity has no
precedence. Further, this selective acetylation assumes enormous
synthetic significance since an acetamido group at C2 position is
an essential functionality of N-linked glycopeptides.7 A variety
of other disulfonamides 7b–c, 13a and 17 also underwent this
selective acetylation to afford the corresponding products 20b–e
in very high yields (Scheme 2)


Scheme 2 Chemoselective acetylation of disulfonamides. Reagents and
conditions: (i) Ac2O (2 eq.), DMAP (1 eq.), pyridine, rt, 24 h.


In order to obtain the C2-acetamido-b-glycosylamines 22,
the carbohydrate moieties for N-linked glycoamino acids and
N-linked glycopeptides, didetosylation of compounds 20 was
necessary and since they were found to be extremely sensitive to
common acidic or basic desulfonating reagents, judicial choice of
the reagent was very crucial. Attempted detosylation of 20a and
20b with SmI2 (a mild reagent) in presence of water or HMPA
as a co-solvent,28 afforded 21a and 21b respectively wherein the
tertiary sulfonamide group at C2 was deprotected while leaving
the anomeric sulfonamide group intact (Scheme 3). Subsequent
attempts to detosylate 21a and 21b using a large excess of the
reagent or step-wise detosylation of 20a and 20b to obtain 22a
and 22b were in vain. Consequently, it appeared that protection of
the anomeric nitrogen of 20 before detosylation was essential.
After several unsuccessful attempts with various reagents, we
were finally able to protect the anomeric nitrogen of 20 as their
carbamates. Thus, a variety of carbamates 23a–e were prepared by
treating compounds 20a,b,e with 4 eq. of alkoxycarbonyl chloride
in presence of DMAP and Et3N (Table 2).


Scheme 3 Attempted synthesis of C2-acetamido glycosylamines.
Reagents and conditions: (i) SmI2 (8.5 eq.), H2O (50 eq.), rt, THF; (ii) SmI2


(5–8.5 eq.), HMPA (23–46 eq.), rt, THF; (iii) SmI2–DMPU.


On exposure to SmI2–water, these carbamates 23a–d underwent
a very facile didetosylation affording 24a–d in high yields (Table 2).
It was found that the carbamates of benzyl protected sugars
23b and 23d are quite unstable during purification by column
chromatography over silica gel, and hence were subjected to
didetosylation in the presence of SmI2–H2O without purification
to obtain 24b and 24d respectively in high yields. Unlike the
free glycosamines 22 that were reported to be unstable,11,13,29 the
carbamates 24a–d are quite stable with a long shelf life and thus
may serve as their stable synthetic equivalents. Since deprotection
of Alloc groups under very mild and neutral conditions is


Table 2 Synthesis of differentially protected 2-amino-b-glycosylamines


Entry Compd R R1 Product R2 Time/h Yielda (%) Compd Time/h Yielda (%)


1 20a Ac Ac 23a Allyl 9 79 24a 1 90
2 20b Bn Bn 23b Allyl 12 60b 24b 1 78
3 20e Ac 23c Allyl 12 75 24c 1 88


4 20b Bn Bn 23d Et 6 67b 24d 0.5 85
5 20a Ac Ac 23e Et 6 75 — — —c


a Isolated yield after column chromatography. b Crude yield, without isolation has been taken up to the next step. c Detosylation reaction not tried.
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well documented in literature,13,30 we preferentially attempted
the deprotection of Alloc derivatives 24a–c rather than the
ethoxycarbonyl derivative 24d. Thus, compound 24a was found
to undergo a facile deprotection with a catalytic amount of
Pd[(PPh3)]4 in presence of Et2NH to afford the free amine 22a
(vide TLC) which without isolation was successfully coupled
with Boc-glycine in presence of DCC and DMAP to obtain
the N-linked glycoamino acid 25a in 72% yield (for two steps)
(Scheme 4). Even though the coupling of incipient free amine 22a
with Boc-glycine proceeded smoothly, requirement of an excess
of the amino acid (1.5 eq.) posed a serious setback especially
during the synthesis of complex N-linked glycoamino acids using
expensive and/or synthetically precious amino acids. Later, we
have identified that use of HOBt as an auxiliary nucleophile in
place of DMAP circumvents this problem; the coupling reaction
could be efficiently realized with just equimolar amounts of the
amino acid and DCC. Using this procedure compound 25a was
obtained from 24a in almost the same yield as earlier (71% for
two steps) (Scheme 5). This two-step (one-pot) synthesis of N-
linked glycoamino acid from 24a was successful with a variety
of protected amino acids (Fmoc-alanine, Fmoc-valine and Fmoc-
leucine), the corresponding N-linked glycoamino acids 25b–d were
obtained in high yields (Scheme 5).


Scheme 4 Deprotection of 24a and in situ DCC–DMAP mediated cou-
pling with Boc-glycine. Reagents and conditions: (i) Pd(PPh3)4 (10 mol%),
Et2NH (10 eq.), rt, THF, 20 min; (ii) DCC (1.8 eq.), DMAP (1.5 eq.),
Boc-glycine (1.5 eq.), rt, CH3CN, 12 h.


Scheme 5 Deprotection of 24a and in situ DCC–HOBt mediated coupling
with protected amino acids. Reagents and conditions: (i) Pd(PPh3)4


(10 mol%), Et2NH (10 eq.), THF, 20 min; (ii) DCC (1 eq.), HOBt (1 eq.),
rt, CH3CN, 16 h.


Since all the naturally occurring N-linked glycoproteins possess
carbohydrates that are invariably N-linked to the side chain of
asparagine, we next attempted and succeeded in synthesizing
protected glycosylasparagines using the same strategy as above.
Thus, glucosylasparagine 27a was obtained in 75% yield from 24a
in two steps (Table 3) whose spectral data are identical with the
literature values.31–34 This also establishes that the anomeric b-
stereochemistry remained intact through out the entire synthetic
sequence. The methodology was also successfully extended to the
disaccharide derivative 24c to obtain the N-linked glycoamino
acids 27b and 27c in good yields (Table 3). It has been observed by
us that while with Boc-protected aspartic acid 26b, only a single
diastereomer 27b with b-anomeric stereochemistry was obtained,
Cbz-protected aspartic acid 26a afforded 27c as a mixture of
anomers in a ratio of 1 : 0.8.35 Lowering of temperature, however,
did not bring about any significant change in the anomeric
ratio.


Table 3 Synthesis of glycosylasparagines


Entry Reactant R1 Product R2 Yield (%)a (for two steps)


1 24a Ac 27a Cbz 75
2 24c 27b Boc 64


3 24c 27c Cbz 73b


a Isolated yield after column chromatography. b Mixture of diastereomers obtained with dr ∼ 1 : 0.8.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3847–3858 | 3851







The efficacy of our methodology was further demonstrated with
an illustrative synthesis of an N-linked glycopeptide 29. Thus,
Alloc deprotection of 24a followed by coupling of the liberated
free amine with Fmoc-Ala-Asp-OBn 28 afforded 29 in 55% yield
(Scheme 6). The success of the reaction clearly favors that the
methodology reported in this manuscript could be readily adapted
for the synthesis of more complex N-linked glycopeptides.


Scheme 6 Synthesis of an N-Ala-Asp linked glycopeptide 29. Reagents
and conditions: (i) Pd(PPh3)4 (10 mol%), Et2NH (10 eq.), THF, rt, 20 min;
(ii) 28 (1 eq.), DCC (1 eq.), HOBt (1 eq.), CH3CN, rt, 24 h.


Conclusions


In conclusion, we have developed a versatile strategy for the
synthesis of N-linked glycoamino acids from readily available
glycals with complete stereocontrol in all steps. Our methodology
describes an innovative but yet a simple way of obtaining
complex glycosylamines required for subsequent coupling with
amino acids/peptides. Synthesis of an N-linked glycopeptide 29
illustrates the accessibility of our methodology to such com-
pounds. The simplicity of the methodology coupled with the ready
availability of starting materials and stereoselectivity are likely to
contribute significantly to the research developments in the area
of glycobiology.


Experimental


General


All solvents were purified using standard procedures. Chloramine-
T purchased from Aldrich or Fluka Chemicals only was used
for consistency of results. Thin layer chromatography (TLC) was
performed on Merck silica gel pre-coated on aluminium plates.
Flash column chromatography was performed on 230–400 mesh
silica gel. Optical rotations were recorded on an Autopol II or
Autopol V (Rudolph Research Flanders, New Jersey) instrument.
All the rotations were measured at 589 nm (sodium D′ line).
Melting points of the compounds are uncorrected. IR spectra were
taken within the range 4000–400 cm−1 as KBr pellets on a Nicolet
(Madison, USA) FT-IR spectrophotometer (Model Protege 460).
All the 1H and 13C NMR spectra were recorded on a 300 M
Bruker Spectrospin DPX FT-NMR. Chemical shifts are reported
as d values (ppm) relative to internal standard Me4Si. Elemental
analyses were performed on a Perkin Elmer 2400 series II analyzer.
Mass spectra were recorded using Waters Micro Mass Q-TOF
instrument.


General procedure for diamination of glycals


To a 0 ◦C stirred suspension of glycal (1 eq.), chloramine-T
(2.3 eq.) in acetonitrile taken in a dried 100 mL round-bottomed
flask, was added a catalytic amount of iodine (15 mol%) and the


reaction mixture was allowed to stir at 0 ◦C until the reaction
was complete (as indicated by TLC). The reaction mixture was
diluted with CHCl3 and stirred for an additional 5 min. It was
then transferred into a separatory funnel containing aq. sodium
thiosulfate solution and shaken vigorously. The organic layer
was separated and the remaining aqueous layer was washed
with more CHCl3. The combined organic layer was washed with
brine solution and dried over anhydrous sodium sulfate and
concentrated. The product was purified by flash chromatography.


3,4,6-Tri-O-acetyl-1,2-dideoxy-1,2-di-(p-toluenesulfonamido)-b-
D-glucopyranose 7a. Compound 7a (7.76 g, 69%) was obtained
as a white solid from the reaction of tri-O-acetyl-D-glucal 6a
(5.00 g, 18.38 mmol) with chloramine-T (11.91 g, 42.27 mmol)
and iodine (0.701 g, 2.76 mmol) in CH3CN (50 mL) in 14 h as
per the general procedure. Flash chromatography of the crude
reaction mixture was performed with hexane : ethyl acetate
(2 : 1). Mp 191–192 ◦C (from hot benzene); [a]28


D +27.2 (c 1.12
in CHCl3) (Found: C, 50.97; H, 5.24; N, 4.78. C26H32N2O11S2


requires: C, 50.97; H, 5.26; N, 4.57%); vmax (KBr)/cm−1 3286,
2927, 1745, 1599, 1457, 1368, 1329, 1242, 1162, 1091, 1072, 1044;
dH (300 MHz, CDCl3) 7.82 (2 H, d, J 8.2), 7.71 (2 H, d, J 8.2),
7.32 (2 H, d, J 8.0), 7.29 (2 H, d, J 8.0), 6.35 (1 H, d, J 7.4, NH,
exchangeable with D2O), 5.34 (1 H, d, J 8.1, NH, exchangeable
with D2O), 4.97–4.87 (2 H, m), 4.67 (1 H, dd, J 8.7 and 7.8), 4.14
(1 H, dd, J 12.3 and 4.8), 3.96 (1 H, dd, J 12.3 and 1.8), 3.67–3.63
(1 H, m), 3.40 (1 H, q, J 9.0), 2.43 (3 H, s), 2.42 (3 H, s), 2.06
(3 H, s), 1.97 (3 H, s), 1.48 (3 H, s); dC (75 MHz, CDCl3) 171.1,
170.5, 169.4, 143.8, 143.6, 138.2, 137.6, 129.8, 129.4, 127.2, 127.1,
83.6, 72.9, 68.3, 61.7, 56.6, 21.4, 20.6, 20.5, 19.9.


3,4,6-Tri-O-benzyl-1,2-dideoxy-1,2-di-(p-toluenesulfonamido)-
b-D-glucopyranose 7b. Compound 7b (5.18 g, 57%) was obtained
as a white solid from the reaction of tri-O-benzyl-D-glucal 6b
(5.00 g, 12.02 mmol) with chloramine-T (7.79 g, 27.65 mmol) and
iodine (0.457 g, 1.80 mmol) in CH3CN (40 mL) in 13 h as per the
general procedure. Flash chromatography of the crude reaction
mixture was performed with hexane : ethyl acetate (3 : 1). Mp
124 ◦C (from hot benzene); [a]28


D +18.3 (c 2.29 in acetone) (Found:
C, 65.18; H, 5.79; N, 4.01. C41H44N2O8S2 requires: C, 65.06; H,
5.86; N, 3.70%); vmax (KBr)/cm−1 3266, 2869, 2362, 1456, 1327,
1160, 1090, 1063 cm−1; dH (300 MHz, CDCl3) 7.80 (2 H, d, J 8.1),
7.68 (2 H, d, J 8.1), 7.29–7.18 (13 H, m), 7.08 (2 H, d, J 8.1), 7.04–
6.98 (4 H, m), 6.21 (1 H, d, J 7.8, NH, exchangeable with D2O),
4.86 (1 H, d, J 7.7, NH, exchangeable with D2O), 4.63–4.58 (3 H,
m), 4.52 (1 H, d, J 11.4), 4.47–4.41 (2 H, m), 4.30 (1 H, d, J 12.1),
3.59 (2 H, dd, J 9.1 and 8.7), 3.43–3.38 (3 H, m), 3.30 (1 H, ddd, J
9.3, 8.7 and 8.4), 2.36 (3 H, s), 2.30 (3 H, s); dC (75 MHz, CDCl3)
143.8, 143.6, 139.2, 138.4, 138.2, 137.9, 130.0, 129.7, 129.3, 128.8,
128.7, 128.5, 128.1, 127.9, 127.5, 84.4, 82.5, 78.7, 76.6, 75.5, 75.0,
74.0, 68.7, 58.4, 21.9; HRMS (ESI): C41H44N2O8S2Na [M + Na]+


calcd: 779.2437, found 779.2439.


4-O-[2,3,4,6-Tetra-O-acetyl-(a-D-glucopyranosyl)]-3,6-di-O-acetyl-
1,2-dideoxy-1,2-di-(p-toluenesulfonamido)-b-D-glucopyranose 15a.
In this case 3 eq. of chloramine-T and 20 mol% iodine were
used. Compound 15a (1.00 g, 65%) was obtained as a white
solid from the reaction of hexa-O-acetyl-D-maltal 14a26 (1.00 g,
1.79 mmol) with chloramine-T (1.50 g, 5.34 mmol) and iodine
(0.09 g, 0.36 mmol) in CH3CN (6 mL) in 96 h as per the general
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procedure. Flash chromatography of the crude reaction mixture
was performed with hexane : ethyl acetate (1 : 1). Mp 168 ◦C (from
hot benzene); [a]28


D +68.1 (c 0.52, CHCl3); vmax (KBr)/cm−1 3297,
2926, 1749, 1457, 1333, 1234, 1163, 1088, 1046; dH (300 MHz,
CDCl3) 7.80 (2 H, d, J 7.8), 7.72 (2 H, t, J 7.8), 7.30 (4 H, m),
6.19 (1 H, d, J 7.5, NH, exchangeable with D2O), 5.30–5.25 (2 H,
m), 5.05–4.94 (3 H, m), 4.82 (1 H, dd, J 10.2 and 3.6), 4.63 (1 H,
t, J 8.5), 4.26–4.00 (4 H, m), 3.89–3.81 (2 H, m), 3.60 (1 H, d, J
9.6), 3.38 (1 H, q, J 9.0), 2.43 (6 H, s), 2.10 (3 H, s), 2.08 (3 H,
s), 2.01 (3 H, s), 1.97 (6 H, s), 1.59 (3 H, s); dC (75 MHz, CDCl3)
171.5, 170.4, 170.3, 170.2, 169.8, 169.3, 143.9, 143.5, 138.1, 137.4,
129.8, 129.3, 127.1, 95.3, 83.4, 75.1, 73.3, 72.7, 69.8, 69.2, 68.3,
67.8, 62.5, 61.3, 57.0, 21.4, 20.6, 20.5, 20.4, 20.3; HRMS (ESI):
C38H49N2O19S2 [M + H]+ calcd: 901.2371, found 901.2374.


4-O-[2,3,4,6-Tetra-O-benzyl-(a-D-glucopyranosyl)]-3,6-di-O-benzyl-
1,2-dideoxy-1,2-di-(p-toluenesulfonamido)-b-D-glucopyranose 15b.
In this case 3 eq. of chloramine-T and 20 mol% iodine were
used. Compound 15b (0.098 g, 51%) was obtained as a white
solid from the reaction of hexa-O-benzyl-D-maltal 14a26 (0.138 g,
0.163 mmol) with chloramine-T (0.138 g, 0.489 mmol) and iodine
(0.008 g, 0.033 mmol) in CH3CN (3 mL) in 96 h as per the general
procedure. Flash chromatography of the crude reaction mixture
was performed with hexane : ethyl acetate (2 : 1). Diastereomeric
mixtures were obtained in dr = 1 : 1 at 0 ◦C and dr = 4 : 1 at
−10 ◦C. Mp 42 ◦C (from hot benzene) for diastereomeric mixture
4 : 1; [a]28


D +18.3 (c 0.92 in CHCl3) for diastereomeric mixture 4 : 1;
vmax (KBr)/cm−1 3281, 3032, 2917, 2867, 1454, 1331, 1159, 1085;
dH (300 MHz, CDCl3) 7.73 (2 H, d, J 8.3), 7.70 (2 H, d, J 8.3),
7.32–7.08 (34 H, m), 6.24 (1 H, d, J 9.2, NH, exchangeable with
D2O), 5.47 (1 H, d, J 8.6, NH, exchangeable with D2O), 4.89–4.23
(14 H, m), 3.92–3.87 (2 H, m), 3.76–3.28 (10 H, m), 2.35 (3 H, s),
2.28 (3 H, s) for major diastereomer; dC (75 MHz, CDCl3) 171.5,
143.8, 143.5, 138.9, 138.7, 138.5, 138.4, 138.0, 137.9, 137.6, 130.0,
129.6, 128.8, 128.7, 128.4, 128.2, 128.1, 128.0, 127.9, 127.7, 127.5,
97.7, 83.5, 82.5, 80.0, 77.8, 76.0, 75.4, 73.7, 73.6, 72.6, 72.5, 71.5,
69.8, 68.2, 56.7, 21.8, 21.7 for major diastereomer; HRMS (ESI):
C68H72N2O13S2Na [M + Na]+ calcd: 211.4374, found 1211.4384.


4-O-[2,3,4,6-Tetra-O-acetyl-(b-D-galactopyranosyl)]-3,6-di-O-
acetyl-1,2-dideoxy-1,2-di-(p-toluenesulfonamido)-b-D-glucopyranose
17. In this case 3 eq. of chloramine-T and 20 mol% of iodine
were used. Compound 17 (6.23 g, 71%) was obtained as a white
solid from the reaction of hexa-O-acetyl lactal 1626 (5.46 g,
9.75 mmol) with chloramine-T (8.24 g, 29.25 mmol) and iodine
(0.495 g, 1.95 mmol) in CH3CN (50 mL) in 96 h as per the general
procedure. Flash chromatography of the crude reaction mixture
was performed with hexane : ethyl acetate (1 : 1). Mp 107 ◦C
(from hot benzene); [a]28


D +17.7 (c 1.21 in CHCl3); vmax (KBr)/cm−1


3479, 3279, 2927, 1751, 1456, 1371, 1338, 1227, 1162, 1048; dH


(300 MHz, CDCl3) 7.80 (2 H, d, J 8.12), 7.71 (2 H, t, J 8.1),
7.34 (2 H, t, J 7.2), 7.30 (2 H, t, J 8.5), 6.36 (1 H, d, J 6.9, NH,
exchangeable with D2O), 5.32 (1 H, br s), 5.06–4.81 (4 H, m),
4.54 (1 H, dd, J 8.4 and 7.9), 4.37 (1 H, d, J 7.8), 4.33 (1 H, m),
4.11–3.92 (3 H, m), 3.82–3.80 (1 H, m), 3.65–3.56 (2 H, m), 3.35
(1 H, q, J 9.4), 2.44 (6 H, s), 2.11 (3 H, s), 2.10 (3 H, s), 2.04 (3 H,
s), 2.03 (3 H, s), 1.95 (3 H, s), 1.57 (3 H, s); dC (75 MHz, CDCl3)
171.3, 170.0, 169.1, 144.1, 143.6, 137.3, 129.9, 129.4, 127.2, 100.8,
83.7, 75.7, 73.9, 72.9, 70.8, 70.6, 69.0, 66.6, 61.7, 60.7, 60.7, 56.8,


21.5, 20.5, 20.2; HRMS (ESI): C38H48N2O19S2Na [M + Na]+


calcd: 923.2190, found 923.2173.


4-O-{[2,3,4,6-Tetra-O-acetyl-(a-D-glucopyranosyl)]-2,3,6-tri-O-
acetyl-(a-D-glucopyranosyl)}-1,2-dideoxy-1,2-di-(p-toluenesulfona-
mido)-b-D-glucopyranose 19. In this case 3 eq. of chloramine-T
and 20 mol% of iodine were used. Compound 19 (0.110 g, 79%)
was obtained as a white solid from the reaction of nona-O-acetyl
maltotrial 1826 (0.100 g, 0.118 mmol) with chloramine-T (0.100 g,
0.354 mmol) and iodine (0.006 g, 0.024 mmol) in CH3CN (50 mL)
in 100 h as per the general procedure. Flash chromatography of
the crude reaction mixture was performed with hexane : ethyl
acetate (1 : 1). Mp 108–110 ◦C (from CH2Cl2–hexane); [a]28


D +80.9
(c 0.46 in CHCl3); vmax (KBr)/cm−1 3483, 3283, 2959, 1752, 1448,
1375, 1337, 1232, 1162, 1039; dH (300 MHz, CDCl3) 7.80 (2 H, d,
J 7.8), 7.72 (2 H, d, J 7.6), 7.34–7.30 (4 H, m), 6.19 (1 H, d, J 7.5,
-NH exchangeable with D2O), 5.38–5.31 (3 H, m), 5.17–5.07 (2 H,
m), 5.04 (1 H, d, J 7.9, -NH exchangeable with D2O), 4.99–4.70
(3 H, m), 4.63 (1 H, t, J 8.2), 4.46 (1 H, d, J 12.2), 4.19–3.80 (9 H,
m), 3.65 (1 H, m), 3.36 (1 H, q, J 8.5), 2.44 (3 H, s), 2.43 (3 H, s),
2.14 (3 H, s), 2.10 (3 H, s), 2.03 (9 H, s), 2.00 (3 H, s), 1.98 (3 H,
s), 1.94 (3 H, s), 1.56 (3 H, s); dC (75 MHz, CDCl3) 171.6, 170.5,
170.3, 169.8, 169.6, 169.4, 144.1, 143.6, 138.0, 137.2, 129.9, 129.4,
127.2, 95.6, 95.5, 83.4, 75.2, 73.4, 73.3, 72.3, 71.6, 70.1, 70.0,
69.2, 68.9, 68.4, 67.8, 62.6, 62.0, 61.3, 56.9, 21.5, 20.7, 20.5, 20.4;
HRMS (ESI): C50H64N2O27S2Na [M + Na]+ calcd: 1211.3036
found 1211.3075.


General procedure for chemoselective acetylation of diamine at C2
nitrogen


To an ice cooled solution of a diamine (1 eq.) in pyridine were
added acetic anhydride (2 eq.) and DMAP (1 eq.) and the reaction
mixture was allowed to warm to room temperature and stirred for
24 h. The colour of the reaction mixture changed from colourless
to dark brown. It was then quenched with 10% HCl solution
and extracted with ethyl acetate and washed with water. The
organic layers were dried over sodium sulfate and concentrated.
The product was purified by flash chromatography.


2-N -Acetyl-3,4,6-tri-O-acetyl-1,2-dideoxy-1,2-di-(p-toluenesul-
fonamido)-b-D-glucopyranose 20a. Compound 20a (4.20 g, 84%)
was obtained as a white crystalline solid by the acetylation of
7a (4.68 g, 7.64 mmol) using Ac2O (1.44 mL, 15.28 mmol) and
DMAP (0.932 g, 7.64 mmol) in pyridine (8 mL) as per the general
procedure. Flash chromatography of the crude reaction mixture
was performed with hexane : ethyl acetate (2 : 1). Mp 121 ◦C (from
benzene–hexane); [a]28


D −23.2 (c 1.20 in CHCl3) (Found: C, 51.02;
H, 5.22; N, 3.90. C28H34N2O12S2 requires: C, 51.37; H, 5.23; N,
4.28%); vmax (KBr)/cm−1 3226, 2986, 2928, 1754, 1707, 1597, 1462,
1344, 1234, 1167, 1088, 1058; dH (300 MHz, CDCl3) 7.93 (2 H, d,
J 8.2), 7.77 (2 H, d, J 8.2), 7.40 (2 H, d, J 8.2), 7.28 (2 H, d, J
8.1), 5.80–5.71 (3 H, m), 4.99 (1 H, t, J 9.5), 4.29 (1 H, t, J 9.0),
4.09 (1 H, dd, J 12.3 and 4.3), 3.83 (1 H, dd, J 12.3 and 2.00),
3.73–3.68 (1 H, m), 2.45 (3 H, m), 2.42 (3 H, s), 2.07 (3 H, s), 2.04
(3 H, s), 1.98 (3 H, s), 1.79 (3 H, s); dC (75 MHz, CDCl3) 170.6,
170.5, 170.0, 169.4, 145.7, 143.7, 137.8, 135.8, 130.2, 129.4, 128.3,
127.3, 81.0, 73.1, 69.7, 69.0, 61.7, 60.9, 25.7, 21.6, 21.5, 20.6, 20.5,
20.4.
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4-O-[2,3,4,6-Tetra-O-acetyl-(b-D-galactopyranosyl)]-2-N-acetyl-
3,6-di-O-acetyl-1,2-dideoxy-1,2-di-(p-toluenesulfonamido)-b-D-gluco-
pyranose 20e. Compound 20e (2.82 g, 90%) was obtained
as a white solid by the reaction of 17 (3.00 g, 3.33 mmol)
using Ac2O (0.628 mL, 6.66 mmol) and DMAP (0.406 g,
3.33 mmol) in pyridine (6 mL) as per the general procedure. Flash
chromatography of the crude reaction mixture was performed
with hexane : ethyl acetate (1 : 1). Mp 90 ◦C (from CH2Cl2–
hexane); [a]28


D −12.3 (c 0.73 in CHCl3); vmax (KBr)/cm−1 3629,
3258, 2982, 1762, 1598, 1496, 1435, 1371, 1239, 1167, 1059; dH


(300 MHz, CDCl3) 7.94 (2 H, d, J 7.8), 7.75 (2 H, d, J 7.8), 7.40
(2 H, d, J 7.8), 7.27 (2 H, d, J 7.8), 5.76–5.69 (2 H, m), 5.51 (1 H,
d, J 10.3, NH, exchangeable with D2O), 5.33 (1 H, s), 5.06 (1 H,
dd, J 9.5 and 8.4), 4.92 (1 H, d, J 10.3), 4.44 (1 H, d, J 7.5),
4.20–3.94 (5 H, m), 3.86–3.67 (3 H, s), 2.46 (3 H, s), 2.43 (3 H, s),
2.13 (3 H, s), 2.07 (6 H, s), 2.05 (3 H, s), 2.02 (3 H, s), 1.95 (3 H,
s), 1.90 (3 H, s); dC (75 MHz, CDCl3) 170.4, 170.3, 170.0, 169.7,
168.8, 145.6, 143.6, 137.7, 135.7, 130.1, 129.3, 128.2, 127.2, 100.5,
80.8, 76.8, 73.8, 70.9, 70.5, 69.5, 68.9, 66.5, 61.8, 61.0, 60.7, 25.5,
21.5, 21.4, 20.6, 20.5; HRMS (ESI): C40H51N2O20S2 [M + H]+


calcd: 943.2477, found 943.2465.


General procedure for SmI2 mediated detosylation


Procedure A. Using SmI2 and HMPA: Powdered samarium
metal (5–10 eq.) was added to a flame dried 100 mL three-
necked round bottomed flask and further heated under an argon
atmosphere. After cooling under an argon atmosphere, dry THF
and CH2I2 (5–8.5 eq.) were added to it and the reaction flask was
sonicated at room temperature. A deep blue colour was obtained
in 5 minutes. After 20 min (1 h for large scale preparation), the
reaction flask was taken out and starting compound (1 eq.) was
added. No colour change was observed. After 5 minutes HMPA
(23–46 eq.) was added dropwise under an argon atmosphere and
the colour of the reaction mixture started fading and changed to
grey black. After 15 minutes a yellow-brown colour was obtained.
After completion of the reaction (as indicated by TLC), the
reaction mixture was quenched with saturated NH4Cl solution and
extracted with CHCl3. The combined organic layer was washed
with water and dried over sodium sulfate and concentrated. Flash
chromatography of the resulting residue provided corresponding
detosylated compound.


Procedure B. Using SmI2 and H2O: Powdered samarium metal
(5–20 eq.) was added to a flame dried 100 mL three-necked round
bottomed flask and further heated under an argon atmosphere.
After cooling under an argon atmosphere, dry THF and CH2I2


(5–20 eq.) were added to it and the reaction flask was sonicated
at room temperature. A deep blue colour was obtained in 5–
20 minutes. After 20 min (1 h for large scale preparation), the
reaction flask was taken out and starting compound (1 eq.) was
added. No colour change was observed. After 5 minutes H2O
(25–100 eq.) was added dropwise under an argon atmosphere and
the colour of the reaction mixture started fading and changed to
grey black. After 15 minutes a yellow-brown colour was obtained.
After 0.5–1 h the reaction was complete (as indicated by TLC). The
reaction mixture was quenched with saturated NH4Cl solution and
extracted with CHCl3. The combined organic layer was washed
by water and dried over sodium sulfate and concentrated. Flash


chromatography of the resulting residue provided corresponding
detosylated compound.


2-Acetamido-3,4,6-tri-O-acetyl-1,2-dideoxy-1-(p-toluenesulfo-
namido)-b-D-glucopyranose 21a. Procedure A: Compound 21a
(0.068 g, 88%) was obtained as a white solid in 30 min from
the reaction of 20a (0.100 g, 0.153 mmol) with 8.5 eq. of SmI2


(preformed) in dry THF (10 mL) and HMPA (1.22 mL, 7.04 mmol)
using general procedure A. Flash chromatography of the crude
reaction mixture was performed with hexane : ethyl acetate (1 : 1).


Procedure B: Compound 21a (0.102 g, 89%) was obtained as a
white solid in 25 min. from the reaction of 20a (0.150 g, 0.23 mmol)
with 8.5 eq. of SmI2 (preformed) in dry THF (10 mL) and degassed
water (0.206 g, 11.45 mmol) as per the general procedure B. Flash
chromatography of the crude reaction mixture was performed with
hexane : ethyl acetate (1 : 1). Mp 160–162 ◦C (decomp.) (from
CH2Cl2–hexane); [a]28


D +31.0 (c 0.59 in THF); vmax (KBr)/cm−1


3294, 1746, 1658, 1543, 1459, 1377, 1333, 1238, 1157, 1086, 1049;
dH (300 MHz, CDCl3) 7.76 (2 H, d, J 7.8), 7.27 (2 H, d, J 7.8), 6.54
(1 H, d, J 7.8, NH, exchangeable with D2O), 6.00 (1 H, d, J 7.8,
NH, exchangeable with D2O), 5.02 (2 H, d, J 8.8), 4.72 (1 H, t, J
8.7), 4.14–3.97 (3 H, m), 3.65 (1 H, br s), 2.41 (3 H, s), 2.05 (6 H,
s), 2.03 (3 H, s), 1.91 (3 H, s); dC (75 MHz, CDCl3) 172.4, 171.5,
170.5, 169.3, 143.4, 138.6, 129.3, 127.0, 84.4, 73.0, 72.6, 68.1, 61.9,
53.2, 22.9, 21.5, 20.6; HRMS (ESI): C21H28N2O10SNa [M + Na]+


calcd: 523.1358, found 523.1362.


2-Acetamido-3,4,6-tri-O-benzyl-1,2-dideoxy-1-(p-toluenesulfona-
mido)-b-D-glucopyranose 21b. Procedure A: Compound 21b
(0.062 g, yield 77%) was obtained as a white solid in 30 min from
the reaction of 20b (0.100 g, 0.125 mmol) with 5 eq. of SmI2 (pre-
formed) in dry THF (10 mL) and HMPA (0.500 mL, 2.87 mmol)
using general procedure A. Flash chromatography of the crude
reaction mixture was performed with hexane : ethyl acetate (1 : 1).


Procedure B: Compound 21b (0.143 g, 76%) was obtained
as a white solid in 30 min from the reaction of 20b (0.231 g,
0.29 mmol) with 8.5 eq. of SmI2 (preformed) in dry THF (15 mL)
and degassed water (0.261 mL, 14.50 mmol) as per the general
procedure B. Flash chromatography of the crude reaction mixture
was performed with hexane : ethyl acetate (1 : 1). Mp 160 ◦C (from
CH2Cl2–hexane); [a]28


D +11.5 (c 0.46 in acetone); vmax (KBr)/cm−1


3242, 3029, 2913, 2868, 1655, 1544, 1454, 1330, 1306, 1155, 1090,
1059; dH (300 MHz, CDCl3) 7.74 (2 H, d, J 7.8), 7.39–7.14 (17 H,
m), 6.62 (1 H, d, J 7.2, NH, exchangeable with D2O), 5.00 (1 H,
d, J 7.5, NH, exchangeable with D2O), 4.80 (2 H, t, J 12.3), 4.61–
4.42 (4 H, m), 4.31 (1 H, d, J 12.3), 3.82 (1 H, q, J 9.3), 3.68–3.62
(2 H, m), 3.49–3.38 (3 H, m), 2.33 (3 H, s), 1.71 (3 H, s); dC


(75 MHz, CDCl3) 172.5, 143.0, 139.0, 138.0, 137.9, 137.8, 129.2,
128.8, 128.5, 128.4, 128.0, 127.6, 127.1, 84.7, 80.8, 78.3, 76.3, 74.9,
74.5, 73.6, 68.4, 53.8, 23.0, 21.4; HRMS (ESI): C36H40N2O7SNa
[M + Na]+ calcd: 667.2454 found 667.2451.


General procedure for the protection of anomeric nitrogen atom of
20a,b,e as their carbamates


Starting compound (1 eq.) was added to a flame dried 50 mL
three-necked round bottomed flask and dissolved in dry CH2Cl2


under a N2 atmosphere. To this, DMAP (20 mol%) and Et3N
(2 eq.) were added and the reaction mixture was cooled in an ice–
salt bath. (4 eq.) was injected into the reaction mixture drop-wise.
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After complete addition of alkoxycarbonyl chloride, the reaction
mixture was warmed to 30 ◦C and stirred until the reaction was
over (as indicated by TLC). The reaction mixture was quenched
with saturated NH4Cl solution and extracted with CHCl3. The
combined organic layers were washed with water and dried over
sodium sulfate and concentrated. Flash chromatography of the
resulting residue provided corresponding carbamates.


2-N-Acetyl-3,4,6-tri-O-acetyl-1-N-allyloxycarbonyl-1,2-dideoxy-
1,2-di-(p-toluenesulfonamido)-b-D-glucopyranose 23a. Com-
pound 23a (2.58 g, 79%) was obtained as a white solid in 9 h from
the reaction of 20a (2.89 g, 4.42 mmol) with DMAP (0.108 g,
0.88 mmol), Et3N (1.23 mL, 8.84 mmol) and allyloxycarbonyl
chloride (1.89 ml, 17.68 mmol) in 10 mL of dry CH2Cl2 as per
the general procedure described above. Flash chromatography
of the crude reaction mixture was performed with hexane : ethyl
acetate (3 : 1). Mp 52 ◦C (from CH2Cl2–hexane); [a]28


D −33.4 (c
0.64 in CHCl3); vmax (KBr)/cm−1 3029, 2957, 1749, 1708, 1449,
1369, 1235, 1168, 1086, 1054; dH (300 MHz, CDCl3) 7.87 (2 H, d,
J 8.1), 7.76 (2 H, d, J 8.1), 7.33 (2 H, d, J 8.7), 7.29 (2 H, d, J
8.4), 6.76 (1 H, d, J 9.3), 5.99 (1 H, t, J 9.6), 5.90–5.77 (1 H, m),
5.57 (1 H, t, J 9.6), 5.33 (1 H, d, J 17.1), 5.23 (1 H, d, J 10.5),
5.11 (1 H, t, J 9.6), 4.68 (1 H, dd, J 13.2 and 5.4), 4.52 (1 H, dd, J
13.2 and 5.4), 4.13 (2 H, s), 3.99–3.95 (1 H, m), 2.43 (6 H, s), 2.15
(3 H, s), 2.07 (3 H, s), 2.04 (3 H, s), 2.02 (3 H, s); dC (75 MHz,
CDCl3) 171.5, 170.4, 169.4, 150.9, 145.3, 144.9, 136.1, 135.8,
130.2, 129.3, 128.6, 128.0, 119, 82.5, 73.9, 70.2, 69.0, 68.1, 62.2,
58.2, 26.1, 21.6, 21.5, 20.7, 20.6; HRMS (ESI): C32H39N2O14S2


[M + H]+ calcd: 739.1843, found 739.1847.


4-O-[2,3,4,6-Tetra-O-acetyl-(b-D-galactopyranosyl)]-2-N-acetyl-
1-N-allyloxycarbonyl-3,6-di-O-acetyl-1,2-dideoxy-1,2-di-(p-toluene-
sulfonamido)-b-D-glucopyranose 23c. Compound 23c (1.63 g,
75%) was obtained as a white solid in 12 h from the reaction of
20e (2.00 g, 2.12 mmol) with DMAP (0.052 g, 0.424 mmol), Et3N
(0.589 mL, 4.24 mmol) and allyloxycarbonyl chloride (0.904 g,
8.48 mmol) in dry CH2Cl2 (10 mL) as per the general procedure
described above. Flash chromatography of the crude reaction
mixture was performed with hexane–ethyl acetate (2 : 1). Mp
79 ◦C (from CH2Cl2–hexane); [a]28


D −27.7 (c 0.49 in CHCl3); vmax


(KBr)/cm−1 2983, 1747, 1597, 1433, 1370, 1228, 1170, 1063; dH


(300 MHz, CDCl3) 7.85 (2 H, d, J 7.5), 7.77 (2 H, d, J 7.5), 7.31
(4 H, m), 6.74 (1 H, d, J 9.3), 5.97 (1 H, t, J 9.0), 5.80–5.71 (1 H,
m), 5.52 (1 H, t, J 9.3), 5.36–5.10 (4 H, m), 4.97 (1 H, d, J 10.2),
4.64–4.44 (4 H, m), 4.18–4.03 (4 H, m), 3.93–3.79 (2 H, m), 2.44
(6 H, s), 2.16 (3 H, s), 2.13 (3 H, s), 2.09 (9 H, s), 2.06 (3 H, s),
1.97 (3 H, s); dC (75 MHz, CDCl3) 171.2, 170.2, 170.1, 170.0,
169.8, 150.6, 145.0, 144.6, 136.1, 135.9, 130.0, 129.2, 128.3, 127.8,
118.7, 100.4, 82.3, 76.7, 74.6, 70.9, 70.6, 69.6, 69.0, 67.7, 66.7,
61.9, 60.8, 58.2, 25.8, 21.4, 20.8, 20.6, 20.4, 20.3; HRMS (ESI):
C44H55N2O22S2 [M + H]+ calcd: 1027.2688, found 1027.2697.


2-Acetamido-3,4,6-tri-O-acetyl-1-N -allyloxycarbonyl-2-deoxy-
b-D-glucopyranosylamine 24a. Compound 24a (0.105 g, 90%)
was obtained as a white solid in 1 h from the reaction 23a
(0.200 g, 0.27 mmol) with 13 eq. of SmI2 (preformed) in dry
THF (20 mL) and degassed water (0.366 mL, 20.32 mmol) using
general procedure B for detosylation as described above. Flash
chromatography of the crude reaction mixture was performed with
hexane : ethyl acetate (1 : 1). Mp 164 ◦C (decomp.) (from CH2Cl2–


hexane); [a]28
D −9.3 (c 0.59 in CHCl3); vmax (KBr)/cm−1 3325, 3268,


2925, 1749, 1709, 1655, 1542, 1224, 1046; dH (300 MHz, CDCl3)
6.23 (1 H, d, J 8.7, NH, exchangeable with D2O), 5.99 (1 H, br d,
NH, exchangeable with D2O), 5.94–5.81 (1 H, m), 5.27 (1 H, d, J
17.1), 5.20 (1 H, d, J 10.5), 5.16–5.02 (2 H, m), 4.86 (1 H, t, J 9.3),
4.56 (2 H, d, J 5.4), 4.30 (1 H, dd, J 12.3 and 3.9), 4.19–4.07 (2 H,
m), 3.74 (1 H, br d), 2.09 (3 H, s), 2.07 (3 H, s), 2.04 (3 H, s), 1.96
(3 H, s); dC (75 MHz, CDCl3) 171.5, 170.7, 169.3, 155.8, 132.2,
117.7, 82.2, 73.1, 68.0, 65.9, 61.8, 52.7, 23.0, 20.6, 20.5; HRMS
(ESI): C18H27N2O10 [M + H]+ calcd: 431.1666, found 431.1667.


4-O-[2,3,4,6-Tetra-O-acetyl-(b-D-galactopyranosyl)]-2-acetamido-
3,6-di-O-acetyl-1-N -allyloxycarbonyl-2-deoxy-b-D-glucopyrano-
sylamine 24c. Compound 24c (0.123 g, 88%) was obtained as a
white solid in 1 h from the reaction 23c (0.200 g, 0.195 mmol) with
17 eq. of SmI2 (preformed) in dry THF (20 mL) and degassed
water (0.351 mL, 19.50 mmol) using general procedure B for
detosylation as described above. Flash chromatography of the
crude reaction mixture was performed with hexane : ethyl acetate
(1 : 2). Mp 94 ◦C (from CH2Cl2–hexane); [a]28


D +5.4 (c 0.58 in
CHCl3); vmax (KBr)/cm−1 3369, 2927, 1747, 1540, 1370, 1227,
1048; dH (300 MHz, CDCl3) 6.17 (1 H, d, J 7.4, NH, exchangeable
with D2O), 6.02 (1 H, d, J 7.8, NH, exchangeable with D2O),
5.92–5.81 (1 H, m), 5.33 (2 H, d, J 17.0), 5.22 (1 H, dd, J 10.4
and 8.7), 5.14–4.95 (3 H, m), 4.79 (1 H, t, J 8.0), 4.56–4.41 (4 H,
m), 4.15–3.96 (4 H, m), 3.89–3.67 (3 H, m), 2.15 (3 H, s), 2.12
(3 H, s), 2.10 (3 H, s), 2.06 (6 H, s), 1.97 (3 H, s), 1.96 (3 H, s); dC


(75 MHz, CDCl3) 171.8, 171.4, 170.3, 170.2, 170.0, 169.1, 155.6,
132.2, 117.7, 101.0, 82.3, 75.7, 73.9, 73.1, 70.8, 70.6, 69.0, 66.6,
65.9, 62.0, 60.8, 53.1, 22.9, 20.7, 20.5; HRMS (ESI): C30H43N2O18


[M + H]+ calcd: 719.2511, found 719.2523.


General procedure for synthesis of N-linked glycoamino acids
25a–d, 27a–c and an N-linked glycopeptide 29


Procedure A using DCC–DMAP: Starting compound (1 eq.) was
added to a flame dried 50 mL three-necked round bottomed flask
and dissolved in dry THF under an argon atmosphere. To this,
Pd(PPh3)4 (10 mol%) was added followed by drop-wise addition
of Et2NH (10 eq.). The reaction mixture was allowed to stir at
room temperature. After completion of the reaction (20 minutes,
as indicated by TLC), the THF was evaporated completely. The
residue was then dissolved in dry CH2Cl2 and transferred drop-
wise to a suspension of protected amino acid (1.5 eq.), DCC
(1.8 eq.) and DMAP (1.5 eq.) in dry CH2Cl2 that was pre-
stirred for 2 h. The reaction mixture was then allowed to stir
at 30 ◦C for 12 h, after which it was filtered and the residue
was washed with more CH2Cl2. The organic layer was washed
with 5% NaHCO3, saturated NH4Cl, dried over sodium sulfate
and concentrated. Flash chromatography of the resulting residue
provided the corresponding N-linked glycoamino acids.


Procedure B using DCC–HOBt: Starting compound (1 eq.) was
added to a flame dried 50 mL three-necked round bottomed flask
and dissolved in dry THF under an argon atmosphere. To this,
Pd(PPh3)4 (10 mol%) was added followed by drop-wise addition
of Et2NH (10 eq.). The reaction mixture was allowed to stir at
room temperature. After completion of the reaction (20 minutes,
as indicated by TLC), the THF was evaporated completely. The
residue was then dissolved in dry CH3CN and transferred drop-
wise to a suspension of protected amino acid (1 eq.), DCC (1 eq.)
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and 1-hydroxybenzotriazole (HOBt) (1 eq.) in dry CH3CN that
was pre-stirred for 2 h. The reaction mixture was then allowed
to stir at 30 ◦C for 12–24 h, after which it was filtered and the
residue was washed with CH2Cl2. The organic layer was washed
with 5% NaHCO3, saturated NH4Cl, dried over sodium sulfate
and concentrated. Flash chromatography of the resulting residue
provided the corresponding N-linked glycoamino acids.


2-Acetamido-3,4,6-tri-O-acetyl-1-N -[N -tert-butyloxycarbonyl-
L-glycyl]-2-deoxy-b-D-glucopyranosylamine 25a. Procedure A:
Compound 25a (0.167 g, 72%) was obtained as a white solid in
12 h from the reaction of 24a (0.198 g, 0.460 mmol) with Pd(PPh3)4


(0.058 g, 0.05 mmol), Et2NH (0.477 mL, 4.60 mmol), N-Boc-
glycine (0.184 g, 0.690 mmol), DCC (0.171 g, 0.830 mmol) and
DMAP (0.084 g, 0.69 mmol) in dry CH2Cl2 (6 mL) as per the
general procedure A. Flash chromatography of the crude reaction
mixture was performed with ethyl acetate. Mp 85 ◦C (from ethyl
acetate–hexane); [a]28


D +3.4 (c 0.24 in CHCl3); vmax (KBr)/cm−1


3319, 2976, 2359, 1747, 1665, 1533, 1376, 1241, 1169, 1047; dH


(300 MHz, CDCl3) 7.46 (1 H, d, J 7.6, NH, exchangeable with
D2O), 6.26 (1 H, d, J 8.3, NH, exchangeable with D2O), 5.16–5.09
(4 H, m), 4.28 (1 H, dd, J 12.3 and 4.2), 4.21–4.13 (1 H, m), 4.08
(1 H, dd, J 12.3 and 1.8), 3.81–3.80 (3 H, m), 2.09 (3 H, s), 2.06
(3 H, s), 2.04 (3 H, s), 1.94 (3 H, s), 1.46 (9 H, s); dC (75 MHz,
CDCl3): 172.0, 171.6, 170.7, 170.7, 169.3, 155.7, 80.0, 73.5, 72.8,
67.9, 61.8, 53.1, 44.1, 28.3, 22.9, 20.7, 20.6, 20.5; HRMS (ESI):
C21H34N3O11 [M + H]+ calcd: 504.2193, found 504.2204.


Procedure B: Compound 25a (0.164 g, 71%) was obtained in
16 h from the reaction of 24a (0.198 g, 0.46 mmol) with Pd(PPh3)4


(0.053 g, 0.046 mmol), Et2NH (0.477 mL, 4.60 mmol), N-Boc-
glycine (0.080 g, 0.460 mmol), DCC (0.095 g, 0.460 mmol) and
HOBt (0.062 g, 0.460 mmol) in dry CH3CN (10 mL) as per the
general procedure B.


2-Acetamido-3,4,6-tri-O-acetyl-1-N -[N -(fluorenylmethoxycar-
bonyl-L-alanyl]-2-deoxy-b-D-glucopyranosylamine 25b. Com-
pound 25b (0.281 g, 76%) was obtained as an off white solid
in 16 h from the reaction of 24a (0.250 g, 0.581 mmol) with
Pd(PPh3)4 (0.067 g, 0.058 mmol), Et2NH (0.603 mL, 5.81 mmol),
Fmoc-alanine (0.181 g, 0.581 mmol), DCC (0.119 g, 0.581 mmol)
and HOBt (0.078 g, 0.581 mmol) in dry CH3CN (15 mL) as per
the general procedure B. Flash chromatography of the crude
reaction mixture was performed with hexane : ethyl acetate (1 :
2). Mp 204–206 ◦C (from CH2Cl2–hexane); [a]28


D −5.02 (c 0.55
in CHCl3); vmax (KBr)/cm−1 3306, 1748, 1670, 1541, 1374, 1236,
1044; dH (300 M, CDCl3) 7.76 (2 H, d, J 7.3), 7.60 (2 H, d, J 7.0),
7.44 (1 H, d, J 8.4, NH, exchangeable with D2O), 7.40 (2 H, t, J
7.5), 7.31 (2 H, t, J 7.5), 6.11 (1 H, d, J 7.8, NH, exchangeable
with D2O), 5.42 (1 H, d, J 6.9, NH, exchangeable with D2O),
5.12–5.04 (3 H, m), 4.39–4.05 (7 H, m), 3.77 (1 H, br s), 2.06 (6 H,
s), 2.04 (3 H, s), 1.90 (3 H, s), 1.38 (3 H, d, J 6.1); dC (75 MHz,
CDCl3) 173.4, 172.2, 171.7, 170.6, 169.2, 155.7, 143.8, 141.3,
127.7, 127.0, 125.2, 125.1, 119.9, 80.2, 73.6, 72.8, 67.9, 67.1, 61.7,
53.5, 50.7, 47.1, 23.0, 20.7, 20.5, 18.3; HRMS (ESI): C32H38N3O11


[M + H]+ calcd: 640.2506, found 640.2535.


2-Acetamido-3,4,6-tri-O-acetyl-1-N -[1-benzyl-N -(benzyloxy)-
carbonyl-L-aspart-4-oyl]-2-deoxy-b-D-glucopyranosylamine 27a.
Compound 27a (0.167 g, 75%) was obtained as a white solid in
24 h from the reaction of 24a (0.140 g, 0.325 mmol) with Pd(PPh3)4


(0.037 g, 0.032 mmol), Et2NH (0.337 mL, 3.25 mmol), 1-benzyl
N-(benzyloxycarbonyl)-L-aspartate 26a (0.116 g, 0.325 mmol),
DCC (0.044 g, 0.325 mmol) and HOBt (0.067 g, 0.325 mmol)
in dry CH3CN (10 mL) as per the general procedure B. Flash
chromatography of the crude reaction mixture was performed
with hexane : ethyl acetate (1 : 3). Mp 222–224 ◦C (from ethyl
acetate–hexane) {lit. mp 213–215 ◦C,31 225 ◦C,32 214–215 ◦C33


and 213–217 ◦C34}; [a]28
D +6.3 (c 0.58 in CHCl3) {lit. [a]D +9 (c 1 in


CHCl3),31 +7 (c 1 in CHCl3),32 +10 (c 0.5 in CHCl3)33 and +12 (c
0.5 in CHCl3)34} (Found: C, 57.81; H, 5.78; N, 6.06. C33H39N3O13


requires: C, 57.80; H, 5.73; N, 6.13%); vmax (KBr)/cm−1 3307,
1743, 1697, 1661, 1546, 1376, 1229; dH (300 MHz, CDCl3)
7.36–7.33 (10 H, m), 7.17 (1 H, d, J 7.8, NH, exchangeable with
D2O), 6.02 (1 H, d, J 8.7, NH, exchangeable with D2O), 5.78
(1 H, d, J 7.9, NH, exchangeable with D2O), 5.23–5.07 (5 H, m),
5.01–4.90 (2 H, m), 4.68–4.65 (1 H, m), 4.27 (1 H, dd, J 12.5 and
4.2), 4.08–4.00 (2 H, m), 3.72–3.70 (1 H, m), 2.86 (1 H, dd, J 16.5
and 4.5), 2.70 (1 H, dd, J 16.0 and 4.5), 2.07 (3 H, s), 2.06 (3 H,
s), 2.05 (3 H, s), 1.82 (3 H, s); dC (75 MHz, CDCl3) 172.4, 171.7,
170.9, 170.7, 169.2, 156.1, 136.1, 135.5, 128.5, 128.3, 128.1, 128.0,
80.1, 73.5, 72.7, 67.7, 67.2, 67.0, 61.7, 53.1, 50.6, 37.7, 22.8, 20.7,
20.6, 20.5; HRMS (ESI): C33H40N3O13 [M + H]+ calcd: 686.2561
found 686.2554.


2-Acetamido-3,6-di-O-acetyl-N -[1-benzyl-N -(tert-butyloxycar-
bonyl)-L-aspart-4-oyl]-2-deoxy-4-O-(2,3,4,6-tetra-O-acetyl-b-D-
galactopyranosyl)-b-D-glucopyranosylamine 27b. Compound
27b (0.084 g, 64%) was obtained as a white solid in 24 h from
the reaction of 24d (0.100 g, 0.139 mmol) with Pd(PPh3)4


(0.016 g, 0.014 mmol), Et2NH (0.144 mL, 1.39 mmol), 1-benzyl
N-(tert-butyloxycarbonyl)-L-aspartate 26b (0.045 g, 0.139 mmol),
DCC (0.029 g, 0.139 mmol) and HOBt (0.019 g, 0.139 mmol)
in dry CH3CN (10 mL) as per the general procedure B. Flash
chromatography of the crude reaction mixture was performed
with hexane : ethyl acetate (1 : 4). Mp 92 ◦C (from ethyl
acetate–hexane); [a]28


D +9.7 (c 0.52 in CHCl3); vmax (KBr)/cm−1


3365, 2978, 2933, 1750, 1666, 1545, 1374, 1226, 1169, 1055; dH


(300 MHz, CDCl3) 7.36–7.34 (5 H, m), 7.12 (1 H, d, J 7.8, NH,
exchangeable with D2O), 5.82 (1 H, d, J 7.8, NH, exchangeable
with D2O), 5.75 (1 H, d, J 9.1, NH, exchangeable with D2O), 5.36
(1 H, br s), 5.25–5.07 (3 H, m), 4.99–4.93 (2 H, m), 4.88 (1 H, t, J
9.1), 4.57–4.55 (1 H, m), 4.47 (1 H, d, J 7.8), 4.40 (1 H, d, J 11.6),
4.14–3.94 (4 H, m), 3.87 (1 H, t, J 6.8), 3.76 (1 H, t, J 9.2), 3.64
(1 H, m), 2.84 (1 H, dd, J 16.3 and 3.7), 2.65 (1 H, dd, J 16.1 and
3.8), 2.16 (3 H, s), 2.12 (3 H, s), 2.10 (3 H, s), 2.06 (6 H, s), 1.98
(3 H, s), 1.84 (3 H, s), 1.42 (9 H, s); dC (75 MHz, CDCl3) 172.6,
171.6, 171.3, 171.1, 170.3, 170.0, 169.2, 155.5, 135.6, 128.4, 128.3,
128.0, 101.0, 80.0, 75.6, 74.3, 72.9, 70.8, 70.6, 68.9, 67.0, 66.5,
62.0, 60.8, 53.3, 50.0, 37.7, 28.2, 22.9, 20.8, 20.6; HRMS (ESI):
C42H58N3O21 [M + H]+ calcd: 940.3563, found 940.3600.


2-Acetamido-3,4,6-tri-O-acetyl-1-N-{1-benzyl-2-N-[N-(fluorenyl-
methoxycarbonyl-L-alanyl)]-L-aspart-4-oyl}-2-deoxy-b-D-glucopy-
ranosylamine 29. Compound 29 (0.179 g, 55%) was obtained
as a white solid in 24 h from the reaction of 24a (0.166 g,
0.386 mmol) with Pd(PPh3)4 (0.044 g, 0.036 mmol), Et2NH
(0.401 mL, 3.86 mmol), Fmoc-Ala-Asp-OBn 28 (0.199 g,
0.386 mmol), DCC (0.079 g, 0.386 mmol) and HOBt (0.052 g,
0.386 mmol) in dry CH3CN (10 mL) as per the general procedure
B. Flash chromatography of the crude reaction mixture was
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performed with hexane : ethyl acetate (1 : 4). Mp 228–230 ◦C
(from DMSO–H2O); [a]28


D +7.3 (c 0.11 in CHCl3); vmax (KBr)/cm−1


3307, 1746, 1665, 1538, 1449, 1375, 1236, 1044; dH (300 MHz,
CDCl3) 7.78 (2 H, d, J 7.9), 7.63 (2 H, br s), 7.44–7.28 (10 H, m),
5.88 (1 H, d, J 7.9, NH, exchangeable with D2O), 5.61 (1 H, d, J
5.8, NH, exchangeable with D2O), 5.18–4.89 (7 H, m), 4.42–4.24
(5 H, m), 4.13–4.04 (2 H, m), 3.65 (1 H, d, J 8.3), 2.90 (1 H, dd,
J 16.4 and 4.3), 2.73 (1 H, dd, J 16.3 and 3.3), 2.07 (3 H, s), 2.06
(6 H, s), 1.86 (3 H, s), 1.38 (3 H, d, J 6.0); dC (75 MHz, DMSO-d6)
172.6, 170.9, 170.0, 169.6, 169.5, 169.3, 155.6, 143.9, 143.8, 140.7,
135.9, 128.3, 127.9, 127.6, 127.1, 125.3, 120.1, 78.0, 73.3, 72.3,
68.3, 66.0, 65.6, 61.8, 52.2, 49.8, 48.3, 46.6, 36.7, 22.6, 20.5, 20.4,
20.3, 18.2; HRMS (ESI): C43H49N4O14 [M + H]+ calcd: 845.3245,
found 845.3257.
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Re(I) tricarbonyl bipyridine and terpyridine complexes catalyse stereospecific cyclopropanation of
alkenes; high selectivity of cyclopropane vs coupling and an ee of 73% and 62% for cis- and
trans-cyclopropanes of styrene respectively were achieved with the [Re(L)(CO)3(MeCN)]OTf complex
(L = chiral C2-symmetric terpyridine ligand).


Introduction


Since the first isolation of a rhenium carbene complex in 1968,1


their chemistry has been of great interest. Numerous examples,
largely based on cyclopentadienyl (Cp),2–5 imido,6 phosphine,7 and
oxo8 ligands, have been synthesised. A heterocyclic carbene com-
plex with a bipyridine (bpy) ligand was also developed.9 Although
metal–carbenes are generally believed to be an active intermediate
in catalytic cyclopropanation,10 the study of rhenium carbene
transfer has mainly focused on olefin metathesis11 and aldehyde
olefination,12 and only rarely on olefin cyclopropanation.13 One
catalytic study with methyltrioxorhenium was reported but the
active intermediate was not proposed to be a carbene.14 We and
others are interested in the development of metal–pyridyl catalysts
for cyclopropanation.15 Herein we report the use of rhenium(I)
bpy, phenanthroline (phen) and terpyridine (tpy) complexes as
catalysts for cyclopropanation. With chiral bpy and tpy, we have
achieved asymmetric cyclopropanation with rhenium, previously
unreported.


Results and discussion


The [Re(L)(CO)3Br] and [Re(L)(MeCN)(CO)3]OTf complexes
used in this work were prepared by modified standard
procedures.16,17 Refluxing an equivalent amount of pyridyl ligand
and [BrRe(CO)5] in degassed heptane for 3 h gave [Re(L)(CO)3Br]
in high yield (Scheme 1). Reaction with AgOTf in acetonitrile gave
[Re(L)(MeCN)(CO)3]OTf which should have a more labile coordi-
nation site. Both bromide and triflate complexes are air stable and
were characterised by conventional spectroscopic methods. In the
1H NMR spectrum, [Re(5a)(CO)3Br], [Re(5a)(MeCN)(CO)3]OTf
and [Re(5b)(MeCN)(CO)3]OTf each appeared as two species in a
1 : 1 ratio. The pair of complexes were assigned to be stereoisomers
coming from the 1,4-metallotropic shifts of the r2-terpyridine
ligands.18 For the structural characterisation, recrystallisation
from CH2Cl2 gave crystals suitable for X-ray crystal analysis
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Scheme 1


for [Re(4a)(CO)3Br] and [Re(5b)(CO)3Br], revealing them to be
the first chiral rhenium bipyridine and terpyridine structures. As
shown in Fig. 1 and 2, both show a distorted octahedral geometry
around the central Re atom, with three facial carbonyl ligands
and a bromide. Completing the sphere, the Re is coordinated
to two nitrogen atoms of the chelating ligand to form a five-
membered ring with small bite angles (75.16(37)◦ and 75.42(16)◦,
respectively). In [Re(5b)(CO)3Br], the –Re(1)–N(1)–C(12)–C(13)–
N(2)– ring is not flat, being tilted from the plane by about 20◦.
Also, the trans angles at the site of Re(1) are within the range


Fig. 1 An ORTEP drawing of [Re(4a)(CO)3Br]. Selected bond lengths
(Å) and angles (◦): Re(1)–N(1) 2.264(1), Re(1)–N(2) 2.228(1), Re(1)–Br(1)
2.626(3), Re(1)–C(1) 1.869(1), Re(1)–C(2) 1.917(8), Re(1)–C(3) 1.940(8) Å,
N(2)–Re(1)–C(1) 175.4(5), N(1)–Re(1)–C(3) 170.5(4), Br(1)–Re(1)–C(2)
178.0(3), N(1)–C(15)–C(16)–N(2) 6.8(2)◦.
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Fig. 2 An ORTEP drawing of [Re(5b)(CO)3Br]. Selected bond
lengths (Å) and angles (◦): Re(1)–N(1) 2.234(4), Re(1)–N(2)
2.216(4), Re(1)–Br(1) 2.622(1), Re(1)–C(1) 1.893(6), Re(1)–C(2) 1.872(6),
Re(1)–C(3) 1.920(6) Å, N(1)–Re(1)–C(3) 171.1(2), N(2)–Re(1)–C(1)
173.3(2), Br(1)–Re(1)–C(2) 176.5(2), N(1)–C(12)–C(13)–N(2) 7.56(8),
N(2)–C(17)–C(18)–N(3) 137.96(6)◦.


of 171.1–176.5◦. Similar deviations from an ideal octahedral ar-
rangement were also observed in [Re(4a)(CO)3Br] (170.5–178.0◦);


all these can be attributed to the different electronic effect of the
ligands.


Both rhenium bromide and triflate complexes used in this
study are catalysts for cyclopropanation of alkenes with ethyl
diazoacetate (EDA). By using [Re(1a)(CO)3Br] as catalyst in
CH2Cl2 (50 ◦C) and at a catalyst : EDA : styrene ratio of 1 :
50 : 250, the yield of cyclopropanes was low (28%). Yield was
greatly improved (81%) when [Re(1a)(MeCN)(CO)3]OTf was used
as catalyst and benzene (50 ◦C) as solvent (Scheme 2). As they
are generally more reactive, only the results of triflate complexes
are discussed further. The catalytic activities of complexes with
different pyridyl ligands are compared, as shown in Table 1.
Overall, yields of cyclopropanes and coupling products were good.
The chemoselectivities (cyclopropanes : coupling products) of
the bidentate ligands 1a and 2a (entries 1 and 6) were better
than the more bulky 3 (entry 8). The electronic effect of the
substituent seems to be a very important factor; as can be observed
with both bpy (entries 1–5) and phen (entries 6–7) ligands, the


Scheme 2


Table 1 Catalytic cyclopropanation of different alkenes with EDA using rhenium complexes as catalysta


Entry L Alkene Yield (%)b Chemoselectivityc cis : transd


1 1a 89 9.6 33 : 67


2 1b 85 5.0 33 : 67
3 1c 84 4.9 36 : 64
4 1d 83 5.1 35 : 65
5 1e 81 3.1 33 : 67
6 2a 76 7.9 34 : 66
7 2b 82 3.9 33 : 67
8 3 78 4.1 34 : 66
9 1b 91 9.6 47 : 53


10 81 3.6 24 : 76


11 75 2.4 28 : 72


12 97 34 —


13 68 4.6 30 : 70


14 81 3.7 —


a Reaction conditions: catalyst : EDA : styrene = 1 : 50 : 250, benzene, 50 ◦C, 4 h addition of EDA and then stirring for additional 16 h (entries 1–8).
Catalyst : EDA : alkene = 1 : 17 : 170, benzene, 70 ◦C, 10 h addition of EDA and then stirring for additional 14 h (entries 9–14). b Isolated yield of
cyclopropanes and coupling products. c Cyclopropanes : coupling products. d Determined by GC-FID.
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chemoselectivities decreased with both electron-donating and -
withdrawing substituents. In all cases, the cis : trans ratios were
not dependent on the chelating effect or electronic properties of
the ligands in the Re catalysts.


In order to optimise the yield of cyclopropanes, the reaction
between cyclohexene, the poorest substrate, and EDA with the cat-
alyst [Re(1a)(MeCN)(CO)3]OTf was investigated. After increasing
the temperature to 70 ◦C and adding the EDA over a longer time (6
h), no EDA remained and the chemoselectivity was improved (0.8).
The cyclopropane : coupling ratio was further improved to 3.7
when a catalyst : EDA : alkene ratio of 1 : 17 : 170 was used and 10 h
addition of EDA was employed. With this method, the catalytic
results for other alkenes were obtained (entries 9–13). Complex
[Re(1a)(MeCN)(CO)3]OTf catalysed the cyclopropanation of a-
substituted styrenes very efficiently. Very high cyclopropane selec-
tivity was found for 1,1-diphenylethylene. b-Substituted styrenes
and aliphatic alkenes were poorer substrates. For the straight chain
alkenes (1-octene and trans-5-decene), no cyclopropane could be
detected.


The catalytic asymmetric cyclopropanations catalysed by chiral
Re catalysts were investigated in CH2Cl2, as higher enantioselec-
tivities than benzene were usually obtained by this solvent. At
a catalyst : EDA : styrene ratio of 1 : 50 : 250, different chiral
catalysts and diazoacetate were screened and the results are shown
in Table 2. The absolute configuration of the products from the
reaction between styrene and EDA was determined by comparison
with known compounds.19


With [Re(5b)(MeCN)(CO)3]OTf as catalyst, the highest enan-
tioselectivities of the cis- and trans-products, ee = 73 and 62%,
respectively, were obtained; high chemoselectivities were also
observed. When compared with 4b (entry 1), the uncoordinated
pyridine ring in tpy was found to be crucial in obtaining
higher enantioselectivies and better cyclopropane selectivity. As
in the case of 1a and 3, both the cis : trans ratios were
found to be independent of the ligand used. For the sterically
bulkier diazoacetates, no coupling product was observed and the
yield of the cyclopropanes from t-butyl diazoacetate was very
high.


The reactive intermediate of the cyclopropanation has also been
studied. A linear relationship is observed in competition exper-
iments of substituted styrenes vs styrene with [Re(5b)(MeCN)-


(CO)3]OTf. The reaction rate was enhanced by electron-donating
substituents (4-CH3O and 4-CH3) but retarded with electron-
withdrawing groups (4-Cl and 3-NO2) and this indicated that
the intermediate is electrophilic in nature (q+ = −0.57 corre-
lated to r+). When monitored with 1H NMR, the reactions
of EDA with Re complexes of 1c or 5b gave new singlets at
11.68 and 12.03 ppm respectively. These intermediates can be
tentatively assigned to carbene complexes.20 Further evidence
from ESI-MS analyses of the mixtures showed new species
corresponding to [(Re=CHCOOEt)(1c)(CO)3]+ (m/z = 625.2) and
[(Re=CHCOOEt)(5b)(CO)3]+ (m/z = 806.8), respectively.


Conclusion


In summary, the present works show that chiral or achiral Re(I)
carbene complexes can be generated and serve as good catalysts for
asymmetric cyclopropanation. Further experiments are underway
to characterise the intermediates and to develop more efficient and
selective catalysts for asymmetric cyclopropanation.


Experimental


General experimental


Unless otherwise stated, all manipulations were carried out under
nitrogen using standard Schlenk line technique. Benzene was
distilled from sodium. Dichloromethane and MeCN were dried
over CaH2 and distilled prior to use. tert-Butyl diazoacetate
(TDA), EDA, alkenes, [Re(CO)5Br], AgOTf and all achiral
ligands are commercially available and were used as received.
(+)- and (−)-menthyl diazoacetate,21a 4a,21b 4b,21b 5a21c and 5b15a


were prepared according to literature procedures. Complexes
[Re(L)(CO)3Br] (L = 1a,16a 1b,16b 1c,16c 1d,16d 1e,16e 2a,16f 2b,16g


316h) and [Re(L)(MeCN)(CO)3]OTf (L = 1a,17a 1b,17b 1c,17c 1d,17d


2a,17e 2b,17f ) were synthesised using literature procedures. The
cyclopropanation and competition reactions were monitored by
gas chromatography using a 5% PH ME siloxane column. 1H and
13C NMR spectra were recorded on a Varian 300 MHz Mercury
NMR spectrometer. Positive ion mass spectra were taken on a
PE SCIEX API 365 electrospray mass spectrometer. Elemental
analyses were performed on a Vario EL III elemental analyser.


Table 2 Rhenium catalysed cyclopropanation of styrene and diazoacetate with different chiral ligandsa


Ee (%)e


Entry L R Yield (%)b Chemoselectivityc cis : transd cis (1R,2S) trans (1R,2R)


1 4b Ethyl 97 6.9 32 : 68 13 24
2 5a Ethyl 96 7.8 22 : 78 29 38
3 5b Ethyl 91 10.8 32 : 68 73 62
4 5b t-Butyl 99 — 32 : 68 50 57
5 5b (+)-Menthyl 73 — 24 : 76 1 45
6 5b (−)-Menthyl 89 — 17 : 83 54 48


a Reaction conditions: catalyst : EDA : styrene = 1 : 50 : 250, CH2Cl2, 50 ◦C, 4 h addition of EDA and then stirring for 16 h. b Isolated yield of
cyclopropanes based on expected product. c Cyclopropanes : coupling products. For entries 4–6, no coupling products were observed. d Determined by
GC-FID. e Determined by chiral HPLC or chiral GC.
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Procedure for preparation of [Re(L)(CO)3Br]


Degassed heptane (3 mL) was added to a 25 mL pear-shaped
flask containing [BrRe(CO)5] (1 mmol) and polypyridine ligand
(1 mmol) under nitrogen. The mixture was refluxed for 3 h, cooled
to room temperature, and concentrated under vacuum. Hexane
was then added and the solution was cooled in an ice bath.
Yellow solid was precipated and filtered. It was then recrystallised
in dichloromethane. The recrystallised solids were collected and
dried under vacuum. The complexes obtained were characterised
with 1H NMR, IR, elemental analyses and ESI-MS.


[Re(4a)(CO)3Br]. Yield: 0.66 g (95%). 1H NMR (300 MHz,
CDCl3): d 0.72 (s, 3H), 0.75 (s, 3H), 1.32 (d, J = 9.4 Hz, 1H), 1.37
(d, J = 10.6 Hz, 1H), 1.44 (s, 3H), 1.45 (s, 3H), 2.50–2.60 (m, 2H),
2.69–2.77 (m, 2H), 2.90 (t, J = 5.9 Hz, 2H), 3.53 (dd, J = 17.0,
11.7 Hz, 2H), 3.79 (dd, J = 17.6, 5.9 Hz, 2H), 7.48 (d, J = 8.2 Hz,
2H), 7.83 (d, J = 8.2 Hz, 2H); m (KBr)/cm−1: 2018 s (CO), 1896
br (CO); anal. calcd. for C27H28BrN2O3Re: C, 46.69; H, 4.03; N,
4.03, found: C, 45.57; H, 3.93; N, 3.94%; ESI-MS: m/z 616 [M −
Br]+.


[Re(4b)(CO)3Br]. Yield: 0.54 g (75%). 1H NMR (300 MHz,
CDCl3): d 0.80 (s, 3H), 0.94 (s, 3H), 1.35 (d, J = 10.0 Hz, 1H), 1.47
(s, 3H), 1.50 (s, 3H), 1.51 (d, J = 10.6 Hz, 1H), 1.62 (d, J = 6.7 Hz,
3H), 1.71 (d, J = 6.7 Hz, 3H), 2.28–2.37 (m, 2H), 2.53–2.66 (m,
2H), 2.91 (t, J = 5.9 Hz, 2H), 3.96–4.03 (m, 2H), 7.49 (d, J =
8.2 Hz, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.56 (d, J = 8.2 Hz, 1H),
7.62 (d, J = 7.6 Hz, 1H); m (KBr)/cm−1: 2020 s (CO), 1888 br
(CO); anal. calcd. for C29H32BrN2O3Re: C, 48.20; H, 4.43; N, 3.88,
found: C, 48.32; H, 4.43; N, 3.95%; ESI-MS: m/z 643 [M − Br]+.


[Re(5a)(CO)3Br]. Yield: 0.69 g (89%). 1H NMR (300 MHz,
CDCl3): d 0.66 (s, 3H), 0.72 (s, 3H), 0.77 (s, 3H), 0.84 (s, 3H),
1.30 (d, J = 9.7 Hz, 2H), 1.41 (d, J = 9.7 Hz, 2H), 1.42–1.79
(m, 12H), 2.39–2.44 (m, 2H), 2.53–2.58 (m, 2H), 2.71–2.77 (m,
4H), 2.87–2.96 (m, 4H), 3.09–3.19 (m, 2H), 3.33–3.40 (m, 2H),
3.44–3.52 (m, 2H), 3.73 (dd, J = 17.9, 2.6 Hz, 2H), 7.42 (dd,
J = 7.6, 5.3 Hz, 2H), 7.53 (dd, J = 7.9, 1.8 Hz, 2H), 7.58 (dd,
J = 7.6, 1.8 Hz, 2H), 7.66–7.73 (m, 2H), 7.92 (t, J = 7.0 Hz,
2H), 8.04 (td, J = 7.9, 2.1 Hz, 2H), 8.13 (dd, J = 8.2, 1.2 Hz,
2H); m (KBr)/cm−1: 2019 s (CO), 1915 s (CO), 1885 s (CO); anal.
calcd. for C32H31BrN3O3Re·(CH3CN)0.5·(Et2O): C, 51.30; H, 4.94;
N, 5.66, found: C, 52.98; H, 4.89; N, 5.51%; ESI-MS: m/z 692
[M − Br]+.


[Re(5b)(CO)3Br]. Yield: 0.74 g (92%). 1H NMR (300 MHz,
CDCl3): d 0.74 (s, 3H), 0.84 (s, 3H), 1.40 (d, J = 8.8 Hz, 2H), 1.45
(s, 3H), 1.46 (s, 3H), 1.50 (d, J = 7.0 Hz, 3H), 1.64 (d, J = 7.0 Hz,
3H), 2.20 (td, J = 6.2, 3.2 Hz, 1H), 2.31 (td, J = 9.4, 3.2 Hz,
1H), 2.62 (q, J = 5.9 Hz, 2H), 2.88 (t, J = 5.6 Hz, 1H), 2.93 (t,
J = 6.2 Hz, 1H), 3.30–3.32 (m, 1H), 3.94–3.97 (m, 1H), 7.36–7.39
(m, 2H), 7.54 (d, J = 7.9 Hz, 1H), 7.62–7.65 (m, 1H), 7.95 (d,
J = 7.9 Hz, 1H), 8.03 (t, J = 7.9 Hz, 1H), 8.11 (d, J = 7.9 Hz,
1H); m (KBr)/cm−1: 2020 s (CO), 1916 s (CO), 1891 s (CO); anal.
calcd. for C34H35BrN3O3Re·(CH3CN)0.5·(CH2Cl2)0.5: C, 49.42; H,
4.38; N, 5.68, found: C, 50.07; H, 4.36; N, 5.70%; ESI-MS: m/z =
800 [M + H]+, 720 [M − Br]+.


Procedure for preparation of [Re(L)(MeCN)(CO)3]OTf


In a 25 mL pear-shaped flask charged with [Re(L)(CO)3Br]
(0.5 mmol) and MeCN (5 mL), AgOTf (0.6 mmol) was added
under nitrogen. The mixture was stirred in the dark for 3 h. It was
then filtered through Celite R© and reduced to dryness. The crude
product, dissolved in minimal amount of MeCN, was agitated
gently and the dark solid formed was removed by filtration.
Hexane or Et2O was then added dropwise to the solution until
a precipite formed. The solid was then collected and dried under
vacuum. The complexes were characterised with 1H NMR, IR,
elemental analyses and ESI-MS.


[Re(1e)(MeCN)(CO)3]OTf. Yield: 0.35 g (91%). 1H NMR
(300 MHz, CDCl3): d 1.50 (t, J = 7.0 Hz, 6H), 2.28 (s, 3H),
4.56 (q, J = 7.0 Hz, 4H), 8.21 (dd, J = 5.6, 1.5 Hz, 2H), 9.02–9.20
(m, 2H), 9.12 (dd, J = 5.6, 0.6 Hz, 2H); m (KBr)/cm−1: 2309 w
(CN), 2041 s (CO), 1945 s (CO), 1938 s (CO), 1158 m (SO3), 1029
m (SO3); anal. calcd. for C22H19F3N3O10ReS·(Et2O)0.6: C, 36.41; H,
3.11; N, 5.22, found: C, 37.82; H, 3.09; N, 5.18%; ESI-MS: m/z =
612.2 [M − CF3SO3]+.


[Re(3)(MeCN)(CO)3]OTf. Yield: 0.30 g (86%). 1H NMR
(300 MHz, CD3CN): d 1.97 (s, 3H), 7.62 (t, J = 6.5 Hz, 1H), 7.72–
7.78 (m, 2H), 7.88 (d, J = 7.6 Hz, 1H), 8.04 (t, J = 7.6 Hz, 1H), 8.33
(t, J = 8.2 Hz, 1H), 8.40 (t, J = 7.9 Hz, 1H), 8.61 (t, J = 8.8 Hz, 2H),
8.79 (d, J = 4.4 Hz, 1H), 9.07 (d, J = 5.3 Hz, 1H); m (KBr)/cm−1:
2289 w (CN), 2035 s (CO), 1919 br (CO), 1166 m (SO3), 1032 m
(SO3); anal. calcd. for C21H14F3N4O6ReS·(CH2Cl2)1.25: C, 33.41; H,
2.06; N, 7.01, found: C, 33.24; H, 2.07; N, 6.95%; ESI-MS: m/z =
545.4 [M − CF3SO3]+.


[Re(4a)(MeCN)(CO)3]OTf. Yield: 0.36 g (89%). 1H NMR
(300 MHz, CDCl3): d 0.65 (s, 3H), 0.75 (s, 3H), 1.26 (d, J =
9.9 Hz, 1H), 1.46 (s, 3H), 1.48 (s, 3H), 1.49 (d, J = 3.8 Hz, 1H),
2.33 (s, 3H), 2.55–2.58 (m, 2H), 2.74–2.82 (m, 2H), 2.96–3.01 (m,
2H), 3.40 (dd, J = 17.6, 2.9 Hz, 2H), 3.60 (ddd, J = 17.6, 7.6,
2.9 Hz, 2H), 7.72 (d, J = 3.6 Hz, 1H), 7.75 (d, J = 3.2 Hz, 1H),
8.27 (d, J = 7.9 Hz, 1H), 8.32 (d, J = 7.9 Hz, 1H); m (KBr)/cm−1:
2294 w (CN), 2034 s (CO), 1919 br (CO), 1159 m (SO3), 1030
m (SO3); anal. calcd. for C30H31F3N3O6ReS·CH2Cl2: C, 41.84; H,
3.71; N, 4.72, found: C, 41.17; H, 3.64; N, 4.79%; ESI-MS: m/z =
656.6 [M − CF3SO3]+.


[Re(4b)(MeCN)(CO)3]OTf. Yield: 0.35 g (85%). 1H NMR
(300 MHz, CDCl3): d 0.77 (s, 3H), 0.78 (s, 3H), 1.40 (d, J =
10.3 Hz, 2H), 1.50 (d, J = 6.7 Hz, 3H), 1.51 (s, 6H), 1.56 (d,
J = 7.0 Hz, 3H), 2.25 (s, 3H), 2.32–2.37 (m, 2H), 2.58–2.67
(m, 2H), 2.96–3.04 (m, 2H), 3.83–3.90 (m, 2H), 7.68 (d, J =
7.9 Hz, 1H), 7.79 (d, J = 3.5 Hz, 1H), 7.81 (d, J = 3.5 Hz,
1H), 8.05 (d, J = 7.9 Hz, 1H); m (KBr)/cm−1: 2289 w (CN), 2035 s
(CO), 1922 s (CO), 1157 w (SO3), 1031 w (SO3); anal. calcd. for
C32H35F3N3O6ReS·(CH3CN)0.5·(CHCl3)0.8: C, 42.78; H, 3.93; N,
5.17, found: C, 43.68; H, 3.83; N, 5.06%; ESI-MS: m/z = 683.8
[M − CF3SO3]+.


[Re(5a)(MeCN)(CO)3]OTf. Yield: 0.39 g (89%). 1H NMR
(300 MHz, CD3CN): d 0.68 (s, 3H), 0.72 (s, 3H), 0.73 (s, 3H), 0.78
(s, 3H), 1.22 (d, J = 9.7 Hz, 1H), 1.28 (d, J = 9.7 Hz, 1H), 1.34 (d,
J = 10.0 Hz, 1H), 1.42 (d, J = 10.0 Hz, 1H), 1.450 (s, 3H), 1.454
(s, 3H), 1.46 (s, 3H), 1.47 (s, 3H), 1.96 (s, 3H), 1.97 (s, 3H), 2.40–
2.43 (m, 2H), 2.52–2.58 (m, 2H), 2.80 (q, J = 5.3 Hz, 4H), 2.95
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(t, J = 5.6 Hz, 2H), 3.05–3.14 (m, 4H), 3.26 (dt, J = 18.2, 3.2 Hz,
2H), 3.45 (td, J = 18.0, 2.9 Hz, 2H), 3.57 (td, J = 17.6, 2.8 Hz,
2H), 7.53–7.54 (m, 4H), 7.84 (dd, J = 7.0, 0.9 Hz, 2H), 7.87 (ddd,
J = 7.6, 3.5, 1.2 Hz, 2H), 8.27 (dd, J = 8.2, 4.1 Hz, 2H), 8.33 (t,
J = 7.6 Hz, 2H), 8.48 (dt, J = 8.2, 1.2 Hz, 2H); m (KBr)/cm−1: 2301
w (CN), 2031 s (CO), 1921 br (CO), 1165 m (SO3), 1031 m (SO3);
anal. calcd. for C35H34F3N4O6ReS·(H2O)·(CH2Cl2)2.5: C, 40.50; H,
3.69; N, 5.03, found: C, 41.63; H, 3.73; N, 4.97%; ESI-MS: m/z =
733.6 [M − CF3SO3]+.


[Re(5b)(MeCN)(CO)3]OTf. Yield: 0.39 g (86%). 1H NMR
(300 MHz, CD3CN): d 0.69 (s, 3H), 0.72–0.78 (m, 9H), 1.30 (d,
J = 10.0 Hz, 4H), 1.42 (d, J = 7.0 Hz, 3H), 1.44–1.55 (m, 18H),
1.58 (d, J = 6.7 Hz, 3H), 1.96 (s, 3H), 1.97 (s, 3H), 2.18–2.28 (m,
2H), 2.32–2.37 (m, 2H), 2.64–2.69 (m, 4H), 2.94–2.96 (m, 2H),
3.04–3.09 (m, 2H), 3.24–3.30 (m, 2H), 3.79–3.84 (m, 2H), 7.35
(d, J = 7.3 Hz, 1H), 7.48 (d, J = 7.6 Hz, 2H), 7.74–7.87 (m,
4H), 8.11 (d, J = 7.3 Hz, 2H), 8.26–8.34 (m, 4H), 8.44 (d, J =
8.2 Hz, 1H); m (KBr)/cm−1: 2291 w (CN), 2036 s (CO), 1937 s
(CO), 1921 s (CO), 1162 m (SO3), 1031 m (SO3); anal. calcd. for
C37H38F3N4O6ReS·(CH2Cl2): C, 45.88; H, 4.02; N, 5.63, found: C,
45.14; H, 3.96; N, 5.72%; ESI-MS: m/z = 762 [M − CF3SO3]+.


General procedure for catalytic cyclopropanation and competition


To a two-neck round bottom flask was charged rhenium(I) triflate
complex (0.02 mmol), solvent (2 mL) and alkene (5 mmol)
under nitrogen. The mixture was heated to 50 ◦C. A solution
of diazoacetate (1 mmol) in solvent (0.5 ml) was slowly added to
it over a period of 4 h with a syringe pump and was stirred for
16 h. The solvent was then removed and the crude product was
purified by column chromatography. The cyclopropanes obtained
are known compounds and were characterised by 1H NMR, and
GC-MS. The enantiomeric excesses of the cyclopropanes were
determined as followed: for cyclopropanes using EDA, they were
determined by HPLC with a Daicel OJ chiral stationary phase
in hexane–i-PrOH (97 : 3). For cyclopropanes using TDA, they
were determined by GC with a Chiraldex b-PH column (30 m ×
0.25 mm). For cyclopropanes using (+)-menthyl and (−)-menthyl
diazoacetate, they were determined by GC with a 5% PH ME
siloxane column (25 m × 0.2 mm × 0.33 lm film thickness). For
the competition experiment, a similar procedure was employed
but the EDA solution (1.65 M) was added in one portion. The
relative amounts of the desired cyclopropanes were determined by
GC.


X-Ray structure analysis of [Re(4a)(CO)3Br] and [Re(5b)(CO)3Br]


Selected crystal data for [Re(4a)(CO)3Br]: C27H28BrN2O3Re, M =
694.64, triclinic, primitive, space group P1, a = 9.593(1), b =
10.549(1), c = 13.618(2) Å, a = 76.415(2), b = 85.266(2), c =
81.798(2)◦, V = 1324.2(3) Å3, Z = 2, Dc = 1.742 g cm−3, k
(Mo-Ka) = 0.71069 Å, F 000 = 676, l (Mo-Ka) = 61.33 cm−1.
Crystal dimensions 0.15 × 0.20 × 0.38 mm, 11107 reflections
measured, 9270 unique (Rint = 0.018), R = 0.028 [I > 2.00r(I)]
and wR2 = 0.031 [I > 2.00r(I)]. Flack parameter = 0.076(10).
CCDC 651262.† Selected crystal data for [Re(5b)(CO)3Br]:
C34H35N3O3ReBr, M = 799.78, orthorhombic, primitive, space
group P212121, a = 7.893(2), b = 14.212(3), c = 28.551(6) Å, V =
3202.7(1) Å3, Z = 4, Dc = 1.659 g cm−3, k (Mo-Ka) = 0.71069 Å,


F 000 = 1576, l (Mo-Ka) = 50.85 cm−1. Crystal dimensions 0.45 ×
0.25 × 0.12 mm, 75842 reflections measured, 7435 unique (Rint =
0.035), R = 0.029 [I > 2.00r(I)] and wR2 = 0.029 [I > 2.00r(I)].
Flack parameter = −0.019(8). CCDC 651263.†
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The reduction of 1,1-diaryl-2,2-dicyanoethylenes with SmI2 in THF was studied in the presence of four
proton donors: H2O, MeOH, i-PrOH and trifluoroethanol (TFE). The kinetic order for the first two is
nearly unity at low proton donor concentrations and approaches four at high concentrations, whereas,
for i-PrOH and TFE, the log–log plot is linear with a slope smaller than one. Detailed analysis shows
that a curved log–log plot such as for H2O and MeOH is indicative of a major contribution by
protonation within an ion pair of the radical anion and Sm+3 complexed to a variable number of proton
donor molecules, whereas a linear plot is a result of protonation from the bulk solution.


Introduction


Proton donors are crucial in most reduction reactions. In the
case of SmI2,1 proton donors may have a dramatic effect on the
course of the reaction as well as on its rate. In the traditional
sequence of electron–proton–electron–proton transfer steps, the
kinetic order in the proton donor may be first or second depending
on the identity of the rate determining step. However, a variety of
kinetic orders have been reported in the literature. For example,
in the reduction of acetophenone, the kinetic order for H2O was
found to vary from 1 to 2, and for MeOH from 1 to 1.3 as the
concentration of the proton donor increased, while for EtOH
and trifluoroethanol (TFE) the kinetic order remained 1.2 In all
these cases the kinetic H/D isotope effect was ca. 2, showing that
protonation took place in the rate determining step.


In a previous work3 we have shown that a shortage of the reduc-
ing agent (SmI2) leads to a biphasic reaction where the first step
is a dimerization of the substrate 1.1-diaryl-2,2-dicyanoethylenes
1. Herein we report on reactions (eqn 1) performed with a large
excess of SmI2 and focus on the unusual behavior of the proton
donors H2O, MeOH, i-PrOH and TFE.


(1)


Results and discussion


The reactions were performed under pseudo first order conditions
(ca. 30 fold excess of SmI2) and were followed at the kmax of
the substrate in a stopped flow spectrophotometer. The pseudo
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Table 1 Pseudo first order rate constants for the reaction of DA
(0.05 mM) in the presence of 0.5 M MeOH as a function of SmI2


concentration


[SmI2]/mM k/s−1


1.5 2.57
3 9.65
6 27.5
9 53.5


first order rate constants are given in the tables below. The
two substrates, MA and DA, were chosen because the electron
donating substituents slow the reactions to the extent that reliable
monitoring of the kinetics is possible. Although the radical anions
of the substrates were formed during the dead time of the mixing,
spectral analysis showed that at the low concentrations used
(typically, [substrate] = 0.1 mM; [SmI2] = 2.5 mM), only about two
thirds of the substrate was converted into its radical anion. The
reaction order in SmI2 was found to be about 1.7 (Table 1; Fig. 1).


Fig. 1 A log–log plot of the first order rate constants for the reaction
of DA (0.05 M) in the presence of 0.5 M MeOH as a function of SmI2


concentration.


This fractional order in the SmI2 can be easily rationalized. The
overall reduction necessitates two electrons. Had the substrate
been completely converted into its radical anion at the mixing
stage then the kinetics of the reaction would have involved only
one electron transfer step (that of the second electron) rendering
the kinetics to be first order for the SmI2. A second order for
SmI2 would have been observed if the first electron transfer of the
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reaction had taken place after the mixing time and was part of the
monitored kinetics. Since the radical anion is only partly formed
in a rapid equilibrium established at the dead time of the mixing,
the kinetic order for SmI2 is intermediate between one and two.


Pseudo first order rate constants as a function of TFE and
MeOH concentrations are given in Table 2. The corresponding
data for DA with H2O and MA with i-PrOH are given in Tables 3
and 4 respectively. The kinetic isotope effect MeOH/MeOD was
determined for MA and was found to be 1.05 ± 0.06 (average of
four experiments).


The data clearly show that the rate dependence on the proton
donor follows the order H2O > MeOH > TFE > i-PrOH. This
order is neither in accord with their effect on the polarity of the
THF solution as measured by ET30 values4 (see Table S1 and
Fig. S1†) nor with their acidity order.5


Based on their kinetic behavior, the four proton donors could
be divided into two groups, TFE and i-PrOH on the one hand,
and H2O and MeOH on the other.


The common feature shared by i-PrOH and TFE is a linear
dependence of the first order rate constants on the proton donor
concentration in a log–log plot (Fig. 2 and 3). On the other hand,
the characteristic feature of H2O and MeOH is a variable order in


Table 2 First order rate constants as a function of alcohol concentration
for the reactions of DA and MA with TFE and MeOH ([SmI2] = 3 mM;
[substrate] = 0.1 mM])


k/s−1


[TFE]/M DA MA


0.25 0.049 8.1
0.5 0.069 12
1 0.12 22
2 0.23 34


[MeOH]/M DA MA


0.0313 0.055 8
0.0625 0.1 15
0.125 0.3 43
0.25 1.7 160
0.5 17
1 200


Table 3 First order rate constants for the reaction of DA (0.1 mM) as a
function of water concentration ([SmI2] = 3 mM)


[H2O]/mM k/s−1


1 0.017
2.95 0.052
4.9 0.12
8.81 0.52


16.63 5.2
32.25 71


Table 4 First order rate constants for the reaction of MA (0.1 mM) as a
function of i-PrOH concentration ([SmI2] = 3 mM)


[i-PrOH]/M k/s−1


0.25 5.2
0.5 7.3
1 11
2 19


Fig. 2 A log–log plot of the first order rate constants for the reaction of
DA (0.01 M) with SmI2 (3mM) as a function of ROH concentration. In
the inset, the data for the reaction with TFE is shown.


Fig. 3 A log–log plot of the first order rate constants for the reaction of
MA (0.01 M) with SmI2 (3mM) as a function of ROH concentration. In
the inset, the data for the reaction with MeOH is shown.


the proton donor. Namely, the log–log plots are curved as shown
in the figures. In the log–log plot for DA reduction (Fig. 1), at low
MeOH concentrations (30–60 mM) the order in MeOH is 0.88
and it increases to 3.6 at the high range of MeOH concentration
(0.5–1 M). Similarly, with H2O, at the lower concentration range
(1–3 mM) the order in water is 1.0 and it increases to 3.95 at the
higher end of the range (16–33 mM).


The dichotomous behavior can be attributed to two different
modes of protonation: a-protonation by proton donors present
in the bulk of the solution and b-protonation by proton donors
complexed to the SmI2. We have shown that MeOH complexes to
SmI2.6 Recently, Prasad and Flowers have shown7 that water forms
a complex with SmI2. They also noted that at concentrations of
water much higher than used here, SmI2 dimerizes. The formation
of such complexes is manifested as a change in the spectrum of
SmI2. Unlike MeOH and H2O, addition of i-PrOH or TFE (up to
1 M) to a THF solution of SmI2 did not cause any change in the
spectrum of the SmI2 present in the solution. The above clearly
suggests that the alcohols i-PrOH and TFE react from the bulk
whereas MeOH and H2O react from their complex to SmI2.


It is reasonable to assume that at low ligand (MeOH and H2O)
concentration, only partial complexation takes place. Namely, the
first SmI2 complex to be formed has one ligand molecule. Then,
as the concentration of the ligand in the solution is increased,
the di, tri, tetra etc. coordinated SmI2 complexes are formed. The
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different complexes do not necessarily have the same equilibrium
constant (K) for their formation.8 A slope of between 2 and 3
in the log–log plot for MeOH may for example suggest that the
protonation is by SmI2(MeOH)2 and by SmI2(MeOH)3, and the
actual slope reflects the relative population of these two complexes
as well as their relative reactivities. Clearly, the same slope could
be obtained by other combinations including protonation from
the bulk combined with that from a complex.


The complexity of the kinetics of protonation from a complex
between SmI2 and the proton donor is nicely demonstrated as
follows. We have simulated a case where SmI2 forms complexes
with one, two, three and four molecules of H2O, each of them
reacting with the substrate at slightly different rates, using the
SPECFIT9 program. The reaction scheme and the rate constants
are given in the supporting information section (Table S2).† The
log–log plot (Fig. 4) is sigmoidic. At low proton donor concentra-
tion the kinetic order (slope) in the proton donor is one. At high
concentrations the graph levels off due to saturation and complete
formation of the tetracoordinated SmI2. In the middle zone, the
slope approaches four. This is without considering any competing
mechanism, such as dianion formation or protonation from the
bulk, or that at high concentrations of proton donor, the protona-
tion may be so fast as to render the previous step rate determining.


Fig. 4 A log–log plot for a simulation of protonation by H2O from within
four different complexes with SmI2.


It should be pointed out that in principle, an order higher
than four in these ligands could be achieved. However, at higher
proton donor concentrations, the reactions became too fast to
be measured. Thus, the order of nearly four observed at high
MeOH and water concentration is not meant to imply that higher
coordination numbers do not exist.


We now address the question: why is protonation from a
complex more facile than protonation from the bulk? For this
purpose let us focus on the region where the slope in the log–
log plot is 2 (Fig. 2; [MeOH] ≈ 0.125 M) and for the sake of
simplicity let us use as an example a situation where all the
SmI2 in the solution is ligated by two MeOH molecules. Under
these conditions, the concentration of the protonating complex
will be 0.003 M, whereas that of the free MeOH will be ca.
0.12 M. Namely, the concentration of SmI2(MeOH)2 is 40 times
smaller than that of the free alcohol and yet, protonation occurs
mainly from that complex. We think this is the result of two
different factors. The first one stems from the fact that in THF, the
radical anion and Sm+3 are highly paired. As a result, the effective
molarity10 of the complexed alcohol in the vicinity of the radical
anion is very high relative to that in the bulk. This is in accordance
with our previous finding that protonation occurs faster than
ligand exchange.6 Secondly, the complexation to the samarium


drastically increases the acidity of the proton donor. Brown et al.11


has shown that complexation to Eu+3 increases the acidity of
MeOH by ca. 10 pKa units. Assuming a similar effect with Sm+3,
this will reduce the pKa of the complexed MeOH in THF to 19.12


The data could be accommodated by several mechanistic paths.
However, the most plausible mechanism for MeOH and water
as proton donors, considering the kinetic order in SmI2 and
the absence of isotope effect, is one in which the first proton
is reversibly transferred within the complex between the radical
anion and the ROH coordinated samarium to generate the radical
at the benzylic position. This later on accepts an electron at a rate
determining step from another SmI2 with the final protonation in
a post rate determining step (Scheme 1).


Scheme 1


Another important feature is the fractional order for the
alcohols TFE and i-PrOH (0.6–0.75). One possible explanation
is a reaction by a competing mechanism involving the formation
of a dianion with the second electron transfer being the rate
determining step (eqn 2).


(2)


Alternatively, TFE and i-PrOH may form a complex with
the samarium which contains only one molecule of the alcohol
(this may not result in any noticeable changes in the spectrum).
In this case, depending on the concentration of alcohol used
for the kinetic measurements, the order in the alcohol may
vary between zero (at saturation—complete formation of the
SmI2(ROH) complex) and one. Protonation by alcohol molecules
of the bulk most probably takes place from the uncomplexed
alcohol in a transition state where the incipient alkoxide ion is
stabilized by the Sm+3 paired to the radical anion (eqn 3).


(3)


In conclusion, we have demonstrated that the two mechanistic
options for protonation in the SmI2 reaction are distinguishable


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3801–3804 | 3803







from their log–log plots. A curved log–log plot such as for H2O
and MeOH is indicative of a major contribution by protonation
within an ion pair of the radical anion and Sm+3 complexed to
a variable number of proton donor molecules, whereas a linear
plot is a result of protonation from the bulk solution. It should
be emphasized that in most cases, a kinetic study is limited to
a relatively narrow range of reactant concentrations since at the
lower end, the reaction may be too slow and at the other end it
may be too fast to be measured. Fig. 4 shows that it is hazardous
to derive conclusions from a narrow range of acquired data as in
the parable of the “blind men and the elephant”.


Experimental


THF was refluxed over Na wire with benzophenone and distilled
under argon. Water content was determined (K. F. Coulometer
652) to be ca. 20 ppm. SmI2 was diluted as needed from a
0.1 M commercial THF solution (actual concentration 0.08–
0.09 M). The concentration of the SmI2 solution was spectroscop-
ically determined (k = 615 nm; e = 635). All the 1,1-diaryl-2,
2-dicyanoethylenes used in the kinetic studies are known
compounds.3,6


The kinetics of the reactions were followed using a stopped flow
spectrophotometer (Hi-Tech SF-61DX2) in a glove box under a
nitrogen atmosphere. The reactions were monitored at 340 and
350 nm for DA and MA respectively. The proton donor was mixed
with the substrate solution. At the end of each series of kinetic
measurements, the first measurement was repeated in order to
ensure reproducibility within a set. The deviation did not usually


exceed 8%. The kinetics were analyzed using KinetAsyst (v. 2.2,
Hi-Tech Ltd.) and SPECFIT Global Analysis System (v. 2.11,
Spectrum Software Associates).9
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A swallow-tailed perylene derivative including a triphenylphosphine moiety was synthesized and
applied to the detection and the live-cell imaging of lipid hydroperoxides. The novel probe, named
Spy-LHP, reacted rapidly and quantitatively with lipid hydroperoxides to form the corresponding
oxide, Spy-LHPOx, which emits extremely strong fluorescence (U ∼ 1) in the visible range (kem =
535 nm, 574 nm). Spy-LHP was highly selective for lipid hydroperoxides, and the addition of other
reactive oxygen species (ROS) including hydrogen peroxides, hydroxyl radical, superoxide anion, nitric
oxide, peroxynitrite, and alkylperoxyl radical, caused no significant increase in the fluorescence
intensity. The probe exhibited good localization to cellular membranes and was successfully applied to
the confocal laser scanning microscopy (CLSM) imaging of lipid hydroperoxides in live J774A.1 cells,
in which lipid peroxidation was proceeded by the stimulation of 2,2-azobis(2-amidinopropane)-
dihydrochloride (AAPH). These findings establish Spy-LHP as a promising new tool for investigating
the physiology of lipid hydroperoxides.


Introduction


Lipid peroxidation has attracted considerable attention as one
of the causative factors for aging and various diseases including
cancer and atherosclerosis.1 Lipid hydroperoxides are the primary
products in lipid peroxidation and are recognized as important
markers of oxidative stress. To date, some methods including
thiobarbituric acid methods,2 iodometry methods,3 enzymatic
methods,4 and fluorescence-based methods5 have been developed
for the determination of lipid hydroperoxides.


Although many efforts have been made to detect lipid hydro-
peroxides, the detection of lipid hydroperoxides in living cells
still remains as a challenging task. To detect biomolecules in
living cells, a fluorescent imaging technique using fluorescent
probes is promising because of its facility, high sensitivity and
high space resolution. The temporal and spatial information on
lipid hydroperoxides in living samples using the fluorescent probe
would give us important clues to enhance the understanding of
the physiological roles of lipid hydroperoxides. In recent years,
many fluorescent probes for detecting various reactive oxygen
species (ROS) with selectivity have energetically developed.6


As for a probe to detect lipid hydroperoxides, diphenyl-1-
pyrenylphosphine (DPPP)7 is one of the most successful. The
probe was applied to the monitoring of lipid peroxidation in cell
membranes,7e,f low-density lipoprotein (LDL),7g and isolated rat
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University, 744, Moto-oka, Nishi-ku, Fukuoka, 819-0395, Japan. E-mail:
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† Electronic supplementary information (ESI) available: plot showing the
relationship between the ratio of the fluorescence intensity of Spy-LHP
and the concentration of MeLOOH; colour version of Fig. 4; phase
contrast and fluorescence images of DPPP=O in live J774A.1 cells. See
DOI: 10.1039/b713223a


lungs7h although the excitation wavelength (∼352 nm) is in a range
that is short for biosamples.


Here, we reported the detection and the live-cell imaging of
lipid hydroperoxides using a novel fluorescent probe, Spy-LHP
(named after ‘swallow-tailed perylene derivative for detecting
lipid hydroperoxides’). Perylene derivative, perylene 3,4,9,10-
tetracarboxyl bisimide, was used for the fluorophore of this
novel phosphine compound because of its excellent fluorescent
properties such as long excitation and emission wavelengths,
high photochemical stability, high fluorescence quantum yield
(∼1), low quantum yield of intersystem crossing, and versa-
tile reactivity,8 although perylene derivatives have seldom been
used for constructing fluorescent probes for biosamples. We
have recently reported that Spy-LHP reacted with unnatural
hydroperoxides such as m-chloroperbenzoic acid (MCPBA) to
form fluorescent Spy-LHPOx.9 We thought that the probe would
have great potential to be an innovative tool for the detection
of cellular lipid hydroperoxides because the fluorescent oxidative
form can be excited at long wavelengths, corresponding to laser
wavelengths which are frequently used in fluorescence microscopy,
and emits extremely strong fluorescence in the visible range.
Furthermore, the planar structure and highly hydrophobicity of
the perylene derivative seems to be advantageous to localize Spy-
LHP in cellular membranes. In this study, we investigated the
performance of Spy-LHP as a novel fluorescent probe for detecting
and imaging lipid hydroperoxides.


Results and discussion


Design, spectroscopic properties, and detection ability of Spy-LHP


The strategy for the detection of lipid hydroperoxides using Spy-
LHP is based on an oxidation reaction of Spy-LHP induced
by lipid hydroperoxides, which leads to the formation of highly
fluorescent Spy-LHPOx (Scheme 1). Fig. 1 shows the emission
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Scheme 1 Reaction of Spy-LHP with lipid hydroperoxides.


Fig. 1 Excitation and emission spectra of Spy-LHP (1 lM) and Spy-LH-
POx (1 lM) at 37 ◦C in ethanol.


and excitation spectra for Spy-LHP and Spy-LHPOx. Peak
wavelengths for both compounds in the absorption and emission
spectrum are summarized with fluorescence quantum yields in
Table 1. Spy-LHP is weakly fluorescent (U ∼ 0.05), whereas
Spy-LHPOx emits extremely strong fluorescence (U ∼ 1). The
excitation and emission wavelengths of both Spy-LHP and Spy-
LHPOx are in sufficiently long range, as expected from the
fluorescent properties of perylene 3,4,9,10-tetracarboxyl bisimide,
which is the main skeleton of the probe dyes. Therefore, the


Table 1 Absorbance and fluorescence properties of Spy-LHP and Spy-
LHPOxa


A/nm Em/nm U f


Spy-LHP 524, 489, 459 535, 574 0.05
Spy-LHPOx 524, 489, 459 535, 572 ∼ 1


a All data were measured in ethanol.


detection using Spy-LHP can avoid undesirable effects such as
damage of living cells by light irradiation and autofluorescence
from biomatrices, both of which are serious problems in detection
using ordinary probes such as DPPP. Although it is known that
perylene-3,4,9,10-tetracarboxylic dianhydride is practically insol-
uble in many organic solvents, Spy-LHP and Spy-LHPOx show
good solubility in various organic solvents such as chloroform and
benzene, probably because the skeletons of the dyes are derivatized
from the dianhydride form to the bisimide form along with a
hexylheptyl group (swallow-tail).10 According to the fluorescence
properties, it can be expected that Spy-LHP is effectively excited
by lasers with long wavelengths (ex. Ar laser at 488 nm). Although
a window including the first peak at 535 nm is available for
a collected emission range in the imaging experiments, another
window including the second peak at 572 nm is also available for
imaging using longer wavelengths.


In order to evaluate the detection ability of Spy-LHP for lipid
hydroperoxides, Spy-LHP (1 lM) was treated with various concen-
trations (50, 100, 150, 200 nM) of methyl linoleate hydroperoxide
(MeLOOH), which is a lipid hydroperoxide of methyl linoleate
(ML) and was used as a representative lipid hydroperoxide in
this study. Fig. 2(a) shows the fluorescence spectra of Spy-LHP,
after 10 min incubation with MeLOOH in ethanol at 37 ◦C. The
fluorescence intensity of Spy-LHP increased with an increase
in the concentration of MeLOOH, as expected. A good linear
relationship (R2 = 0.99) was observed between the concentration
of MeLOOH and the fluorescence intensity at 535 nm, as
shown in Fig. 2(b). The equivalent good linear relationship was
also observed between the concentration of MeLOOH and the
fluorescence intensity at 535 nm when higher concentrations of
MeLOOH (up to 1 eq.) were used (incubation time: 5 min) (Fig.
S1, ESI†). The results indicate that Spy-LHP is available for the
quantitative determination of lipid hydroperoxides. Additionally,
the fluorescence intensity of Spy-LHP (1 lM) hardly increased
upon the addition of hydroperoxides (100 lM) such as tert-butyl
hydroperoxide, tert-butyl perbenzoate, and di-tert-butyl peroxide
(reactivity; 9.4%, 2.3%, 0.93%, respectively). A similar result
was reported for detection using DPPP.7b This fact, namely, the
reactivity of Spy-LHP depends on steric hindrance around a
phosphorus atom, strongly suggests that the reaction mechanism
of Spy-LHP with lipid hydroperoxides is based on the peroxide
oxygen being attacked by the phosphine11 as in the case of DPPP.7a


Fig. 3 shows the time courses for the fluorescence intensity
of Spy-LHP after the addition of MeLOOH. The fluorescence
intensity drastically increased upon the addition of MeLOOH
and then saturated. The calculated value of the second-order rate
constant for the reaction of Spy-LHP with the lipid hydroperoxides
(6.4 × 103 s−1 M−1) suggests that the reaction is diffusion-
controlled. As can be seen from Fig. 3, Spy-LHP exhibits no
significant increase in fluorescence intensity under light irradiation
in aerobic condition (see data for 0 lM), although some phosphine
compounds are known to be easily oxidized under such conditions.
The results indicate that Spy-LHP has high stability and is
available for the long-term monitoring of the production of lipid
hydroperoxides.


Spy-LHP exhibits excellent selectivity to lipid hydroperoxides.
Fig. 4(a) and (b) show the time courses for the fluorescence inten-
sity of Spy-LHP upon the addition of various ROS (H2O2 (10 lM),
hydroxyl radical (•OH), superoxide anion (O2


−•), nitric oxide (NO),
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Fig. 2 (a) Emission spectra for Spy-LHP at 37 ◦C in ethanol in the
presence of MeLOOH at various concentrations. The emission spectra
were obtained 10 min after the addition of MeLOOH to the Spy-LHP
(1 lM) under aerobic conditions with excitation at 465 nm. (b) Relationship
between the ratio of the fluorescence intensity and the concentration of
MeLOOH. F 0 and F denote the fluorescence intensity at 535 nm before
and after the addition of MeLOOH, respectively.


Fig. 3 Time courses of fluorescence intensity at 535 nm for Spy-LHP
depending on the concentration of MeLOOH at 37 ◦C. A solution of
MeLOOH (final 1, 5, 10 lM) was added to Spy-LHP (1 lM) in ethanol at
the point indicated by the arrow.


peroxynitrite (ONOO−), alkylperoxyl radical (ROO•)), and the
fluorescence intensities after 30 min incubation with the ROS,


Fig. 4 (a) Time courses of relative fluorescence intensity (F/F 0) of
Spy-LHP (1 lM) depending on various ROS at 37 ◦C in ethanol. F 0


and F denote the fluorescence intensity at 535 nm before and after the
addition of various ROS, respectively. (b) F/F 0 after reaction with various
ROS for 30 min.


respectively (colour version of Fig. 4 is available as Fig. S2 in
ESI†). Fenton’s reagent (a mixed solution of H2O2 (10 lM) and
FeSO4 (10 lM)) was used as the donor of •OH. The generation
of O2


−• or NO was performed using potassium superoxide
(KO2) (10 lM) or 1-hydroxy-2-oxo-3-(N-methyl-3-aminopropyl)-
3-methyl-1-triazene (NOC7) (5 lM), respectively. The reaction
with ONOO− or ROO• was carried out by the addition of
ONOO− solution (10 lM) (Dojindo Laboratories) or 2,2-azobis(2-
amidinopropane)dihydrochloride (AAPH) (5 lM), respectively.
As can be seen from Fig. 4(a) and (b), the fluorescence intensity
of Spy-LHP was remarkably increased upon the addition of
lipid hydroperoxides; on the other hand, no significant change
in fluorescence was observed when the other ROS were added.
Interestingly, the addition of H2O2, a kind of peroxide, did
not cause significant increase in fluorescence intensity. It was
reported that the addition of H2O2 increased the fluorescence
intensity of DPPP as well as the addition of MeLOOH in
chloroform–methanol (1 : 1) (3.8-fold for MeLOOH, 3.3-fold for
H2O2) although such an increase was suppressed in liposomal
membranes.7e Diphenylphosphine having a coumarin fluorophore
(DPPEA-HC) also reacts effectively with H2O2 to form a corre-
sponding fluorescent phosphine oxide and that enables the reagent
to be used as a fluorescent probe for detecting H2O2.12 It appears
that the reactivity of these fluorescent phosphine compounds
(Spy-LHP, DPPP, and DPPEA-HC) with H2O2 is determined by
various factors such as hydrophobicity/hydrophilicity and redox
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potentials of the compounds. The results demonstrate that Spy-
LHP distinguishes various ROS including H2O2, and reacts with
lipid hydroperoxides with high selectivity.


The responsibility for lipid hydroperoxides of Spy-LHP incor-
porated in phospholipid bilayer was investigated as a preliminary
experiment, preceding the application of the probe to living cells.
The liposomal suspension of Spy-LHP was prepared using 1,2-
dipalmitoyl-sn-glycerophosphorylcholine (DPPC) in a phosphate
buffer (5 lM Spy-LHP in 100 lM DPPC) according to reference
13. The fluorescence intensity of Spy-LHP increased upon the
addition of MeLOOH (25 lM) and it was confirmed that the probe
reacted efficiently with lipid hydroperoxides in lipid membranes
(data not shown). To investigate the ability of membrane localiza-
tion, Spy-LHPOx (10 lM) was then incubated with suspensions of
mouse macrophage J774A.1 cells at 37 ◦C for 15 min, washed with
Dulbecco’s phosphate-buffered saline (D-PBS) (GIBCO), and the
fluorescence intensity was detected using a plate reader (Perkin
Elmer, ARVO sx, kex = 485 nm, kem = 535 nm, n = 5). As a result,
the fluorescence intensity increased with an increase in the cell
number of the suspension (25 × 103, 50 × 103, 100 × 103, 150 ×
103, 200 × 103) (data not shown). The result supports that the
probe accumulates efficiently in cell membranes.


The detection ability of Spy-LHP for lipid hydroperoxides in
cell membranes was investigated. Spy-LHP (10 lM) was added
to a suspension of J774A.1 cells (1 × 106 cell mL−1) in Opti-
MEM medium and incubated at 37 ◦C for 15 min. After two
wash processes with D-PBS, the sample of cell suspension was
reincubated with H2O2, ML, or MeLOOH (100 lM, each) in Opti-
MEM medium at 37 ◦C for 15 min. Fig. 5 shows the fluorescence
increments for the samples determined by the plate reader (kex =
485 nm, kem = 535 nm, n = 5). As can be seen from Fig. 5, a
small increase in fluorescence intensity was observed due to the
incorporation of weakly fluorescent Spy-LHP (Fig. 5, sample I).
The addition of H2O2 or ML induces no significant fluorescence
intensity (Fig. 5, samples II, III), while a conspicuous increase in
fluorescence intensity was observed when MeLOOH was added to
the cell suspension (Fig. 5, sample IV). The results demonstrate
that Spy-LHP is available for the detection of lipid hydroperoxides
in living cells.


Fig. 5 Fluorescence increments in live J774A.1 cells after the incubation
with Spy-LHP and H2O2, ML, or MeLOOH. Spy-LHP (10 lM) was
incubated with a suspension of J774A.1 cells (1 × 106 cell mL−1) at 37 ◦C
for 15 min, then incubated with H2O2, ML, or MeLOOH (100 lM, each)
at 37 ◦C for 15 min. The fluorescence measurements were performed using
a plate reader (kex = 485 nm, kem = 535 nm, n = 5). Background fluorescent
intensity derived from cells or the detection system is subtracted in each
sample.


Fluorescent imaging using confocal laser scanning microscopy


Our novel probe was next applied to the confocal laser scanning
microscopy (CLSM) imaging using living cells. After Spy-LHPOx
was incubated with J774A.1 cells cultured in a glass-bottomed dish
(5 × 105 cells) at 37 ◦C for 15 min, the cells were washed with D-
PBS, and the CLSM imaging was then performed in Opti-MEM
medium. As can be seen from Fig. 6(a), ring-shaped fluorescence
images along with shape of cells were observed. Similar ring-
shaped fluorescence images along with the shape of cells were
also observed when DPPP=O, the oxidized form of DPPP, which
is used for fluorescent imaging of lipid peroxidation in cell
membranes, was used (Fig. S3, ESI†). The results clearly indicate
that the fluorescent dye accumulates efficiently in cell membranes.
Fig. 6(b) shows a series of cross-sectional fluorescence images when
the focus of the microscopy was shifted along the z-axis from the
top of cells to the bottom at 1 lm intervals. As can be seen from
Fig. 6(b), the diameters of the ring-shaped fluorescence images
were gradually expanded, then gradually reduced. This result
demonstrates that the fluorescent dye is distributed uniformly
in the cell membranes. Introduction of Spy-LHP into the cells
resulted in an observation of ring-shaped fluorescence images with


Fig. 6 (a) Phase contrasts and fluorescence images of Spy-LHPOx in live
J774A.1 cells. Scale bar indicates 20 lm. (b) Fluorescence images with
shifting the focus along the z-axis from the top of cells to the bottom at
1 lm intervals. Dichroic mirror: 505 nm, band pass filter: 515–530 nm.
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Fig. 7 CLSM imaging of lipid hydroperoxides generated in live J774A.1
cells. Spy-LHP was incubated with J774A.1 cells, which were preincubated
with or without AAPH. Scale bar: 20 lm, dichroic mirror: 575 nm, band
pass filter: 570LP.


very weak fluorescence intensity compared to the case of Spy-
LHPOx (data not shown). The good localization of both Spy-LHP
and Spy-LHPOx in cell membranes originates from the planar
structure and the high hydrophobicity of the perylene bisimide.


Finally, Spy-LHP was applied to the CLSM imaging for the
detection of lipid hydroperoxides generated in living cells. J774A.1
cells (5 × 105 cells per dish) were preincubated with or without
AAPH (5 mM, 4 h), which induces lipid peroxidation as a radical
initiator,14 then Spy-LHP was introduced into the cells. In the
experiment, an excitation light with longer wavelength (543 nm
HeNe laser) and a band pass filter for longer emission (570LP band
pass filter) were selected in order to reduce the background fluores-
cence and distinguish Spy-LHP and Spy-LHPOx more clearly. The
results of CLSM imaging are shown in Fig. 7. As can be seen, no
significant fluorescent change was observed for the sample without
AAPH preincubation, which resulted in a very weak fluorescence
image (Fig. 7, top). On the other hand, a remarkable fluorescence
increase was observed for the sample with AAPH preincubation,
which leads to the ring-shaped fluorescence images with strong
emission (Fig. 7, bottom). In the latter case, the changes in the
diameter of the ring-shaped fluorescence images, which are similar
to the changes shown in Fig. 6(b), were observed according to the
focus shift along the z-axis. Furthermore, no significant change in
fluorescence intensity was observed when Spy-LHP was applied
to J774A.1 cells, which were preincubated with AAPH (5 mM)
for 4 h and then further incubated with glutathione peroxidase
(GSH-Px) (100 unit mL−1) and glutathion (1 mM) for 30 min (data
not shown). The result clearly demonstrates that the fluorescence
increment observed in the CLSM imaging is based on the reaction
of Spy-LHP with lipid hydroperoxides.


Conclusions


In conclusion, we designed and developed a novel fluorescent
probe, Spy-LHP, for detecting lipid hydroperoxides in the visible


range. Spy-LHP reacted with lipid hydroperoxides selectively and
quantitatively to form extremely fluorescent Spy-LHPOx. The
fluorescent probe exhibits good localization to cell membranes,
and can be successfully applied to the CLSM imaging of lipid
hydroperoxides in living cells. Because of these unique properties,
Spy-LHP shows great promise as a new high-powered tool for
investigating the physiology of lipid hydroperoxides.


Experimental


Reagents


General chemicals were of the best grade available, purchased
from Wako Pure Chemical Industries Co., Kishida Chemical
Co., Tokyo Chemical Industry Co., or Aldrich Chemical Co.
and used as received. All solvents for synthetic procedures
were used after appropriate distillation or purification. Methyl
linoleate hydroperoxide (MeLOOH) was prepared by mixing a-
tocopherol and 2,2′-azobis(4-methoxy-2,4-dimethylvaleronitrile)
(MeOAMVM) in toluene, according to a previous report,15 and
determined using the thiobarbituric acid method.


Tridecan-7-one oxime (2)


A suspension of 7-tridecanone (1) (25.0 g, 126 mmol), hydroxy-
lamine hydrochloride (15.0 g, 215 mmol), and 85% KOH (29.3 g,
430 mmol) in 600 mL methanol was stirred at 60 ◦C for 24 h. After
filtration, the filtrate was concentrated under reduced pressure and
acidified with 2 N HCl. The resultant solution added to ether
was washed with 2 N HCl and brine, dried over MgSO4, and
concentrated in vacuo to yield a pale yellow oil (27.8 g, ≥ 99%).
1H-NMR (400 MHz, CDCl3): d (ppm) 0.85–0.95 (t, 6H, CH3),
1.25–1.40 (m, 12H, 6CH2), 1.45–1.55 (m, 4H, 2CH2), 2.15–2.18 (t,
4H, 2CH2CH2CNOH), 2.30–2.34 (t, 4H, 2CH2CHOH); EI-MS:
213 (M)+.


Tridecan-7-amine (3)


Compound 2 (27.6 g, 129 mmol) in absolute ethanol was heated
to 60 ◦C. Sodium (48.5 g, 2.11 mol) was carefully added to the
solution, and the reaction mixture was refluxed for 30 min. After
appropriate amounts of methanol were added to consume excess
sodium, the mixture was filtrated and concentrated under reduced
pressure. The residue was added to ether, washed with brine, dried
over MgSO4, and concentrated in vacuo. The crude compound
was purified by vacuum distillation (15 mmHg, 120 ◦C) to yield
a transparent, colorless oil (16.6 g, 63%). 1H-NMR (400 MHz,
CDCl3): d (ppm) 0.8–1.0 (t, 6H, CH3), 1.2–1.4 (m, 16H, 8CH2),
1.4–1.6 (m, 4H, 2CH2CHNH2), 3.2 (m, 1H, CHNH2); EI-MS:
199 (M)+.


N ,N ′-Bis(1-hexylheptyl)perylene-3,4,9,10-tetracarboxylbisimide
(5)8b,16


Compound 3 (1.79 g, 6.01 mmol) and perylene-3,4,9,10-
tetracarboxylic dianhydride (4) (1.00 g, 2.55 mmol), zinc acetate
(210 mg, 1.14 mmol), and imidazole (3.00 g, 44.1 mmol) were
mixed and refluxed at 155 ◦C for 4 h. The reaction mixture was
then added to conc. HCl and allowed to stand overnight. The
resultant red precipitate was collected by filtration and washed
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with methanol to yield a red powder (2.12 g, ≥ 99%). 1H-NMR
(400 MHz, CDCl3): d (ppm) 0.8–0.9 (t, 12H, 4CH3), 1.15–1.4
(m, 32H, 16CH2), 1.8–1.9 (m, 4H, 2CH2CHN), 2.2–2.3 (m, 4H,
2CH2CHN), 5.15–5.25 (m, 2H, 2CHN), 8.6–8.7 (m, 8H, perylene);
EI-MS: 755 (M)+.


N-(1-Hexylheptyl)perylene-3,4,9,10-tetracarboxyl-3,4-anhydride-
9,10-imide (6)8b,16


Compound 5 (1.58 g, 2.09 mmol) was added to 40 mL tert-butanol
containing potassium hydroxide (402 mg, 7.09 mmol) and the
mixture was refluxed at 80 ◦C. The reaction was stopped at the
appropriate time, and conc. HCl was then added to the reaction
mixture. After standing overnight, a red precipitate was collected
by filtration, washed with water, and extracted with CHCl3.
After the CHCl3 phase was dried over MgSO4 and concentrated
under reduced pressure, the crude compound was purified by
chromatography on silica gel with CHCl3 as the eluent to yield
a red powder (506 mg, 42% yield). 1H-NMR (400 MHz, CDCl3):
d (ppm) 0.8–1.0 (t, 6H, CH3), 1.2–1.5 (m, 16H, 8CH2), 1.8–1.9
(m, 2H, CH2CHN), 2.2–2.3 (m, 2H, CH2CHN), 5.15–5.2 (m, 1H,
CHN), 7.5–7.6 (d, 2H, perylene), 7.7–7.8 (d, 2H, perylene), 8.65–
8.75 (d, 4H, perylene); EI-MS: 573 (M)+.


4-(Diphenylphosphino)benzenamine (9)17


p-Iodoaniline (7) (4.38 g, 20.0 mmol), potassium acetate (2.39 g,
24.4 mmol), and palladium acetate (4.48 mg, 20 lmol) were
dissolved in 20 mL dimethylacetamide and the solution was stirred
under a N2 atmosphere. After the addition of diphenylphosphine
(8) (3.72 g, 20.0 mmol), the mixed solution was refluxed at 130 ◦C
for 3 h. The resulting solution was extracted with CH2Cl2, dried
over MgSO4, and concentrated under reduced pressure. The crude
compound was purified by chromatography on silica gel with
CHCl3 as the eluent to yield a pale yellow oil (3.23 g, 58%). 1H-
NMR (400 MHz, CDCl3): d (ppm) 3.6–4.0 (s, 2H, NH2), 6.6–6.7
(m, 2H, benzene), 7.1–7.2 (m, 2H, benzene), 7.25–7.35 (m, 10H,
benzene); EI-MS: 277 (M)+.


Spy-LHP


Compound 6 (105 mg, 182 lmol), compound 9 (60 mg, 215 lmol),
zinc acetate (8.62 mg, 47 lmol), and quinoline (406 mg, 3.15 mmol)
were mixed and refluxed at 155 ◦C for 4 h. The reaction mixture was
added to 2 N HCl and allowed to stand overnight. After CHCl3 was
added to the mixture, the organic phase was washed with 2 N HCl
and brine, dried over MgSO4, and concentrated under reduced
pressure. The crude compound was purified by chromatography
on silica gel with CHCl3 as the eluent to yield a dark red powder
(63.6 mg, 42% yield). 1H-NMR (400 MHz, CDCl3): d (ppm)
0.7–0.8 (t, 6H, 2CH3), 1.1–1.2 (m, 16H, 8CH2), 1.7–1.9 (m, 2H,
CH2CHN), 2.1–2.3 (m, 2H, CH2CHN), 5.15–5.25 (m, 1H, CHN),
7.3–7.5 (m, 14H, phenyl), 8.5–8.7 (m, 8H, perylene); FAB-HRMS
(M + H)+: calcd. for C55H50N2O4P: 833.3508, found: 833.3510.


Spy-LHPOx


Spy-LHP (20 mg, 24 lmol) and MCPBA (8.3 mg, 48 lmol) were
dissolved in 15 mL CHCl3, and the solution was stirred at room
temperature for 30 min. The resulting mixture was concentrated


under reduced pressure and purified by chromatography on silica
gel with CHCl3–MeOH (97 : 3) as the eluent to yield a dark red
powder (19.6 mg, 96% yield). 1H-NMR (400 MHz, CDCl3): d
(ppm) 0.74–0.85 (t, 6H, 2CH3), 1.03–1.25 (m, 16H, 8CH2), 1.8–
2.0 (m, 2H, CH2CHN), 2.1–2.3 (m, 2H, CH2CHN), 5.05–5.2 (m,
1H, CHN), 7.41–7.46 (m, 6H, phenyl), 7.5–7.55 (m, 2H, phenyl),
7.65–7.75 (m, 4H, phenyl), 7.8–7.9 (m, 2H, phenyl), 8.57–8.66 (m,
8H, perylene); FAB-HRMS (M + H)+: calcd. for C55H50N2O5P:
849.3457, found: 849.3442.


Fluorometric analysis


A fluorescence spectrophotometer (Shimadzu, RF-5300PC) was
used. The slit width was 1.5 nm for both excitation and emission.
Relative quantum efficiencies of fluorescence for both Spy-LHP
and Spy-LHPOx were obtained by comparing the area of the
emission spectrum for the test sample with that for a solution of
N,N ′-bis(1-hexylheptyl)perylene-3,4,9,10-tetracarboxylbisimide
(5) (U ∼ 1) excited at the same wavelength. The quantum effici-
encies of fluorescence were obtained from multiple measurements
(n = 3) with the following equation:


U sample = U standard × (Absstandard/Abssample) × (R [F sample]/R [F standard])


where Abs and F denote the absorbance and fluorescence intensity,
respectively, and R [F ] denotes the peak area of the fluorescence
spectra, calculated by summation of the fluorescence intensity.


Imaging procedures


J774A.1 cells were cultured in Dulbecco’s Modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and antibiotics. Cells were passed and plated on glass-
bottomed culture dishes (Matsunami, D110300) one day before
imaging. Opti-MEM (GIBCO) was used as a medium in the
imaging experiments.


Confocal fluorescence imaging was performed with a fluores-
cence microscope system (C1plus, Nikon). Ar and HeNe lasers
were used for excitation at 488 nm and 543 nm, respectively,
and emissions were collected using appropriate band pass filters
(515/530 nm, 570LP).
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A trifluoroacetate-catalyzed opening of the oxirane ring of glycidyl derivatives bearing allylic acyl or
alkyl functionalities with trifluoroacetic anhydride (TFAA), provides an efficient entry to
configurationally homogeneous 1(3)-acyl- or 1(3)-O-alkyl-sn-glycerols. Selective introduction of
tert-butyldimethylsilyl- (TBDMS), or triisopropylsilyl- (TIPS) transient protections at the terminal sites
within these key intermediates secures 1(3)-acyl- or 1(3)-O-alkyl-3(1)-O-TBDMS (or TIPS)-sn-glycerols
as general bifunctional precursors to 1,2(2,3)-diacyl-, 1(3)-O-alkyl-2-acyl- and 1,3-diacyl-sn-glycerols
and hence triester isosters. Incorporation of a requisite acyl residue at the central carbon of the silylated
synthons with a subsequent Et3N·3HF-promoted, direct trichloroacetylation across the siloxy system
by trichloroacetic anhydride (TCAA), followed by cleavage of the trichloroacetyl group, affords the
respective 1,2(2,3)-diacyl- or 1(3)-O-alkyl-2-acyl-sn-glycerols. Alternatively, a reaction sequence
involving: (i) attachment of a trichloroacetyl fragment at the stereogenic C2-centre of the monosilylated
glycerides; (ii) replacement of the silyl moiety by a short- or long-chain carboxylic acid residue by
means of the acylating agent: tetra-n-butylammonium bromide (TBABr)–carboxylic acid anhydride
(CAA)–trimethylsilyl bromide (TMSBr); and (iii) removal of the trichloroacetyl replacement, provides
pure 1,3-diacyl-sn-glycerols. The TBABr–CAA–TMSBr reagent system allows also a one-step
conversion of 1,2-diacylglycerol silyl ethers into homochiral triglycerides with predefined asymmetry
and degree of unsaturation. These compounds can also be accessed via a two-step one-pot approach
where the trichloroacetyl derivatives of 1,2(2,3)- or 1,3-diacyl-sn-glycerols serve as triester building
blocks for establishing the third ester bond at preselected C3(1)- or C2-positions within the glycerol
skeleton at the very last synthetic stage. In all instances, the target compounds were produced under
mild conditions, in high enantiomeric purity, and in practically quantitative yields.


1 Introduction


1-Acyl- or 1-O-alkyl-,1 1,2-diacyl- or 1-O-alkyl-2-acyl-,2,3 1,3-
diacyl-sn-glycerols,4,5 and their triester isosters6,7 are capable of
exerting various host protective and physiopathological effects
(e.g. antitumour activity, cell-growth inhibition, modulation of
signal transduction pathways, activation of protein kinase C,
modification of cell membrane properties, etc.) on biological
systems. Due to this, the aforementioned lipid mediators emerged
as synthetic targets of importance in enzymology,8 nucleic acid-,9


carbohydrate-,10 lipid-,11–14 supramolecular-,15 and medicinal
chemistry,16 clinical diagnostics,17–19 and became lead structures
in rational drug20,21 and antioxidant22 design.


Although attractive as starting materials for numerous chemical
and biological applications (e.g. development of carrier molecules
for therapeutics and gene delivery,23 or liposomes allowing a
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triggered release of bioactive agents24), access to these classes
of natural products is considerably limited as stereospecific
introduction of an acyl fragment into the glycerol skeleton has
repeatedly been shown to be a complicated task in respect of
generation of a defined stereocentre at the incipient glycerol C2-
location, and the required chemo- and regioselectivity.12


In this context, various three-carbon synthons from either the
traditional pool of glycerol/D-mannitol acetals14,25,26 or glycidol
derivatives27 have been proposed as enantiomerically pure pre-
cursors to glycerolipids.12,28 However, selective incorporation of
two different carboxylic acid residues at the primary vs. secondary
glycerol positions by means of known protocols, requires extensive
use of transient protections that must be removable under reaction
conditions that do not provoke acyl chain scrambling after
exposure of a vicinal hydroxyl group and, in the case of unsaturated
fatty acids, should also be compatible with the presence of double
bonds.12,29,30 Failure to meet these requirements adversely affects
the total outcome of glyceride synthesis as the phenomenon
of acyltropy (acid, base and heat promoted migration of an
acyl moiety31–35) may result in loss of chirality and formation
of positional isomers, while the occurrence of oxidation, hydro-
genation, halogenation, etc., of the olefinic systems, introduces
harmful structural alterations, affecting the biological activity of
the glycerides.12,36
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Unfortunately, not only the chemistry employed during
protection–deprotection manipulations,12,26,37,38 but also purifica-
tion techniques, have frequently been reported to contribute
to isomerisation, hydrolysis, oxidation, and other side-reactions
within the glycerolipid skeleton.12,31,33 This poses severe limitations
for isolation and storage of glycerolipids, and their utility as struc-
turally defined synthetic intermediates12,32,34,35,39 or therapeutic
agents per se for biochemical and medicinal intervention.3,5,17,40,41


In light of the above, even highly stereospecific methodologies
proposed for the synthesis of mixed-chain glycerides12–14,26,28,29,42–44


seem to be rather inefficient and usually preclude in situ deriva-
tization of labile acylglycerols, or carrying out the synthesis as a
one-pot reaction.


In this paper we describe efficient synthesis of 1-mono- (route
A), 1,2-di- (route C), 1,3-di- (route D), and triglycerides (routes
E and F) with both saturated and unsaturated chains and
predesigned asymmetry, obtainable from a single and readily
available starting material (e.g. an acylated or alkylated glycidol
derivative) in highly regioselective and stereospecific manner,
under mild conditions and in practically quantitative yields
(Scheme 1). Unlike other methods, this protocol is based on
two types of alternative chemical transformations, namely, (i)
a direct conversion of oxirane45 or silyloxy systems46,47 into
the corresponding carboxylic esters with variable headgroup
functions, which avoids the drawbacks of stepwise generation–
acylation of a free alcohol functionality, and (ii) the removal
of trifluoroacetyl/trichloroacetyl residues in a way that affords
either mono- and diglycerides without recourse to any additional
purification,45–47 or structurally defined triglycerides via one-pot
procedures.


This strategy minimizes the number of protecting groups used
(e.g. TBDMS or TIPS groups, to produce a common precursor
to di- and triglycerides; route B), and thus may constitute a
novel, general method for the synthesis of configurationally pure
glycerolipids and related compounds.


2 Results and discussion


Consistent with generality of our synthetic approach outlined in
Scheme 1, special attention was given to glycerides bearing
hexadecyl-, acetyl, palmitoyl- and oleoyl substituents as known/
prospective precursors to bioactive natural products,1,7,17,45–49 or
model compounds required in structure–activity relationship
studies.41


Regioselectivity and stereospecificity of the reactions involved
were evaluated on various model acetyl glyceride derivatives, and
this was important on two counts. Firstly, since acetyl groups show
a high propensity towards migration, transesterification, hydrol-
ysis, etc.,12,50 this type of glycerol derivative provides a rigorous
test for efficiency and mildness of the reaction conditions used.
Secondly, contrary to acylglycerols with long fatty acid chains,
which exhibit only low or no optical activity28,37 and are hardly
distinguishable from their isomers by spectral characteristics,51


the acetyl derivatives are excellent models for probing isomeric
and enantiomeric purity by spectroscopic methods. Supporting
arguments in this context are our findings regarding the distinctive
chemical shifts of the methyl protons, and the methyl- and carbonyl
carbons of an acetyl group at the C1 vs. C2 position in the glycerol
moiety. These permit the assignment to the corresponding regioi-
someric species of a given mono- or bis(acetylated) derivative by 1H
and 13C NMR spectroscopy,52 without recourse to the enzymatic
or chemoenzymatic analytical techniques that are usually required
for structure elucidation of long-chain triacylglycerols.32,53–55 The
observed spectral regularities also apply to diglycerides where
their regioisomeric purity could be additionally assessed by the
position of the C–H proton resonances and that of the secondary
C2 carbon atom of the glycerol moiety, which are shifted from dH


∼4.0 to 5.0 ppm and dC ∼68.5 to 72.6 ppm, respectively, upon
acetylation.56 Similarly, in the presence of the C2-regioisomer of
a 1(3)-monoacylated glycerol, new signals at dH ∼4.9 ppm and dC


∼75.2 ppm become apparent.57


Synthesis of monoacyl- and monoalkyl-sn-glycerols (9–12)
(Scheme 2, route A)


Despite the apparent structural simplicity of 1(3)-monoacyl-
sn-glycerols [1(3)-MAG] and their 1(3)-monoalkyl-sn-analogues
[1(3)-MALKG], an efficient synthesis of these compounds is
far from trivial.45 For example, classical methods for their
production via 1,2(2,3)-isopropylidene-sn-glycerol derivatives12,28


involve prolonged treatment with concentrated mineral acids at el-
evated temperature58 [alternatively with dimethylboronbromide,59


or trifluoroacetic acid with triethyl borate-2,2,2-trifluoroethanol
(8 : 1, v/v)37] to remove the isopropylidene group. This entails
extensive side-product formation (e.g. acyl migration, generation
of cyclic systems, racemization, hydrolysis of an ester function,
etc.),58,59 and almost always requires additional work-up and
chromatographic manipulations,37,59 which frequently erode the
regio- and stereochemical homogeneity of the preparations.34,60,61


Scheme 1
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Scheme 2 Reagents and conditions: route A: (i) Bu4N+CF3COO−


(3.0 equiv.), (CF3CO)2O (2.0 equiv.), THF–CH2Cl2 (1 : 1, v/v), 80 ◦C, 5 h;
(ii) pyridine (10 equiv.), MeOH (250 equiv.), pentane–CH2Cl2, rt, 20 min;
route B: TBDMS-Cl or TIPS-Cl (1.3 equiv.), imidazole (6.0 equiv.), THF,
rt, 18 h.


An alternative direct approach, involving Lewis-acid-promoted
insertions of carboxylic acids,62 alcohols63 or phenols64 into the
oxirane system, brings additional synthetic problems due to
incompatibility of the reagents (e.g. BF3·OEt2)65 with unsaturated
substrates and affords the target compounds in low (e.g. ∼25% for
1-acyl-sn-glycerols)62 or moderate (e.g. ∼54–70% for 1-O-alkyl-sn-
glycerols)63 yields.


Recently, we have demonstrated the high synthetic utility of
a trifluoroacetyl group in glycerolipid synthesis.66,67 This group
can be removed quantitatively under mild conditions without
any supplementary purification and thus trifluoroacetate esters
can also be considered as storage forms for structurally labile
monoacyl glycerols.66,67


As a continuation of these studies we investigated a trifluoro-
acetate-assisted direct trifluoroacetylation across the oxirane
system of glycidols bearing a proximal ester function (substrates
of type 1 and 2) or an ether fragment (substrates of type 3
and 4) by means of trifluoroacetic anhydride (TFAA) as shown
in Scheme 2 [route A (i)]. After evaluation of various reaction
conditions, the best results were achieved when a solution compris-
ing substrates 1–4 and tetra-n-butylammonium trifluoroacetate
(TBATFA, 3.0 equiv.) in tetrahydrofuran (THF)–CH2Cl2 (1 : 1,
v/v), was treated under argon with TFAA (2.0 equiv.) in a tightly
stoppered glass ampoule at 80 ◦C for 5 h.


This produced quantitatively and in a highly regioselective and
stereospecific manner (>99%, 1H and 13C NMR spectroscopy)
trifluoroacetyl esters 5–8, which were isolated in 92–97% yields
after simple solid-phase filtration through a short silica gel pad
(see the Experimental part for details). The reaction seemed to be
rather general as other glycidol derivatives (linoleoyl, palmitoyl,
stearoyl, benzoyl, isopropyl, or methyl) also underwent quanti-
tative conversions into the corresponding bis(trifluoroacetates)


without detectable migration of the fatty acid substituents from
C1 to C2. Such compounds can either be stored for several months
(−20 ◦C, under argon) without noticeable alterations of their
spectral characteristics (1H and 13C NMR spectroscopy).


We also carried out additional experiments to get some insight
into a possible mechanism for this transformation. Thus, 1H
and 13C NMR spectroscopy revealed that TFAA alone, effected
opening of the oxirane system of glycidyl esters of type 1 with
migration of the acyl group to produce the corresponding 2-
acylglycerols, while alkyl glycidols of type 3, were completely
stable under these conditions. On the other hand, in the absence
of TFAA, glycidyl oleate 1 underwent reaction with TBATFA to
give, after deprotection of the trifluoroacetyl moieties, a mixture of
1-monoacylglycerol 9 and 2-acylglycerol in a ratio of 85 : 15. When
instead of TFAA, acetic or benzoic anhydride with TBATFA
(3.0 equiv.) was used, bis(trifluoroacetates) of type 5 or 7 were
identified as the only products. Reactions with acyl donors other
than TFAA or TBATFA were rather sluggish, e.g. for the tetra-
n-butylammonium acetate–acetic anhydride system, the reaction
occurred to only ca. 85% completion after 24 h.


The above observations suggest that opening of the oxirane
system in acyl and alkyl glycidols probably proceeds via a one-
step concerted mechanism involving nucleophilic attack of a
trifluoroacetate anion on the primary carbon of the oxirane
ring, with simultaneous electrophilic catalysis exerted by TFAA,
as depicted in Scheme 3. In addition, the nucleophile and
electrophile assistance provided by this two-component reagent
should facilitate the epoxide fission and prevent acyl migration
during the course of the reaction. As no bond breaking takes
place at the chiral centre of the glycidol, the transformation should
be stereospecific and occur with retention of configuration. The
observed formation of bis(trifluoroacetates) of type 5 or 7 in the
reaction of glycidyl esters 1 with the acetic or benzoic anhydride–
TBATFA reagent system, is also consistent with this mechanism,
and indicates generation under the reaction conditions of the
mixed acetic- or benzoic-trifluoroacetic anhydrides, which are
expected to be stronger electrophiles than the parent carboxylic
anhydrides.


Scheme 3


To demonstrate the feasibility of the removal of trifluoroacetyl
groups from triglycerides 5–8 under mild conditions, these com-
pounds were treated in CH2Cl2–pentane with pyridine (10 equiv.)
and methanol (250 equiv.) at room temperature. The reactions were
quantitative (completion within 20 min) and after evaporation of
the volatile products, afforded positionally homogeneous mono-
glycerides 9–12 (purity >99%, by 1H and 13C NMR spectroscopy)
in 92–95% overall yields (calculated on 1–4) without any additional
purification [route A (ii), Scheme 2].
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Synthesis of 3(1)-O-silyl intermediates (Schemes 2 and 4)


Aside from their utility as chiral precursors to 1(3)-monoacyl-
(e.g. 9 and 10) or 1(3)-monoalkyl-sn-glycerols (e.g. 11 and 12),
trifluoroacetyl esters 5–8 represent valuable starting materials for
the preparation of monosilylated derivatives 13–18 (Scheme 2),
that can be viewed as key intermediates in the synthesis of di- and
triglycerides (Scheme 4). To this end, trifluoroacetates 5–8 were
deprotected as described above, and the resulting monoglycerides
9–12 were treated in anhydrous THF, at room temperature, with
TBDMS-Cl or TIPS-Cl (1.3 equiv.) in the presence of imidazole
(6.0 equiv.) for ca. 18 h. This gave the building blocks 13–18, with
terminal O-silyl groups, in high overall yields of ca. 80–85% (the
yields calculated in relation to 5–8; see the Experimental part).


These compounds are usually acylated to produce 3-O-silylated
derivatives 19–27, which are used as starting materials for the
preparation of various di- and triglycerides. The acylation of silyl
ethers 13–18 with acyl chlorides (1.5 equiv.) in the presence of
pyridine (20 equiv.). was uneventful and produced in high yields
(92–95%; Scheme 4) the corresponding esters bearing either long-
or short-chain fatty acid residues (19–23, 25 and 26) or 2,2,2-
trichloroacetyl functionality (27) at the glycerol sn-2-position. This
type of derivative can also be prepared via consecutive silylation
and acylation of commercially available chiral monoglycerides,
e.g. 3-palmitoyl-sn-glycerol (MPG), as shown in Scheme 4 (overall
yield, 73%).


Synthesis of vicinal diacyl- and alkyl-acyl-sn-glycerols via direct
trichloroacetylation across the silyloxy system (Scheme 5)


While temporary protection of the terminal hydroxyl group of
1(3)-MAG or 1(3)-MALKG (e.g. route B, Scheme 2) followed
by the formation of an ester bond at the central carbon
atom of such C3-units (Scheme 4), is a well-known approach
to 1,2(2,3)-diacyl-sn-glycerols [1,2(2,3)-DAG] and their 1(3)-


O-alkyl-2-acyl-sn-analogues [1(3)-AL-2-AG],12,28 problems usu-
ally arise at the end of synthesis as most of the protecting
group systems (e.g. levulinate,68 benzyl,26,42 trityl,29,41,69 2,2,2-
trichloroethoxycarbonyl,70 9-phenylxanthen-9-yl,37 etc.) require
deprotection conditions that preclude admission to conjugates
with unsaturated or acid–base-sensitive moieties,12 or cause un-
desirable intramolecular rearrangements.12,31,34


In this situation we turned our attention to silyl groups as
alternative transient protecting groups.71 Unfortunately, cleavage
of even relatively labile tert-butyldimethylsilyl (TBDMS) ethers
having an acyl functionality in a vicinal position, is often imprac-
tically slow (e.g. 17 h62 or up to 14 days72) or requires reagents that
are either incompatible with acid,73 base,38 or oxidation–reduction-
susceptible substrates,62,71,74 or trigger an extensive acyl migration
process.38


As the removal of a trichloroacetyl group can be carried out
quantitatively, under mild conditions, and without additional
purification,47 we considered direct transformation between silyl
and trichloroacetyl groups as a viable strategy for our purpose, to
circumvent drawbacks inherent to a stepwise deprotection of silyl
derivatives.46 However, although the acylation across a silyloxy
system of simple alcohols finds ample literature precedents,
the current methods (e.g. by using FeCl3–acetic anhydride,75


pyridine–acetic anhydride–acetic acid or methanol–acetic acid,76


ZnCl2–acetyl chloride,77 or SnBr2–acetyl bromide78) permit only
introduction of an acetyl residue and are inapplicable to the
synthesis of 1,2(2,3)-DAG and 1(3)-AL-2-AG.


Therefore, reaction conditions for direct trichloroacetylation
of monofunctional silyl intermediates (e.g. 19, 22, 23, 25, and
26) with trichloroacetic anhydride (TCAA) in the presence of
triethylamine tris(hydrofluoride) (Et3N·3HF), were investigated
employing different solvents, ratios of the reactants, etc. [Scheme 5,
route C (i)]. The best results were obtained when compounds
19, 22, 23, 25, or 26 were treated under argon with neat
TCAA (9.0 equiv.) and Et3N·3HF (2.0 equiv.) in a pressure


Scheme 4 Reagents and conditions: (i) TIPS-Cl (1.3 equiv.), imidazole (6.0 equiv.), THF, rt, 18 h; (ii) CH3COCl, C17H33COCl or CCl3COCl (1.5 equiv.),
pyridine (20 equiv.), CH2Cl2, rt, 2 h.
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Scheme 5 Reagents and conditions: route C: (i) Et3N·3HF (2.0 equiv.), (CCl3CO)2O (9.0 equiv.), no solvent, 80 ◦C, 2 h; (ii) pyridine (50 equiv.), MeOH
(500 equiv.), THF, rt, 3 h.


glass ampoule at 80 ◦C for 2 h. This produced quantitatively
and in a highly chemo- and regiospecific manner (>99%, 1H
and 13C NMR spectroscopy) terminal trichloroacetates 28–32,
which were isolated in 90–93% yields after flash column silica gel
chromatography. The obtained trichloroacetyl derivatives 28–32
can either be subjected directly to subsequent transformations,
or stored for several months (−20 ◦C, under argon) without
detectable alterations of their spectral characteristics (1H and 13C
NMR spectroscopy).


Regarding the scope and limitations of this particular chem-
istry, some additional observations are pertinent. The rate of
replacement of the silyl groups by a trichloroacetyl moiety
was not appreciably influenced by electronic features or the
type of molecular fragments present in 19, 22, 23, 25, or 26
(e.g. various acyl, or saturated alkyl substituents). Trimethylsilyl
derivatives underwent esterification at comparable rates to those
of TBDMS and TIPS ethers. The reactions in organic solvents
were considerably slower (e.g. in CHCl3; reaction time ∼48 h) or
produced complex reaction mixtures (e.g. the reactions in THF).
The rate of trichloroacetylation remained practically within the
same range of magnitude upon replacement of Et3N·3HF by
tetra-n-butylammonium fluoride (TBAF·3H2O). In the latter case,
however, 1H and 13C NMR analysis revealed that regioselectivity
was eroded due to acyl migration (5–10%), triggered probably


by the substantial amounts of free trichloroacetic acid generated
from TCAA in the presence of water. Although trifluoroacetic
anhydride could be used as a substitute for TCAA, the triflu-
oroacetyl derivatives were less convenient to work with as they
readily decomposed during column chromatography.


It was interesting to note that for TBDMS-ethers of types 19 and
25, the derivatization could be carried out without the presence
of fluoride ions, by using tetra-n-butylammonium trichloroacetate
with two equivalents of TCAA. Under these conditions, however,
the reactions were rather slow (e.g. in CHCl3 at rt, ca. 24 h; ∼90%
conversion) and failed for TIPS derivatives (<5% conversion after
24 h; TLC analysis).


On the basis of the above data we can tentatively formulate
a mechanism for these reactions, which involves an electrophilic
attack by TCAA to form an intermediate of type A, followed by a
nucleophilic attack by fluoride on the silicon atom (Scheme 6).
This rationalizes the replacement of the silyl protection with
trichloroacetyl with no migration of the vicinal ester group.
Since no bond breaking takes place at the stereogenic C2-centre,
the transformation is stereospecific and occurs with retention
of configuration. The observed exclusive formation of terminal
trifluoroacetates 28–32 with defined stereochemistry (see the Ex-
perimental part) and the lack of intramolecular acyl scrambling,
are in agreement with this hypothesis.


Scheme 6
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An alternative mechanism consisting of a nucleophilic attack
by a trichloroacetate anion on the silicon centre seems to be less
likely as the fluoride ion is orders of magnitude more effective as
a nucleophile for silicon then carboxylate. This is also consistent
with the experiments carried out in the absence of fluoride (vide
supra).


As the final stage of this protocol, the trichloroacetates 28–
32 were converted into 1,2(2,3)-DAG (42–44) and 1(3)-AL-2-
AG (45 and 46), respectively [route C (ii), Scheme 5]. Due to
the high electrophilicity of the carbonyl centre of trichloroacetyl
conjugates, this operation could be carried out selectively even in
the presence of an acetyl group, by treating compounds 28–32 in
THF with pyridine (50 equiv.) and methanol (500 equiv.) at room
temperature. The reactions were quantitative (completion within
3 h) and after removal of the volatile products, diglycerides 42–46
of purity >99% (1H and 13C NMR spectroscopy) were obtained
directly without any additional work-up.


Synthesis of 1,3-diacyl-sn-glycerols via direct acylation across the
terminal silyloxy system (Scheme 7, route D)


Despite the increasing need for configurationally pure 1,3-diacyl-
sn-glycerols (1,3-DAG) (physiological effectors,4,5 micromolecular
vectors for directing therapeutics21,79 or requisite agents18,19 to
the metabolic pathways of natural lipids, etc.), the chemical and
pharmacological potential of these compounds has not been
exploited to any significant extent. There are usually preparative
problems in the synthesis of these compounds, and to avoid
inconveniences of protection–deprotection procedures28,37,80 or
enzymatic manipulations,81 several methodologies for direct incor-
poration of different acyl groups at the terminal sites of a glycerol
backbone have been reported. In the original method proposed
by Lok et al.82 and its latter modifications,83–85 glycidyl esters are
heated with another fatty acid in the presence of a quaternary
ammonium salt (2–4 h, 100–110 ◦C) to give in variable proportions
mixtures of 1,2- and 1,3-diacylglycerols. Although experimentally
simple, this approach, suffers from many drawbacks, such as lack
of generality, mediocre yields (40–70%83), separation problems,61,86


and rather harsh reaction conditions that contribute to the
formation of transesterification products, intramolecular ligand
migration, racemization, oxidation, etc.68,82–86 Alternative synthetic
protocols based on esterification of 1-monoglycerides with various
acyl donors, seem to be equally inefficient due to analogous
shortcomings28 and typically afford unsymmetrical 1,3-DAG in
low yields (44–46%).22,49


Scheme 7 Reagents and conditions: route D: (i) Bu4NBr (2.0 equiv.),
TMSBr (1.5 equiv.), (CH3CO)2O or (C15H31CO)2O (3.0 equiv.), CHCl3,
80 ◦C, 2 h; (ii) pyridine (50 equiv.), MeOH (500 equiv.), THF, rt, 2 h.


As examples of direct transformation of O-silyl groups into
O-acetates are known from the literature (also, vide supra), we
reasoned that derivatization of a bifunctional C3-building block
(e.g. 27) bearing 2,2,2-trichloroacetyl- and TBDMS-transient


protections, via direct replacement of the silyl moiety with an acyl
residue and subsequent methanolysis of the 2-O-trichloroacetyl
fragment in the presence of pyridine, could provide a convenient
entry to the otherwise difficult-to-access 1,3-diacyl-sn-glycerols of
type 47 and 48 (Scheme 7). Unfortunately, the reagents available
to date75–78 rely on chemistry that is either incompatible with labile
trichloroacetyl derivatives or inapplicable if 1,3-DAG with acyl
functionalities different from acetyl are desired.


To overcome the aforementioned complications, we developed
a new reagent system consisting of Bu4NBr–TMSBr–carboxylic
acid anhydride, which not only tolerates the presence of a chemi-
cally labile trichloroacetyl substituent, but also effects conversion
of silyl ethers into short- or long-chain carboxylates without
exposure of a free hydroxyl group of the glycerol skeleton.47


To assess the efficacy of this triester tactic, direct acylation
across standard silyl protection in 1-oleoyl-2-trichloroacetyl-
3-O-tert-butyldimethylsilyl-sn-glycerol (27) having a long-chain
unsaturated fatty acid residue, was investigated under various
experimental conditions (different temperature, ratio of reac-
tants, solvents, etc.) using Bu4NBr, TMSBr, and carboxylic acid
anhydrides. The best results were obtained when a carboxylic
anhydride (3.0 equiv.) and TMSBr (1.5 equiv.) were mixed together
and added to trichloroacetate 27 and Bu4NBr (2.0 equiv.) in
chloroform, and the reaction mixture was heated at 80 ◦C for
2 h in a tightly stoppered glass ampoule. 1H- and 13C NMR
spectral analysis revealed that under these conditions conversion
of 27 into triglycerides 33 or 34 bearing a trichloroacetyl group,
was practically quantitative and entirely regioselective (>99%).
No byproducts due to possible acyl migration or side reactions
involving an olefinic system of the oleic acid moiety could be
detected [route D (i), Scheme 7].


We also carried out additional studies to elucidate some
mechanistic aspects of this direct acylation across a siloxy system.
Experiments using model substrates (compound 27, 1-oleoyl-2-
acetyl-3-O-tert-butyldimethylsilyl-sn-glycerol, or triisopropylsilyl-
and tert-butyldimethylsilyl ethers of oleyl alcohol), showed that
carboxylic acid anhydrides (CAA) alone (e.g. acetic-, palmitic-,
oleic anhydride), as well as their mixtures with either Bu4NBr
(TBABr) or TMSBr, were essentially unreactive and only three-
component reagent systems, i.e. CAA–TBABr–TMSBr, exhibited
efficient acylating properties for TBDMS- and TIPS-protected
alcohols, although a longer reaction time was required for
quantitative functionalization of the TIPS-derivatives (∼15 h).
Trichloroacetic anhydride could not be used as an acyl donor
in conjunction with TBABr–TMSBr, as it underwent partial
decomposition under the reaction conditions.


Since 1H- and 13C NMR spectroscopy revealed that treatment
of CAA with TMSX (1.0 equiv.) alone, or in the presence of 2.0–
4.0 equivalents of Bu4NX (X = Br, or I), at room temperature
led to almost instantaneous production of equimolar amounts
of the corresponding acyl halides (ACX) and trimethylsilyl
carboxylates (ACOTMS), contribution of these species to the
acylolytic cleavage of the aforementioned silyl ethers was examined
further. It was found that ACX by themselves (e.g. oleoyl chloride
or acetyl bromide) or in combination with the respective CAA
(e.g. oleic or acetic anhydride), in the presence or absence of
ACOTMS (e.g. trimethylsilyl acetate), were entirely incapable of
carrying out conversion of the substrates with a TBDMS or TIPS
group into the corresponding carboxylic esters. However, all these
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transformations could be rescued, to afford the expected products,
via the addition of bromide anion to the reaction mixtures. While
TMSCl in combination with Bu4NCl gave inferior results, the cor-
responding iodo derivatives maintained acylating properties indis-
tinguishable from those provided by the TBABr–TMSBr reagent
system. The reactions investigated seemed to be rather general as
other silyl ethers (e.g. trimethyl-, triethyl- and triisopropylsilyl),
with a notable exception of tert-butyldiphenylsilyl derivatives,
underwent quantitative esterification under the developed reaction
conditions. In all instances, no presence of halogenated byproducts
could be detected in the reaction mixtures by means of the
chromatographic and spectroscopic analytical techniques used.


These observations are consistent with a mechanism shown
in Scheme 8. An acyl bromide, generated in situ from CAA
and TMSBr, is expected to be a powerful electrophile that can
coordinate to the oxygen atom of the silyloxy system to form
a silyloxonium intermediate, which upon a nucleophilic attack
by a bromide ion (from a quaternary ammonium salt) on the
silicon centre, collapses to the product. The last two steps can
also be synchronous, but this is probably less likely on entropic
grounds. The combination of nucleophile and electrophile catalysis
in these reactions should facilitate cleavage of the silyl ethers and
secure the formation of a new ester bond without scrambling of
the adjacent trichloroacetyl moiety, as no free hydroxyl of the
glycerol backbone is exposed. The proposed mechanism does not
include any C–O bond scission at the stereogenic secondary carbon
atom and, therefore, predicts retention of configuration in the
glycerol unit.


Scheme 8


Since trichloroacetate esters are known to undergo smooth
transesterification with alcohols,46 1,3-diacylglycerols 47 and 48
could be obtained by treating the precursors 33 and 34, respec-
tively, with methanol (500 equiv.) at room temperature in the
presence of pyridine (50 equiv.) [route D (ii), Scheme 7]. These
reactions were quantitative (completion within 2 h) and after
removal of the volatile products, afforded 1,3-diacyl-sn-glycerol 47
and 48 of purity >99% (1H- and 13C NMR spectroscopy) without
supplementary purification. Stereochemical homogeneity of 47 (a
new compound) bearing an acetyl group particularly prone to
migration, has been additionally confirmed by its conversion into
the corresponding Mosher ester 49 [route F (ii), Scheme 10, vide
infra], and that of 48, by the lack of depression in melting point
upon mixing with various proportions (from 1.0 : 0.5 to 1.0 : 1.5,
w/w) with a reference sample of 48.82 It is worth noting that 2,2,2-
trichloroacetates 33 and 34 can also be considered as a convenient
storage form for 1,3-DAG as their spectral characteristics (1H-
and 13C NMR spectroscopy) remained unchanged upon prolonged
time (several months at −20 ◦C, under argon).


Synthesis of triacyl-sn-glycerols using key silyl intermediates
(Scheme 9)


While enzymatic methods can satisfactorily afford only simple
triglycerides,7 the regioselective and enantioselective production
of unsymmetrical homologues with different acyl substituents,
including both saturated and unsaturated ones, requires access to
configurationally pure 1,2(2,3)-DAG or 1,3-DAG as the substrates
for the final establishment of the third ester bond.14,28,82 To this end,
the existing synthetic strategies14,18,22,44,49,53,85,87 resort to a variety
of starting materials/intermediates that usually demand lengthy
multistep functionalization and work-up procedures to afford the
target triacylglycerols (TAG) in rather mediocre overall yields (e.g.
7–19%).49 Even two-step protocols, comprising either LiBr-88 or
LiBr-benzyltributylammonium bromide-assisted55 fission of the
oxirane ring of glycidyl esters with carboxylic acid anhydrides,
followed by displacement of the bromine within the produced
3-bromo-1,2-propanediol esters by caesium carboxylates, do not
remedy these problems, and do not completely prevent formation
of isomeric products.55


Scheme 9 Reagents and conditions: route E: Bu4NBr (2.0 equiv.), TMSBr (1.5 equiv.), (CH3CO)2O, (C15H31CO)2O or (C17H33CO)2O (3.0 equiv.), CHCl3,
80 ◦C, 2–15 h.


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3787–3800 | 3793







Because we have already demonstrated that easily accessible
1,2(2,3)-diacyl-3(1)-O-silyl-sn-glycerols (Scheme 4) are convenient
intermediates for the preparation of 1,2(2,3)-DAG46 (route C,
Scheme 5), we wanted to extend this strategy to the synthesis
of structured TAG via direct replacement of the corresponding
O-silyl moiety with an acyl group (e.g. with saturated/unsaturated
or short/long alkyl chains) using the CAA–TBABr–TMSBr47


reagent system (route E, Scheme 9).
To this end the silyl ethers 20, 21, 23, or 24 and Bu4NBr


(2.0 equiv.) in chloroform, were treated with a mixture of a
carboxylic acid anhydride (3.0 equiv.) and TMSBr (1.5 equiv.)
in the same solvent at 80 ◦C for 2 h (15 h for TIPS-derivatives
21, 23 and 24), analogously as described for the synthesis of 1,3-
DAG (Scheme 7). This gave quantitatively and in a highly chemo-
and regioselective way (>99%, 1H- and 13C NMR spectroscopy)
the expected triesters 35–41, which were isolated in 91–96% yields
after flash column silica gel chromatography. The longer reaction
time required for the displacement of the TIPS group (ca. 15 h)
had no negative effect on the homogeneity of the triglycerides
produced.


One-pot synthesis of triacyl-sn-glycerols from the corresponding
2,2,2-trichloroacetyl derivatives (Scheme 10)


Considering possible limitations of a direct acylation across a
silyloxy system of glycerol with carboxylic acid anhydrides, we
elaborated a complementary methodology based on the use of
1,2(2,3)-diacyl-3(1)-trichloroacetyl- (e.g. 28, 29) and 1,3-diacyl-
2-trichloroacetyl-sn-glycerols (e.g. 33, 34) for the preparation of
structurally defined TAG (route F, Scheme 10).


Relevant to the first step of this one-pot approach, trichloroac-
etates of type 28 and 29, or 33 and 34, were converted into 1,2(2,3)-
(42 and 43), or 1,3-diglycerides (47 and 48) by treatment with
methanol (500 equiv.) at room temperature in the presence of pyri-
dine (50 equiv.) (Scheme 10), analogous to the method described
in Schemes 5 and 7. The volatile byproducts were removed under
reduced pressure (see the Experimental part) and the deprotected
glycerol intermediates were directly reacted in chloroform with
a suitable acyl chloride (2.0 equiv.) in the presence of pyridine
(20 equiv.). The 1H- and 13C NMR spectra of the isolated products


(flash column silica gel chromatography) revealed that in all
instances the transformation to target triacylglycerols 49–53 was
practically quantitative (90–95% overall yields, calculated on 28,
29, 33, and 34) and entirely regioselective (>99%).


In conclusion, we have developed an efficient, general synthetic
strategy to configurationally pure 1(3)-mono- (e.g. 9–12), 1,2(2,3)-
di- (e.g. 42–46), 1,3-di- (e.g. 47, 48), and triglycerides (e.g. 35–41,
49–53), based on direct acylation across the epoxide (e.g. 1–4) and
silyloxy systems (e.g. 19–27) of suitable precursors.


The main features of this new protocol are: (i) access to
individual mono-, di- and triacyl-sn-glycerols with saturated and
unsaturated fatty acid residues, from stable and easily accessible
precursors; (ii) highly regioselective and stereospecific introduc-
tion of acyl groups without exposure of a free hydroxyl function-
ality, which eliminates a perennial problem of glyceride chemistry,
namely, acyl migration; (iii) a minimal number of chromatographic
purifications due to high efficiency of the individual reaction
steps and the use of trifluoroacetyl and trichloroacetyl groups
as transient protecting groups; (iv) all synthetic intermediates
are stable and can be stored for months without noticeable
decomposition.


The method seems to be rather general, makes use of com-
mercially available reactants, and can easily be scaled up. The
incorporation of 2,2,2-trifluoroacetyl-, 2,2,2-trichloroacetyl- and
O-silyl groups as versatile protecting groups to the synthetic pro-
tocols and the development of efficient methods for their removal,
expand the range of biologically important lipid mediators that
can be prepared by this methodology.


3 Experimental part


All reagents were commercial grade (Fluka, Lancaster, Merck,
Sigma) with purity >98% and were used as provided without
further purification. Solvents were dried and distilled prior to use
according to standard protocols.89 Reaction conditions were kept
strictly anhydrous unless stated otherwise.


Progress of the reactions was monitored by analytical thin-layer
chromatography (TLC) on pre-coated silica gel glass plates 60 F254


(Merck). The spots were visualized using 3.5% molybdatophos-
phoric acid spray reagent (Merck) or 50% sulfuric acid followed


Scheme 10 Reagents and conditions: route F: (i) pyridine (50 equiv.), MeOH (500 equiv.), THF, rt, 2–3 h; (ii) R(−)-MTPA-Cl, CH3COCl or C15H31COCl
(2.0 equiv.), pyridine (20 equiv.), CHCl3, rt, 2–18 h.
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by heating at 140 ◦C. Column chromatography (CC) was carried
out on silica gel 60 (70–230 mesh ASTM, Merck) using appropriate
solvent systems (see below).


1H- and 13C NMR spectra were recorded on a Varian 400 MHz
machine and chemical shifts are reported in ppm relative to
TMS. The assignment of proton and carbon resonances of
1–53 was done on the basis of known or expected chemical
shifts in conjunction with 1H–1H, 1H–13C, and DEPT correlated
NMR spectroscopy. In certain cases, 1H- and 13C NMR spectral
characteristics of known compounds were also presented to make
up for the lack of appropriate literature information.


Optical rotations were measured on a Perkin-Elmer 241 digital
polarimeter. Melting points were determined on a Kofler melting
point apparatus and are uncorrected.


Tetra-n-butylammonium trifluoroacetate (mp 81.0–82.5 ◦C)
was synthesized according to the method of Weiss and Touchette.90


(S)-(+)-2-(Oleoyloxymethyl)oxirane 1 [colourless oil; [a]D
20 =


+13.76 (c 6.33, CHCl3)] and (R)-(−)-2-(oleoyloxymethyl)oxirane
2 [colourless oil; [a]D


20 =−13.51 (c 5.03, CHCl3)], were prepared by
acylation of chiral glycidols with oleoyl chloride (all from Fluka)
as described elsewhere.67 (S)-(+)-2-(Hexadecyloxymethyl)oxirane
3 [white solid; mp 34.3–35.7 ◦C; [a]20


D = +10.00 (c 5.76, C6H6)]
and (R)-(−)-2-(hexadecyloxymethyl)oxirane 4 [white solid; mp
34.1–35.6 ◦C; [a]20


D = −9.83 (c 6.35, C6H6)], were obtained
from enantiomeric glycidyl tosylates (Fluka) in two steps fol-
lowing a standard approach.91 Compounds 1–4 had spectral and
physicochemical parameters comparable to those reported in the
literature.67,91 For the full characterisation data of the synthesised
compounds, see ESI.†


General procedure for the synthesis of bis(trifluoroacetates) 5–8
and 1(3)-monoacyl-/or 1(3)-monoalkyl-sn-glycerols thereof 9–12
(route A)


Step (i): a solution of glycidyl derivative 1–4 (1.00 mmol) in
alcohol-free dichloromethane–THF (1 : 1, v/v, 2.0 mL) was added
to a mixture of tetra-n-butylammonium trifluoroacetate (1.066 g;
3.00 mmol) and trifluoroacetic anhydride (TFAA, 0.278 ml;
2.00 mmol) in the same solvent system (3.0 mL), and the reaction
was kept under argon, in a pressure-proof glass ampoule at 80 ◦C
(bath temp.) for 5 h. The solvents and unreacted TFAA were
removed under reduced pressure (bath temp. 50 ◦C), the residue
was dissolved in toluene (5.0 mL) and passed through a silica
gel pad (∼5 g) prepared in the same solvent. The support was
washed with toluene (100 mL), fractions containing the product
were combined, the solvent was removed under reduced pressure,
and the residue was kept under high vacuum at room temperature
for 2–3 h to provide bis(trifluoroacetate) 5–8 (purity >99%, 1H
NMR spectroscopy).


Step (ii): a mixture of pyridine (0.8 mL, 10 mmol) and methanol
(10.1 mL, 250 mmol) in pentane–CH2Cl2 (3 : 1, v/v, 5.0 mL) was
added at 0 ◦C to a solution of trifluoroacetate 5–8 in the same
solvent, and the reaction was left at room temperature for 20 min.
The solvents were evaporated under reduced pressure (bath temp.
50 ◦C) and the residue was kept under high vacuum at room
temperature for 2–3 h to give the deprotected monoglyceride 9–12
(purity >99%, 1H NMR spectroscopy).


1-Oleoyl-2,3-bis(trifluoroacetyl)-sn-glycerol 5. Obtained from
(S)-(+)-2-(oleoyloxymethyl)oxirane (1; 0.338 g, 1.00 mmol). Yield:


0.532 g (97%, yellowish oil); Rf (pentane–toluene–EtOAc = 40 :
50 : 10, v/v/v) = 0.60; [a]20


D = −3.49 (c 10.14, CHCl3); found: C,
54.64; H, 7.03%. C25H38F6O6 (548.57) requires C, 54.74; H, 6.98%.
1H- and 13C NMR spectra identical with those reported in the
literature.45


3-Oleoyl-1,2-bis(trifluoroacetyl)-sn-glycerol 6. Obtained from
(R)-(−)-2-(oleoyloxymethyl)oxirane (2; 0.338 g, 1.00 mmol).
Yield: 0.521 g (95%, yellowish oil); [a]20


D = +3.54 (c 11.28,
CHCl3). All other physicochemical and spectral characteristics
were identical with those of 5.


1-O-Hexadecyl-2,3-bis(trifluoroacetyl)-sn-glycerol 7. Obtained
from (S)-(+)-2-(hexadecyloxymethyl)oxirane (3; 0.299 g,
1.00 mmol). Yield: 0.468 g (92%, colourless oil); Rf (pentane–
toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.76; [a]20


D = −9.55 (c
10.89, CHCl3); found: C, 54.40; H, 7.47%. C23H38F6O5 (508.53)
requires C, 54.32; H, 7.53%. 1H- and 13C NMR spectra identical
with those reported in the literature.45


3-O-Hexadecyl-1,2-bis(trifluoroacetyl)-sn-glycerol 8. Obtained
from (R)-(−)-2-(hexadecyloxymethyl)oxirane (4; 0.299 g,
1.00 mmol). Yield: 0.478 g (94%, colourless oil); [a]20


D = +9.67
(c 10.03, CHCl3). All other physicochemical and spectral
characteristics were identical with those of 7.


1-Oleoyl-sn-glycerol 9. Obtained from (S)-(+)-2-(oleoyloxy-
methyl)oxirane (1; 0.338 g, 1.00 mmol) via 5. Overall yield: 0.338 g
(95%, calculated in relation to1); white solid; mp 34.5–36.0 ◦C
(identical with that of a commercial sample from Fluka); Rf


(pentane–toluene–EtOAc = 30 : 20 : 50, v/v/v) = 0.34; [a]20
D =


−1.32 (c 11.76, CHCl3); found: C, 70.66; H, 11.40%. C21H40O4


(356.54) requires C, 70.74; H, 11.31%. 1H- and 13C NMR spectra
identical with those reported in the literature.45


3-Oleoyl-sn-glycerol 10. Obtained from (R)-(−)-2-(oleoyloxy-
methyl)oxirane (2; 0.338 g, 1.00 mmol) via 6. Overall yield: 0.335 g
(94%, calculated in relation to 2). While all other physicochemical
and spectral characteristics were identical with those of 9, [a]20


D =
+1.28 (c 10.64, CHCl3); [a]20


D = −3.33 (c 7.33, pyridine); lit.59 [a]20
D =


−3.2 (c 5, pyridine).


1-O-Hexadecyl-sn-glycerol 11. Obtained from (S)-(+)-2-
(hexadecyloxymethyl)oxirane (3; 0.299 g, 1.00 mmol) via 7. Overall
yield: 0.297 g (94%, calculated in relation to 3); white solid; mp
62.9–63.9 ◦C; Rf (pentane–toluene–EtOAc = 30 : 20 : 50, v/v/v) =
0.26; [a]20


D = −2.10 (c 3.00, THF); lit.63 mp 63.0–64.0 ◦C; [a]25
D =


−2.68 (c 3.5, THF); found: C, 72.00; H, 12.80%. C19H40O3 (316.52)
requires C, 72.10; H, 12.74%. 1H- and 13C NMR spectra identical
with those reported in the literature.45


3-O-Hexadecyl-sn-glycerol 12. Obtained from (R)-(−)-2-
(hexadecyloxymethyl)oxirane (4; 0.299 g, 1.00 mmol) via 8.
Overall yield: 0.291 g (92%, calculated in relation to 4). Identical
physicochemical and spectral characteristics as those of 11. [a]20


D =
+2.72 (c 3.66, THF); lit.63 [a]25


D = +2.69 (c 3.5, THF).


General procedure for the one-pot, two-step synthesis of a common
precursor of di- and triglycerides (13–18) [routes A (ii) and B]


Step A(ii). A mixture of pyridine (1.6 mL, 20 mmol) and
methanol (20.2 mL, 500 mmol) in pentane–CH2Cl2 (3 : 1, v/v,
10.0 mL) was added at 0 ◦C to a solution of trifluoroacetate 5–8
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(2.00 mmol) in the same solvent system (10.0 mL). The reaction
was left at room temperature for 20 min, and the solvents were
evaporated under reduced pressure as described above.


Step B. The residue from the previous step (deprotected
monoglyceride 9–12) was dissolved in anhydrous THF (25.0 mL),
and imidazole (0.817 g, 12.00 mmol) and a trialkylchlorosilane
(e.g. TBDMS-Cl 0.392 g or TIPS-Cl 0.550 mL, 2.60 mmol)
were added successively. The reaction mixture was stirred at
room temperature for 18 h, the solvent was removed under
reduced pressure and the target silyl ethers 13–18 were isolated by
flash column silica gel chromatography (mobile phase: toluene–
EtOAc = 95 : 5, v/v) with purity >99% (1H NMR spectroscopy).


1-Oleoyl-3-O-tert-butyldimethylsilyl-sn-glycerol 13. Acquired
from 1-oleoyl-2,3-bis(trifluoroacetyl)-sn-glycerol (5; 1.097 g,
2.00 mmol) via 9. Overall yield: 0.800 g (85%, colourless oil);
Rf (pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.43; [a]20


D =
+1.76 (c 9.45, CHCl3); found: C, 68.92; H, 11.50%. C27H54O4Si
(470.80) requires C, 68.88; H, 11.56%.


1-O-tert-Butyldimethylsilyl-3-oleoyl-sn-glycerol 14. Obtained
from 3-oleoyl-1,2-bis(trifluoroacetyl)-sn-glycerol (6; 1.097 g,
2.00 mmol) via 10. Overall yield: 0.772 g (82%, colourless oil);
[a]20


D = −1.73 (c 9.63, CHCl3). All other physicochemical and
spectral characteristics were identical with those of 13.


1-Oleoyl-3-O-triisopropylsilyl-sn-glycerol 15. Synthesized
from 1-oleoyl-2,3-bis(trifluoroacetyl)-sn-glycerol (5; 1.097 g,
2.00 mmol) via 9. Overall yield: 0.821 g (80%, colourless oil); Rf


(pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.53; [a]20
D =


+1.39 (c 13.36, CHCl3); found: C, 70.25; H, 11.63%. C30H60O4Si
(512.88) requires C, 70.25; H, 11.79%.


1-O-Triisopropylsilyl-3-oleoyl-sn-glycerol 16. Acquired from 3-
oleoyl-1,2-bis(trifluoroacetyl)-sn-glycerol (6; 1.097 g, 2.00 mmol)
via 10. Overall yield: 0.851 g (83%, colourless oil); [a]20


D =
−1.38 (c 10.17, CHCl3). All other physicochemical and spectral
characteristics were identical to those of 15.


1-O-Hexadecyl-3-O-tert-butyldimethylsilyl-sn-glycerol 17. Pre-
pared from 1-O-hexadecyl-2,3-bis(trifluoroacetyl)-sn-glycerol (7;
1.017 g, 2.00 mmol) via 11. Overall yield: 0.732 g (85%, colourless
oil); Rf (pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.47;
[a]20


D = +0.40 (c 12.97, CHCl3); found: C, 69.93; H, 12.55%.
C25H54O3Si (430.78) requires C, 69.70; H, 12.63%.


1-O-tert-Butyldimethylsilyl-3-O-hexadecyl-sn-glycerol 18. Syn-
thesized from 3-O-hexadecyl-1,2-bis(trifluoroacetyl)-sn-glycerol
(8; 1.017 g, 2.00 mmol) via 12. Overall yield: 0.735 g (85%, colour-
less oil); [a]20


D = −0.49 (c 8.66, CHCl3). All other physicochemical
and spectral characteristics were identical to those of 17.


General procedure for the synthesis of acylated C3-chirons bearing
terminal O-silyl- (19–26) or 2-O-trichloroacetyl transient
protection (27) (Scheme 4)


A solution of the corresponding acyl chloride (2.25 mmol) in
dichloromethane was added at −20 ◦C to a mixture of monosi-
lylated compound 13–18 (1.50 mmol) and pyridine (2.42 mL,
30.0 mmol) in the same solvent (10.0 mL). The reaction mixture
was kept at room temperature for 2 h, the solvents were removed
under reduced pressure and the required C3-synthons 19–23 or


25–27 were obtained after flash column silica gel chromatography
(mobile phase: toluene–EtOAc = 95 : 5, v/v) with purity >99%
(1H NMR spectroscopy).


Similarly, the terminally-protected 2,3-DAG 24 was synthesized
in two-steps by consecutive silylation and acylation of the com-
mercially available 3-palmitoyl-sn-glycerol (Fluka) as described
below.


1-Oleoyl-2-acetyl-3-O-tert-butyldimethylsilyl-sn-glycerol 19.
Obtained from 1-oleoyl-3-O-tert-butyldimethylsilyl-sn-glycerol
(13; 0.706 g, 1.50 mmol) and acetyl chloride (0.161 mL,
2.25 mmol). Yield: 0.723 g (94%, colourless oil); Rf (pentane–
toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.62; [a]20


D = +9.75 (c
11.05, CHCl3); found: C, 67.88; H, 11.08%. C29H56O5Si (512.84)
requires C, 67.92; H, 11.01%.


1-O-tert-Butyldimethylsilyl-2-acetyl-3-oleoyl-sn-glycerol 20.
Acquired from 1-O-tert-butyldimethylsilyl-3-oleoyl-sn-glycerol
(14; 0.706 g, 1.50 mmol) and acetyl chloride (0.161 mL,
2.25 mmol). Yield: 0.731 g (95%, colourless oil); [a]20


D =
−9.47 (c 9.90, CHCl3). All other physicochemical and spectral
characteristics were identical to those of 19.


1-Oleoyl-2-acetyl-3-O-triisopropylsilyl-sn-glycerol 21. Pre-
pared from 1-oleoyl-3-O-triisopropylsilyl-sn-glycerol (15; 0.769 g,
1.50 mmol) and acetyl chloride (0.161 mL, 2.25 mmol). Yield:
0.766 g (92%, colourless oil); Rf (pentane–toluene–EtOAc = 40 :
50 : 10, v/v/v) = 0.61; [a]20


D = +11.28 (c 9.87, CHCl3); found:
C, 69.20; H, 11.30%. C32H62O5Si (554.92) requires C, 69.26; H,
11.26%.


1-O-Triisopropylsilyl-2-acetyl-3-oleoyl-sn-glycerol 22. Synthe-
sized from 1-O-triisopropylsilyl-3-oleoyl-sn-glycerol (16; 0.769 g,
1.50 mmol) and acetyl chloride (0.161 mL, 2.25 mmol). Yield:
0.774 g (93%, colourless oil); [a]20


D = −11.81 (c 10.91, CHCl3). All
other physicochemical and spectral characteristics were identical
to those of 21.


1,2-Dioleoyl-3-O-triisopropylsilyl-sn-glycerol 23. Obtained
from 1-oleoyl-3-O-triisopropylsilyl-sn-glycerol (15; 0.769 g,
1.50 mmol) and oleoyl chloride (0.744 mL, 2.25 mmol). Yield:
1.084 g (93%, colourless oil); Rf (pentane–toluene–EtOAc = 40 :
50 : 10, v/v/v) = 0.83; [a]20


D = +10.00 (c 10.12, CHCl3); found:
C, 74.23; H, 11.88%. C48H92O5Si (777.33) requires C, 74.17; H,
11.93%.


1-O-Triisopropylsilyl-2-oleoyl-3-palmitoyl-sn-glycerol 24. Pre-
pared in two steps by silylation of 3-palmitoyl-sn-glycerol (0.661 g,
2.00 mmol) with triisopropylchlorosilane (0.550 mL, 2.60 mmol),
identically to 16 (see General procedure 3.3), followed by acylation
of the intermediary 1-O-triisopropylsilyl-3-palmitoyl-sn-glycerol
with oleoyl chloride (0.661 mL, 2.00 mmol), as described for 23.
Overall yield: 1.097 g (73%, colourless oil); Rf (pentane–toluene–
EtOAc = 40 : 50 : 10, v/v/v) = 0.63; [a]20


D = −10.18 (c 9.31,
CHCl3); found: C, 73.60; H, 12.00%. C46H90O5Si (751.29) requires
C, 73.54; H, 12.07%.


1-O-Hexadecyl-2-acetyl-3-O-tert-butyldimethylsilyl-sn-glycerol
25. Obtained from 1-O-hexadecyl-3-O-tert-butyldimethylsilyl-
sn-glycerol (17; 0.646 g, 1.50 mmol) and acetyl chloride (0.161 mL,
2.25 mmol). Yield: 0.674 g (95%, colourless oil); Rf (pentane–
toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.58; [a]20


D = +4.51
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(c 14.60, CHCl3); found: C, 68.67; H, 11.87%. C27H56O4Si (472.82)
requires C, 68.59; H, 11.94%.


1-O-tert-Butyldimethylsilyl-2-acetyl-3-O-hexadecyl-sn-glycerol
26. Acquired from 1-O-tert-butyldimethylsilyl-3-O-hexadecyl-
sn-glycerol (18; 0.646 g, 1.50 mmol) and acetyl chloride
(0.161 mL, 2.25 mmol). Yield: 0.659 g (93%, colourless oil);
[a]20


D = −5.00 (c 8.83, CHCl3). All other physicochemical and
spectral characteristics were identical to those of 25.


1-Oleoyl-2-trichloroacetyl-3-O-tert-butyldimethylsilyl-sn-gly-
cerol 27. Synthesized from 1-oleoyl-3-O-tert-butyldimethylsilyl-
sn-glycerol (13; 0.706 g, 1.50 mmol) and trichloroacetyl chloride
(0.252 mL, 2.25 mmol). Yield: 0.868 g (94%, colourless oil); Rf


(pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.70; [a]20
D =


+11.87 (c 10.26, CHCl3); found: C, 56.67; H, 8.60; Cl, 17.30%.
C29H53Cl3O5Si (616.17) requires C, 56.53; H, 8.67; Cl, 17.26%.


General procedure for the direct conversion of silyl ethers 19, 22,
23, 25, and 26 into trichloroacetate educts of 1,2(2,3)-DAG
(28–30) and 1(3)-AL-2-AG (31, 32) [route C (i)]


A mixture containing a silyl ether (19, 22, 23, 25, or 26; 1.00 mmol),
neat trichloroacetic anhydride (TCAA, 1.644 ml, 9.00 mmol) and
triethylamine tris(hydrofluoride) (Et3N·3HF, 0.326 ml, 2.00 mmol)
was kept under argon, in a pressure-proof glass ampoule at
80 ◦C (bath temp.). After 2 h, the reaction mixture was diluted
with toluene–ethyl acetate (98 : 2, v/v; 5 mL), and the target
trichloroacetyl derivatives 28–32 were isolated in pure state (>99%,
1H NMR spectroscopy) by flash column silica gel chromatography
(mobile phase: toluene–EtOAc = 98 : 2, v/v).


1-Oleoyl-2-acetyl-3-trichloroacetyl-sn-glycerol 28. Obtained
from 1-oleoyl-2-acetyl-3-O-tert-butyldimethylsilyl-sn-glycerol (19;
0.513 g, 1.00 mmol). Yield: 0.506 g (93%, colourless oil); Rf


(pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.56; [a]20
D =


−0.40 (c 7.18, CHCl3); found: C, 55.00; H, 7.70; Cl, 19.73%.
C25H41Cl3O6 (543.95) requires C, 55.20; H, 7.60; Cl, 19.55%.


1-Trichloroacetyl-2-acetyl-3-oleoyl-sn-glycerol 29. Obtained
from 1-O-triisopropylsilyl-2-acetyl-3-oleoyl-sn-glycerol (22;
0.555 g, 1.00 mmol). Yield: 0.489 g (90%, colourless oil); [a]20


D =
+0.42 (c 9.47, CHCl3). All other physicochemical and spectral
characteristics were identical to those of 28.


1,2-Dioleoyl-3-trichloroacetyl-sn-glycerol 30. Obtained from
1,2-dioleoyl-3-O-triisopropylsilyl-sn-glycerol (23; 0.777 g,
1.00 mmol). Yield: 0.705 g (92%, colourless oil); Rf (pentane–
toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.64; [a]20


D = −0.21 (c
5.33, CHCl3); found: C, 64.20; H, 9.40; Cl, 13.90%. C41H71Cl3O6


(766.36) requires C, 64.26; H, 9.34; Cl, 13.88%.


1-O-Hexadecyl-2-acetyl-3-trichloroacetyl-sn-glycerol 31. Ob-
tained from 1-O-hexadecyl-2-acetyl-3-O-tert-butyldimethylsilyl-
sn-glycerol (25; 0.473 g, 1.00 mmol). Yield: 0.464 g (92%, colourless
oil); Rf (pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.54;
[a]20


D = −5.81 (c 11.81, CHCl3); found: C, 54.82; H, 8.27; Cl,
21.00%. C23H41Cl3O5 (503.93) requires C, 54.82; H, 8.20; Cl,
21.11%.


1-Trichloroacetyl-2-acetyl-3-O-hexadecyl-sn-glycerol 32. Ob-
tained from 1-O-tert-butyldimethylsilyl-2-acetyl-3-O-hexadecyl-
sn-glycerol (26; 0.473 g, 1.00 mmol). Yield: 0.470 g (93%, colourless


oil); [a]20
D = +6.00 (c 5.44, CHCl3). All other physicochemical and


spectral characteristics were identical to those of 31.


General procedure for the direct conversion of silyl ethers 20, 21,
23, 24, and 27 into esters of short- or long-chain fatty acids to
produce 1,3-DAG (33, 34) [route D (i)] or structured TAG (35–41)
(route E)


A mixture of the appropriate carboxylic acid anhydride
(3.00 mmol) and trimethylbromosilane (TMSBr; 0.195 mL;
1.50 mmol) in alcohol-free chloroform (2 mL) was added to a
solution of silyl ether 20, 21, 23, 24 or 27 (1.00 mmol) and tetra-
n-butylammonium bromide (0.645 g; 2.00 mmol) (3.0 mL) in the
same solvent (3.0 mL). The reaction mixture was kept under argon,
in a pressure-proof glass ampoule at 80 ◦C (bath) for 2 h (reaction
time for TIPS-derivatives: 15 h). Chloroform was removed under
reduced pressure and the triglycerides 33–41 were isolated (purity
>99%, 1H NMR spectroscopy) by flash column chromatography
(silica gel; mobile phase for 33, 34, 37–41: toluene–EtOAc = 98 :
2, v/v; mobile phase for 35 and 36: pentane–toluene–EtOAc =
40 : 50 : 10, v/v/v).


1-Oleoyl-2-trichloroacetyl-3-acetyl-sn-glycerol 33. Obtained
from 1-oleoyl-2-trichloroacetyl-3-O-tert-butyldimethylsilyl-sn-
glycerol (27; 0.616 g, 1.00 mmol) and acetic anhydride (0.284 mL,
3.00 mmol). Yield: 0.511 g (94%, colourless oil); Rf (pentane–
toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.49; [a]20


D = −0.68 (c
9.77, CHCl3); found: C, 55.30; H, 7.55; Cl, 19.47%. C25H41Cl3O6


(543.95) requires C, 55.20; H, 7.60; Cl, 19.55%.


1-Oleoyl-2-trichloroacetyl-3-palmitoyl-sn-glycerol 34. Ob-
tained from 1-oleoyl-2-trichloroacetyl-3-O-tert-butyldimethylsilyl-
sn-glycerol (27; 0.616 g, 1.00 mmol) and palmitic anhydride
(1.484 g, 3.00 mmol). Yield: 0.711 g (96%, colourless oil); Rf


(pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.58; [a]20
D =


0.00 (c 4.26, CHCl3); found: C, 63.35; H, 9.50; Cl, 14.30%.
C39H69Cl3O6 (740.32) requires C, 63.27; H, 9.39; Cl, 14.37%.


1,2-Diacetyl-3-oleoyl-sn-glycerol 35. Obtained from 1-O-
tert-butyldimethylsilyl-2-acetyl-3-oleoyl-sn-glycerol (20; 0.513 g,
1.00 mmol) and acetic anhydride (0.284 mL, 3.00 mmol). Yield:
0.410 g (93%, colourless oil); Rf (pentane–toluene–EtOAc = 40 :
50 : 10, v/v/v) = 0.25; [a]20


D = +1.23 (c 10.83, CHCl3); found: C,
68.08; H, 10.12%. C25H44O6 (440.61) requires C, 68.15; H, 10.06%.


1-Oleoyl-2,3-diacetyl-sn-glycerol 36. Obtained from 1-oleoyl-
2-acetyl-3-O-triisopropylsilyl-sn-glycerol (21; 0.555 g, 1.00 mmol)
and acetic anhydride (0.284 mL, 3.00 mmol). Yield: 0.401 g
(91%, colourless oil); [a]20


D = −1.29 (c 8.93, CHCl3). All other
physicochemical and spectral characteristics were identical to
those of 35.


1-Oleoyl-2-acetyl-3-palmitoyl-sn-glycerol 37. Synthesized
from 1-oleoyl-2-acetyl-3-O-triisopropylsilyl-sn-glycerol (21;
0.555 g, 1.00 mmol) and palmitic anhydride (1.484 g, 3.00 mmol).
Yield: 0.611 g (96%, colourless oil); Rf (pentane–toluene–EtOAc =
40 : 50 : 10, v/v/v) = 0.57; [a]20


D = 0.00 (c 5.11, CHCl3); found: C,
73.66; H, 11.20%. C39H72O6 (636.98) requires C, 73.54; H, 11.39%.


1,2-Dioleoyl-3-acetyl-sn-glycerol 38. Acquired from 1,2-
dioleoyl-3-O-triisopropylsilyl-sn-glycerol (23; 0.777 g, 1.00 mmol)
and acetic anhydride (0.284 mL, 3.00 mmol). Yield: 0.603 g
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(91%, colourless oil); Rf (pentane–toluene–EtOAc = 40 : 50 : 10,
v/v/v) = 0.53; [a]20


D = −0.68 (c 7.60, CHCl3); found: C, 74.22; H,
11.28%. C41H74O6 (663.02) requires C, 74.27; H, 11.25%.


1,2,3-Trioleoyl glycerol 39. Obtained from 1,2-dioleoyl-3-O-
triisopropylsilyl-sn-glycerol (23; 0.777 g, 1.00 mmol) and oleic
anhydride (1.641 g, 3.00 mmol). Yield: 0.823 g (93%, colourless
oil); Rf (pentane–EtOAc = 90 : 10, v/v) = 0.72; found: C, 77.37;
H, 11.81%. C57H104O6 (885.43) requires C, 77.32; H, 11.84%.


1-Acetyl-2-oleoyl-3-palmitoyl-sn-glycerol 40. Obtained from
1-O-triisopropylsilyl-2-oleoyl-3-palmitoyl-sn-glycerol (24; 0.751 g,
1.00 mmol) and acetic anhydride (0.284 mL, 3.00 mmol). Yield:
0.586 g (92%, colourless oil); Rf (pentane–toluene–EtOAc = 40 :
50 : 10, v/v/v) = 0.52; [a]20


D = +0.72 (c 11.73, CHCl3); found: C,
73.57; H, 11.40%. C39H72O6 (636.98) requires C, 73.54; H, 11.39%.


1,3-Dipalmitoyl-2-oleoyl glycerol 41. Obtained from 1-O-
triisopropylsilyl-2-oleoyl-3-palmitoyl-sn-glycerol (24; 0.751 g,
1.00 mmol) and palmitic anhydride (1.484 g, 3.00 mmol). Yield:
0.775 g (93%); white solid: mp 37.4–38.0 ◦C; Rf (pentane–toluene–
EtOAc = 40 : 50 : 10, v/v/v) = 0.56; lit.28 mp 35.0–37.5 ◦C; found:
C, 76.43; H, 12.04%. C53H100O6 (833.36) requires C, 76.39; H,
12.09%.


General procedure for the preparation of 1,2(2,3)-diglycerides
(42–46) [route C (ii)] and 1,3-DAG (47, 48) [route D (ii)] from the
corresponding 2,2,2-trichloroacetyl isosters (28–34)


To a solution of 28–34 (1.00 mmol) in tetrahydofuran (5.0 mL), a
mixture of pyridine (4.0 mL, 50 mmol) and methanol (20.3 mL,
500 mmol) was added and the reaction mixture was left at room
temperature for 3 h. Solvents were evaporated under reduced
pressure (bath temp. 50 ◦C) and the residue was kept under high
vacuum at room temperature for 2–3 h to give the unprotected
diglyceride 42–48 (purity >99%, 1H NMR spectroscopy).


1-Oleoyl-2-acetyl-sn-glycerol 42. Acquired from 1-oleoyl-2-
acetyl-3-trichloroacetyl-sn-glycerol (28; 0.544 g, 1.00 mmol).
Yield: 0.398 g (100%, colourless oil); Rf (toluene–EtOAc = 80 :
20, v/v) = 0.24; [a]20


D = −5.42 (c 5.07, CHCl3); found: C, 70.01; H,
10.60%. C23H42O5 (398.58) requires C, 69.31; H, 10.62%.


2-Acetyl-3-oleoyl-sn-glycerol 43. Obtained from 1-trichloro-
acetyl-2-acetyl-3-oleoyl-sn-glycerol (29; 0.544 g, 1.00 mmol).
Yield: 0.399 g (100%, colourless oil); [a]20


D = +5.48 (c 3.25,
CHCl3). All other physicochemical and spectral characteristics
were identical with those of 42.


1,2-Dioleoyl-sn-glycerol 44. Produced from 1,2-dioleoyl-3-
trichloroacetyl-sn-glycerol (30; 0.766 g, 1.00 mmol). Yield: 0.621 g
(100%, colourless oil); Rf (toluene–EtOAc = 80 : 20, v/v) = 0.50;
[a]20


D = −2.85 (c 4.16, CHCl3); lit.92 [a]20
D = −2.5 (c 3.0, CHCl3);


found: C, 75.50; H, 11.66%. C39H72O5 (620.99) requires C, 75.43;
H, 11.69%.


1-O-Hexadecyl-2-acetyl-sn-glycerol 45. Synthesized from 1-
O-hexadecyl-2-acetyl-3-trichloroacetyl-sn-glycerol (31; 0.504 g,
1.00 mmol). Yield: 0.359 g (100%); white solid, mp 35.5–36.0 ◦C
(from pentane); Rf (toluene–EtOAc = 80 : 20, v/v) = 0.23; [a]20


D =
−5.44 (c 2.39, CHCl3); lit.93 [a]20


D = −11.1 (c 0.4, CHCl3); found: C,
70.51; H, 11.77%. C21H42O4 (358.56) requires C, 70.34; H, 11.81%.


2-Acetyl-3-O-hexadecyl-sn-glycerol 46. Obtained from 1-
trichloroacetyl-2-acetyl-3-O-hexadecyl-sn-glycerol (32; 0.504 g,
1.00 mmol). Yield: 0.359 g (100%, white solid); [a]20


D = +5.98 (c
2.08, CHCl3). All other physicochemical and spectral characteris-
tics were identical to those of 45.


1-Oleoyl-3-acetyl-sn-glycerol 47. Obtained from 1-oleoyl-2-
trichloroacetyl-3-acetyl-sn-glycerol (33; 0.544 g, 1.00 mmol).
Yield: 0.398 g (100%, colourless oil); Rf (toluene–EtOAc = 80 :
20, v/v) = 0.29; [a]20


D = −0.28 (c 9.15, CHCl3); found: C, 69.19; H,
10.70%. C23H42O5 (398.58) requires C, 69.31; H, 10.62%.


1-Oleoyl-3-palmitoyl-sn-glycerol 48. Produced from 1-oleoyl-
2-trichloroacetyl-3-palmitoyl-sn-glycerol (34; 0.740 g, 1.00 mmol).
Yield: 0.595 g (100%); white solid, mp 45.5–47.0 ◦C (from
pentane); lit.82 mp 45–46 ◦C; Rf (toluene–EtOAc = 80 : 20, v/v) =
0.52; found: C, 74.81; H, 11.80%. C37H70O5 (594.95) requires C,
74.69; H, 11.86%.


General procedure for the one-pot, two-step synthesis of TAG
(49–53) from their terminal- (28, 29) or 2-O-trichloroacetyl
derivatives (33, 34) (route F)


Step (i). To a solution of trichloroacetate 28, 29, 33 or 34
(1.00 mmol) in tetrahydrofuran (5.0 mL), a mixture of pyridine
(4.0 mL, 50 mmol) and methanol (20.3 mL, 500 mmol) was added
and the reaction mixture was left at room temperature for 2–3 h.
The solvents and volatile materials were removed under reduced
pressure, and the resulting gum was subjected to acylation in the
next step.


Step (ii). The residue containing the deprotected diacylglyc-
erol species was dissolved in alcohol-free chloroform (10.0 mL)
containing pyridine (1.61 mL, 20.0 mmol), and the mixture was
treated at −20 ◦C with a solution of a requisite acyl chloride
(2.00 mmol) in alcohol-free chloroform (10.0 mL). After keeping
the reaction mixture at room temperature for 2 h, the solvents were
removed under reduced pressure, dichloromethane (10.0 mL) was
added and the solution was passed through a dichloromethane-
filled aluminium oxide pad (∼20 g), which was washed with
the same solvent (∼150 mL). Dichloromethane was removed
under reduced pressure and the target triacylglycerols 50–53 were
isolated in pure state (>99%, 1H NMR spectroscopy) by flash
column silica gel chromatography (mobile phase for 50: pentane–
toluene–EtOAc = 40 : 50 : 10, v/v/v; mobile phase for 51–53:
toluene–EtOAc = 98 : 2, v/v).


The Mosher ester 49 of 1,3-DAG 47, also representing a model
triacylglycerol with a sterically hindered chiral substituent at the
C2-position, was obtained in a similar way as described below.


1-Oleoyl-2-[R-(−)-a-methoxy-a-trifluoromethylphenylacetyl]-
3-acetyl-sn-glycerol 49. The compound was prepared from 1-
oleoyl-3-acetyl-sn-glycerol (47; 0.399 g, 1.00 mmol) and R-
(−)-a-methoxy-a-trifluoromethylphenylacetyl chloride (0.224 mL,
1.20 mmol) at room temperature for 18 h according to the above
general procedure with the exception that after removing the
solvents, the residue was dissolved in toluene–ethyl acetate (98 :
2, v/v, 5 mL) and the solution was passed through a silica gel
pad (∼5 g) prepared in the same solvent system. The support
was washed with this eluent (50 mL), fractions containing the
product were combined and the solution was concentrated under
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reduced pressure to afford the crude Mosher ester 49, which was
examined next by 1H and 13C NMR without further purification.
Yield calcd for C33H49F3O7 (614.73): 0.553 g (90%, colourless oil);
Rf (pentane–toluene–EtOAc = 40 : 50 : 10, v/v/v) = 0.45.


1-Oleoyl-2,3-diacetyl-sn-glycerol 50. Obtained from 1-oleoyl-
2-acetyl-3-trichloroacetyl-sn-glycerol (28; 0.544 g, 1.00 mmol) via
42 and acetyl chloride (0.142 mL; 2.00 mmol). Overall yield:
0.418 g (95%, colourless oil); [a]20


D = −1.25 (c 9.33, CHCl3). All
other physicochemical and spectral characteristics were identical
to those of 35 and 36.


1-Palmitoyl-2-acetyl-3-oleoyl-sn-glycerol 51. Synthesized
from 1-trichloroacetyl-2-acetyl-3-oleoyl-sn-glycerol (29; 0.544 g;
1.00 mmol) via 43 and palmitoyl chloride (0.606 mL; 2.00 mmol).
Overall yield: 0.598 g (94%, colourless oil); [a]20


D = 0.00 (c 8.69,
CHCl3). All other physicochemical and spectral characteristics
were identical to those of 37.


1-Oleoyl-2-palmitoyl-3-acetyl-sn-glycerol 52. Acquired from
1-oleoyl-2-trichloroacetyl-3-acetyl-sn-glycerol (33; 0.544 g,
1.00 mmol) via 47 and palmitoyl chloride (0.606 mL; 2.00 mmol).
Yield: 0.580 g (91%, colourless oil); Rf (pentane–toluene–EtOAc =
40 : 50 : 10, v/v/v) = 0.55; [a]20


D = −0.64 (c 8.15, CHCl3); found:
C, 73.50; H, 11.31%. C39H72O6 (636.98) requires C, 73.54; H,
11.39%.


1-Oleoyl-2,3-palmitoyl-sn-glycerol 53. Obtained from 1-oleoyl-
2-trichloroacetyl-3-palmitoyl-sn-glycerol (34; 0.740 g; 1.00 mmol)
via 48 and palmitoyl chloride (0.606 mL; 2.00 mmol). Yield:
0.758 g (91%); white solid, mp 34.0–35.0 ◦C; Rf (pentane–toluene–
EtOAc = 40 : 50 : 10, v/v/v) = 0.54; [a]20


D = 0.00 (c 7.05, CHCl3);
lit.28 mp 29.8–34.5 ◦C; found: C, 76.40; H, 12.12%. C53H100O6


(833.36) requires C, 76.39; H, 12.09%.
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Modified nucleosides in tRNAs play an important role in the translational process. They fine tune the
codon–anticodon interactions and they influence the folding and stabilisation of the tRNA structure.
Herein, we present a novel synthetic route to the highly modified nucleosides PreQ0 and archaeosine.
The synthesis involves coupling of a protected 7-cyano-7-deazaguanosine nucleobase with a TBDMS
and isopropylidene protected chloro-ribose unit yielding the PreQ0 nucleoside after deprotection. This
PreQ0 nucleoside is then used as the starting material for the synthesis of archaeosine providing the first
total synthetic access to this hypermodified RNA nucleoside.


Introduction


Transfer ribonucleic acids (tRNAs) contain more than one
hundred modified nucleosides, which complement the four major
RNA nucleosides A, C, G and U.1 These modified nucleosides
seem to be involved in the fine tuning of codon–anticodon
interaction at the ribosome and also influence folding and stability
of tRNAs.2–10 However, in most cases the exact role of the modified
RNA nucleosides is not known. We have recently started a
synthetic program aimed at the preparation of the hypermodified
tRNA nucleosides queuosine11 and archaeosine in order to
investigate in detail their biosyntheses and their function in the
translational process. Herein, we report an efficient synthesis of the
tRNA nucleosides archaeosine 1, a hypermodified RNA nucleo-
side so far found only in archae bacteria,12 and PreQ0 2, which is a
biosynthetic precursor for archaeosine.5,7,10 Archaeosine occupies
position 15 in the majority of archaeal tRNAs (Scheme 1).7 It is
consequently a quite abundant hypermodification, which seems
to stabilize the 3-dimensional fold of these tRNAs. After being
discovered in 198213 the structure of the nucleoside remained


Scheme 1
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elusive until 1993, when Gregson et al. used mass spectrometric
methods to elucidate the molecular structure.12 These authors
compared the mass spectrometric data of the natural product
with data from a small synthetic sample of archaeosine (7 lg)
obtained through transformation of 1 mg of the natural product
toyocamycin into archaeosine.


Results and discussion


We decided to synthesize the target compound archaeosine 1 from
the nucleoside PreQ0 2 by conversion of the nitrile to an amidine.
The synthesis of 2 was thought to be possible via a glycosylation
of the heterocyclic precursor 3 with the protected sugar 4 as shown
in Scheme 2.


Scheme 2


Synthesis of the heterocyclic building block 3 started from
chloroacetonitrile 5. Reaction of 5 with formic acid methylester
and 2,6-diaminopyrimidine-4-one in a one pot procedure as
established by Migawa et al. gave nitrile nucleobase 6 (Scheme 3).14


Pivaloyl protection of 6 yielded compound 7.15 Subsequently,
the heterocycle 7 was activated for the subsequent glycosylation
reaction by replacement of the hydroxyl group at the aromatic
system for chlorine.16–19 By that route 3 was obtained in 21% overall
yield in only four steps.
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Scheme 3 Synthesis of PreQ0 2: (a) HCOOMe, NaOMe, THF;
(b) NaOAc, 2,6-diaminopyrimidine-4-one, water, THF, 38%; (c) trimethyl-
acetyl chloride, pyridine, 75%; (d) POCl3, TEBACl, dimethylaniline,
acetonitrile, 75%; (e) acetone, conc. HCl, 87%; (f) imidazole, TBDMSCl,
DMF, 83%; (g) tetrachloromethane, HMPA; (h) NaH, acetonitrile, 20%;
(j) Et3N, DABCO, NaOAc, DMF, 81%; (k) trifluoroacetic acid, water,
77%; (l) 28% ammonia in water, 99%.


The second building block 4 was synthesized starting from
ribose 8. Protection of the 2′,3′-OH groups with acetone gave
compound 9.20,21 Treatment of the crude product with TBDMSCl
provided the 5′-O-protected sugar 10 in 72% yield. Conversion of
10 into the glycosyl donor 4 was achieved with HMPA and CCl4.22


Due to the lability of compound 4, it was used for the glycosylation
reaction without further purification.


For the crucial step of the synthesis, the glycosylation, initially
1-acetoxyribose-2,3,5-tribenzoate as glycosyl donor was reacted
with compound 6 under Lewis acid catalysis.23 This route, however,
turned out to give an inseparable mixture of two products.
NMR measurements indicated formation of a nucleoside with
the sugar attached to the exocyclic amino group. Additionally,
when 3 was reacted under these conditions no conversion was
observed. Ramasamy et al.24 proposed a different glycosylation
route using 4 and a twofold excess of NaH and 4-chloro-2-amino-
7H-pyrrolo[2,3-d]pyrimidine. Deprotonation of two equivalents
of 3 with NaH and subsequent addition of 4 to the reaction
mixture provided the nucleoside 11 in 16% yield. In our hands,
the best yield (20%) was obtained when a 1.4 fold excess of NaH
and of the glycosyl donor were used (Scheme 3). Slow addition
of 4 at 0 ◦C and rigorously dried solvents and reagents are very
important for the success of the reaction.


The configuration of the obtained product 11 was verified by
HMBC and NOESY spectroscopy. Clear interactions could be
observed between C(1′)H and C6, C5 and C7a in the HMBC


spectrum. Furthermore, interactions between C(6)H and C1′


(Scheme 4a) were clearly detected. This unequivocally determines
the constitution of the nucleoside 11. The sugar and the nucleobase
moiety are connected via a bond between C1′ and N7.


Scheme 4 (a) Nucleoside 11 highlighting the systematic numbering of the
nucleobase and of C(1′)H; (b) nucleoside 11 displaying the sugar and the
nucleobase protons together with observed NOESY interactions.


The corresponding NOESY spectrum proved the b-confi-
guration of the obtained nucleoside 11. A strong interaction
between C(6)H and C(2′)H was observed. Additional interac-
tions (C(6)H–C(3′)H and C(6)H–C(5′)H) usually observed for
b-configured nucleosides and the absence of typical interactions
(C(6)H–C(4′)H) in a-nucleosides further supported the stereo-
chemical assignment (Scheme 4b). Another indication for the b-
configuration of 11 is the small C(1′)H–C(2′)H coupling constant
(1 Hz), which is in the typical range for b-configured nucleosides.
a-Configured nucleosides usually show larger coupling constants.
These spectroscopic data, in our eyes, prove the formation of the
glycosidic bond between C1′ and N7 and the b-configuration of
the obtained nucleoside 11.


Conversion of the chloro to the needed oxo substituent in
position 4 of the nucleoside 11 was achieved with DABCO, Et3N
and NaOAc yielding 12 (Scheme 3).25 The protecting groups at the
sugar moiety of the nucleoside 12 were removed using a water–
trifluoroacetic acid mixture to give 13. The best method for the
deprotection of the amine in position 2 of the nucleoside 13 proved
to be 28% ammonia in water. By this method the conversion of 13
to PreQ0 2 was quantitative. The transformation of 11 to PreQ0


2 was therefore possible with 62% yield in only three steps. The
analytical data obtained from compound 2 compared very well
with those published by Kondo et al.26 and Cheng et al.27,28


The final transformation of PreQ0 to archaeosine turned out
to be the second critical step. A synthesis of the archaeosine
base only was reported by Hashizume and McCloskey.29 They
converted the nitrile nucleobase 6 into the corresponding amidine
with trimethylaluminium and ammonium chloride. This method,
however, failed in our hands with compound 2 as the starting
material. Also, the conversion of the nitrile to the amidine with
hydroxylamine followed by reduction with palladium on charcoal
or Raney nickel24,30,31 gave no conversion to compound 1. We finally
used the classical Pinner reaction32–36 for the desired transforma-
tion. Treatment of a solution of 2 in methanol with HCl (g) for 3 h,
followed by the removal of the solvent and stirring of the resulting
white solid in 7 N ammonia in methanol indeed gave the title
compound archaeosine 1 as a white solid (Scheme 5). 1 was purified
by reversed phase HPLC with a 0.1 M triethylammonium acetate
buffer. The resulting white solid turned out to be archaeosine
obtained as its acetate salt plus a small amount of additional
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Scheme 5 Synthesis of archaeosine 1: (i) HCl (g), methanol (ii) 7 N
ammonia in methanol, 30%.


triethylammonium acetate. Attempts to completely remove the
excess triethylammonium acetate under high vacuum caused
degradation of archaeosine 1 partly back to PreQ0 2. However,
the analytical data obtained for the product were in excellent
agreement with those presented by Gregson et al.12


In summary, we were able to establish a short and efficient
synthesis of PreQ0 (2% overall yield, 11 steps) and archaeosine
(0.6% overall yield, 12 steps).


Together with our recently presented work on the synthesis
of queuosine,11 these syntheses allow preparation of most of
the deazaguanosine modified tRNA nucleosides in reasonable
quantities. Our future aim is to incorporate these deazaguanosine
derived nucleosides into RNA strands via RNA solid phase
synthesis in order to unravel their functions in tRNA.


Experimental


General procedures


All reactions were performed with dry solvents in dried Schlenk
flasks fitted with a septum under a positive pressure of nitrogen,
unless water was used as a solvent. Air- and moisture-sensitive
liquids and solutions were transferred via syringes. Organic
solutions were concentrated by rotary evaporation below 40 ◦C
under appropriately reduced pressure. Thin layer chromatography
(TLC) was carried out with precoated Merck F254 silica gel plates.
Flash chromatography (FC) was carried out with Merck Silica gel
60 (0.040–0.063 mm). Reagents, dry solvents and starting materials
were obtained from commercial suppliers, and used without
further purification unless otherwise indicated. IR spectra were
recorded on a Bruker IFS 25 and a Bruker IFS 88 spectrometer.
IR data are reported as wave numbers with w (weak), s (strong)
and vs (very strong) indicating the intensity of the absorption
bands. 1H NMR and 13C NMR spectra were recorded with
Varian Mercury 200 (200 MHz and 75 MHz), Bruker AMX
400 (400 MHz and 100 MHz) and Bruker AMX 600 (600 MHz
and 150 MHz) spectrometers. Chemical shifts for 1H NMR are
reported in ppm relative to Me4Si as internal standard. Data
for 1H NMR are reported as follows: chemical shift (d, ppm),
integration, multiplicity (s = singlet, d = doublet, t = triplet, m =
multiplet), coupling constant (Hz) and assignment. Data for 13C
NMR are reported in terms of chemical shifts. Mass spectrometry
was performed with Finnigan MAT 95Q, Finnigan MAT 90 and
Thermo Finnigan LTQ-FT mass spectrometers.


2-Amino-5-cyano-3,4-dihydro-7H-pyrrolo[2,3-d]pyrimidine-4-
one 6


6 was synthesised according to literature.14 mmax/cm−1 3362 s (NH),
3105 s (NH), 2229 s (conj. CN), 1627 vs (NH2), 1592 vs and 1260 s;


dH (600 MHz, [D6]DMSO) 6.40 (2 H, s, NH2), 7.63 (1 H, s, C(6)H),
10.72 (1 H, s, N(7)H) and 12.00 (1H, s, N(3)H); dC (150 MHz,
[D6]DMSO) 90.7 (C5), 105.0 (C4a), 121.7 (CN), 133.7 (C6), 157.7
(C7a), 159.7 (C2) and 163.8 (C4); m/z (ESI−) 174.0426 (M−,
C7H4N5O− requires 174.0421).


5-Cyano-3,4-dihydro-2-pivaloylamino-7H-
pyrrolo[2,3-d]pyrimidine-4-one 7


6 (1.5 g, 8.6 mmol) was dissolved in pyridine (10 cm3) and
slowly treated with trimethylacetyl chloride (3.1 g, 26 mmol).
The resulting suspension was stirred for 2 h at 85 ◦C. After
cooling to room temperature a white solid precipitated, which
was removed by filtration. The resulting solution was neutralised
with 7 N ammonia in methanol and left to stand at 4 ◦C for
16 h. The resulting precipitate was collected and washed with
ethanol (20 cm3) and diethyl ether (10 cm3) to give the pivaloyl
protected nucleobase 7 (1.7 g, 75%). Rf = 0.2 (DCM–MeOH, 20 :
1); mmax/cm−1 3125 vs (NH), 2228 s (CN), 1684 s (CO), 1646 vs
(CC), 1608 vs, 1579 vs (NH), 1409 vs (CH3), 1239 s (CN), 1176 s
(CN), 938 w (CH) and 782 s (CH); dH (600 MHz, [D6]DMSO)
1.25 (9 H, s, CH3), 7.93 (1 H, s, C(6)H), 11.00 (1 H s, N(7)H),
12.11 (1 H, s, N(3)H) and 12.65 (1 H, s, NHPiv); dC (150 MHz,
[D6]DMSO) 27.0 (C(CH3)3), 40.7 (C(CH3)3), 86.9 (C5), 103.7
(C4a), 115.9 (CN), 130.9 (C6), 149.1 and 149.1 (C2 and C7a),
156.4 (C4) and 181.7 (COC(CH3)3); m/z (ESI+) 259.1088 (M+,
C12H13N5O2


+ requires 259.1069).


4-Chloro-5-cyano-2-pivaloylamino-7H-pyrrolo[2,3-d]pyrimidine 3


7 (200 mg, 0.77 mmol) was suspended in acetonitrile (1.2 cm3) and
dimethylaniline (0.41 cm3, 3.28 mmol), triethylbenzylammonium
chloride (TEBACl) (89 mg, 0.39 mmol) and phosphoryl chloride
(0.72 cm3, 7.70 mmol) were added. The suspension was heated to
90 ◦C for 1 h. The cooled down suspension was concentrated
in vacuo and the resulting oil was cautiously treated with ice.
The acidic mixture was set to pH = 4 with conc. ammonia in
methanol. The precipitate was collected by filtration and washed
with water. Purification by column chromatography (isohexane–
ethyl acetate 3 : 2) gave nucleobase 3 (160 mg, 75%) as a white
solid. Rf = 0.65 (CHCl3–MeOH, 9 : 1); mmax/cm−1 3448 w (NH),
3160 vs (NH), 2231 s (CN), 1708 s (CO), 1563 vs (NH), 1521 s
(NH), 1445 vs (CH3), 1419 vs (CH3), 1271 s (CN), 1164 s (CN)
and 785 s; dH (400 MHz, [D6]DMSO) 1.22 (9 H, s, C(CH3)3), 8.50
(1 H, s, C(6)H), 10.27 (1 H, s, N(7)H) and 13.35 (1 H, s, NHPiv);
dC (100 MHz, [D6]DMSO) 27.4 (C(CH3)3), 40.3 (C(CH3)3), 84.1
(C5), 111.8 and 115.1 (C4a and CN), 138.2 (C6), 151.4 (C4), 153.5
(C7a), 153.8 (C2) and 176.5 (COC(CH3)3); m/z (ESI+) 278.0796
(M+, C12H13ClN5O+ requires 278.0806).


2′,3′-O-Isopropylidene-a/b-D-ribofuranose 920,21


D-Ribose 8 (25.0 g, 150 mmol) was suspended in acetone. Conc.
HCl (0.025 cm3) was added at 0 ◦C and the mixture was stirred
for 2 h. The resulting suspension was filtered through Celite and
activated charcoal. Concentration of the resulting solution gave
the isopropylidene protected sugar 9 (33.0 g, 87%). Rf = 0.29
(DCM–MeOH, 20 : 1); dH (200 MHz, [D6]DMSO) 1.31 (3 H, s,
CH3), 1.47 (3 H, s, CH3), 3.72 (2 H, m, C(5′)H2), 4.40 (1 H, t, J 2,
C(4′)H), 4.57 (1 H, d, J 6, C(3′)H), 4.83 (1 H, d, J 6, C(2′)H) and
5.41 (1 H, s, C(1′)H).
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5′-O-[(1,1-Dimethylethyl)dimethylsilyl]-2′,3′-O-isopropylidene-
a/b-D-ribofuranose 10


9 (33.0 g, 174 mmol) and imidazole (29.0 g, 422 mmol) were
dissolved in DMF (60 cm3). tert-Butyldimethylsilyl chloride
(TBDMSCl) (27.4 g, 182 mmol) was added and the solution
was stirred at room temperature for 16 h. The reaction mixture
was treated with water (100 cm3) and extracted with ethyl acetate
(3 × 250 cm3). The combined organic phases were washed with
water (2 × 120 cm3) and dried with MgSO4. Removal of the solvent
in vacuo yielded the protected sugar 10 (44 g, 83%) as a white
solid, which was used without purification in the next step. An
analytically pure sample was obtained by column chromatography
(isohexane–ethyl acetate, 7 : 1). Rf = 0.6 (CHCl3–MeOH 10 : 1); mp
49.8 ◦C; mmax/cm−1 3345 s (OH), 2939 s (CH), 2861 s (CH), 1382 w
(CH3), 1368 w (CH3), 1258 s (COC), 1084 vs (COC) and 1062 vs
(COC); dH (600 MHz, [D6]DMSO) 0.06 (6 H, s, SiC(CH3)3(CH3)2),
0.88 (9 H, s, SiC(CH3)3(CH3)2), 1.25 (3 H, s, CH3), 1.37 (3 H, s,
CH3), 3.59 (2 H, d, J 7, C(5′)H2), 3.95 (1 H, t, J 7, C(4′)H), 4.46
(1 H, d, J 6, C(2′)H), 4.63 (1 H, d, J 6, C(3′)H), 5.19 (1 H, d, J
5, C(1′)H) and 6.43 (1 H, d, J 5, OH); dC (150 MHz, [D6]DMSO)
−5.5 and −0.54 (SiC(CH3)3(CH3)2), 17.9 (SiC(CH3)3(CH3)2), 24.7
(C(CH3)2), 25.8 (SiC(CH3)3(CH3)2), 26.3 (C(CH3)2), 64.2 (C5′),
81.7 (C3′), 85.5 (C2′), 85.8 (C4′), 101.7 (C1′) and 111.1 (C(CH3)2);
m/z (ESI−) 303.1626 (M−, C14H27O5Si− requires 303.1633).


1′-Chloro-5′-O-[(1,1-dimethylethyl)dimethylsilyl]-2′,3′-
O-isopropylidene-a/b-D-ribofuranose 4


10 (1.12 g, 3.7 mmol) and CCl4 (0.5 cm3, 5.92 mmol) were dissolved
in THF (10 cm3). Hexamethylphosphoramide (HMPA) (0.8 cm3,
4.44 mmol) was added dropwise at −78 ◦C over a period of
5 min. After stirring at −78 ◦C for 2 h, the cooling was removed
upon which a white solid precipitated. The obtained suspension
containing 4 was used in the subsequent reaction in situ.


4-Chloro-5-cyano-7-[2′,3′-O-isopropylidene-5′-O-[(1,1-
dimethylethyl)dimethylsilyl]-b-D-ribofuranosyl]-2-pivaloylamino-
7H-pyrrolo[2,3-d]pyrimidine 11


Acetonitrile (100 cm3) was dried over molecular sieves for 1 h
before addition of 3 (1.10 g, 3.97 mmol) and NaH (95%, 220 mg,
5.56 mmol). The solution was stirred at room temperature for 1 h.
4 (1.80 g, 5.56 mmol) was added dropwise over a period of 20 min
at 0 ◦C. The resulting solution was stirred at room temperature for
16 h. After removal of the solvent in vacuo the product was treated
with water (50 cm3) and ethyl acetate (50 cm3). The layers were
separated and the water layer was extracted with ethyl acetate
(2 × 100 cm3). The combined organic layers were washed with
brine (200 cm3) and dried with MgSO4. The crude mixture was
purified by column chromatography (isohexane–ethyl acetate 7 :
1) to yield nucleoside 11 (441 mg, 20%). An analytically pure
sample was obtained via HPLC (gradient; eluent A: isohexane,
eluent B: ethyl acetate, gradient: 100% A, 0% B → 30% A,
70% B in 45 min, retention time = 24.9 min, Nucleodur 100–
5). Rf = 0.85 (isohexane–ethyl acetate, 1 : 1); dH (400 MHz,
[D6]DMSO) −0.16 (3 H, s, SiC(CH3)3(CH3)2), −0.13 (3 H, s,
SiC(CH3)3(CH3)2), 0.73 (9 H, s, SiC(CH3)3(CH3)2), 1.22 (9 H, s,
COC(CH3)3), 1.32 (3 H, s, exo-C(CH3)2), 1.51 (3 H, s, endo-
C(CH3)2), 3.64 (1 H, dd, J 11 and 5, C(5′)Ha), 3.67 (1 H, dd,


J 11 and 6, C(5′)Hb), 4.12 (1 H, ddd, J 6, 5 and 4, C(4′)H), 5.21
(1 H, dd, J 6 and 4, C(3′)H), 5.45 (1 H, dd, J 6 and 1, C(2′)H),
6.25 (1 H, d, J 1, C(1′)H), 8.64 (1 H, s, C(6)H) and 10.51 (1 H, s,
NHPiv); dC(100 MHz, [D6]DMSO) −4.9 (SiC(CH3)3(CH3)2), −4.8
(SiC(CH3)3(CH3)2), 18.7 (SiC(CH3)3(CH3)2), 25.9 (exo-C(CH3)2),
26.4 (SiC(CH3)3(CH3)2), 27.3 (COC(CH3)3), 27.6 (endo-C(CH3)2),
40.6 (COC(CH3)3), 64.1 (C5′), 81.3 (C3′), 84.4 (C2′), 84.9(C5),
88.7 (C4′), 91.3 (C1′), 113.6 (C(CH3)2), 112.2 and 114.3 (C4a and
CN), 138.9 (C6), 151.7 (C7a), 151.9 and 153.8 (C2 and C4) and
176.6 (COC(CH3)3); m/z (ESI+) 564.2368 (M+, C26H39ClN5O5Si+


requires 564.2404).


5-Cyano-3,4-dihydro-7-[2′,3′-O-isopropylidene-5′-O-[(1,1-
dimethylethyl)dimethylsilyl]-b-D-ribofuranosyl]-2-pivaloylamino-
7H-pyrrolo[2,3-d]pyrimidine-4-one 12


11 (74.0 mg, 0.13 mmol) was dissolved in DMF (2 cm3). Et3N
(39.7 mg, 0.05 cm3, 0.39 mmol), NaOAc (32.0 mg, 0.39 mmol)
and 1,4-diazabicyclo[2.2.2]octane (DABCO) (15.0 mg, 0.13 mmol)
were added. The mixture was stirred at room temperature for
48 h. Afterwards, water (1 cm3) was added and the solution was
stirred for 1 h. The mixture was extracted with ethyl acetate
(3 × 10 cm3). The combined organic phases were washed with
brine (20 cm3) and dried with MgSO4. Purification via column
chromatography (isohexane–ethyl acetate 3 : 1) gave nucleoside
12 (58 mg, 81%). Rf = 0.56 (isohexane–ethyl acetate 1 : 1); mp
46.5 ◦C; mmax/cm−1 3163 s (NH), 2933 vs (CH), 2232 vs (CN),
1671 vs, 1606 vs, 1542 s (NH), 1250 s, 1077 vs, 833 vs and 780 vs;
dH (400 MHz, [D6]DMSO) 0.02 (6 H, s, SiC(CH3)3(CH3)2), 0.85
(9 H, s, SiC(CH3)3(CH3)2), 1.25 (9 H, s, COC(CH3)3), 1.32 (3 H, s,
exo-C(CH3)2), 1.51 (3 H, s, endo-C(CH3)2), 3.69 (1 H, dd, J 11
and 5, C(5′)Ha), 3.73 (1 H, dd, J 11 and 4, C(5′)Hb), 4.14 (1 H,
ddd, J 5, 4 and 4, C(4′)H), 4.96 (1 H, dd, J 6 and 4, C(3′)H),
5.13 (1 H, dd, J 6 and 2, C(2′)H), 6.25 (1 H, d, J 2, C(1′)H),
8.14 (1 H, s, C(6)H), 11.03 (1 H, s, N(3)H) and 12.24 (1 H, s,
NHPiv); dC(100 MHz, [D6]DMSO) −5.62 (SiC(CH3)3(CH3)2),
−5.59 (SiC(CH3)3(CH3)2), 18.0 (SiC(CH3)3(CH3)2), 25.2 (exo-
C(CH3)2), 25.7 (SiC(CH3)3(CH3)2), 26.2 (COC(CH3)3), 26.9 (endo-
C(CH3)2), 40.6 (COC(CH3)3), 63.0 (C5′), 80.4 (C3′), 83.9 (C2′),
86.3 (C4′), 87.2 (C5), 88.2 (C1′), 103.0 (C4a), 113.3 (CN), 114.2
(C(CH3)2), 129.7 (C6), 147.8 (C2), 148.9 (C7a), 155.3 (C4)
and 181.1 (COC(CH3)3); m/z (ESI+) 568.2572 ([M + Na]+,
C26H39N5NaO6Si+ requires 568.2562).


5-Cyano-3,4-dihydro-2-pivaloylamino-7-b-D-ribofuranosyl-
7H-pyrrolo[2,3-d]pyrimidine-4-one 13


12 (18.0 mg, 0.03 mmol) was dissolved in water (0.15 cm3)
and trifluoroacetic acid (0.35 cm3) was added at 0 ◦C. The
mixture was stirred at 0 ◦C for 4 h before removing the solvent
in vacuo at 0 ◦C. The resulting solid was dissolved in water
(2 cm3) and stirred at room temperature over a period of 10 min.
Concentration yielded a colourless oil, which was purified via
column chromatography (DCM–MeOH 10 : 1). Nucleoside 13
(10 mg, 77%) was obtained as a white solid. Rf = 0.38 (DCM–
MeOH 10 : 1); mp >210 ◦C (decomposition); mmax/cm−1 3482 s,
3417 vs, 3152 s (NH), 2966 s (CH), 2884 s (CH), 2233 s (CN),
1693 vs, 1659 vs, 1598 s (NH), 1557 s (NH), 1538 s (NH), 1411 s
(CH), 1091 s (COC) and 775 s; dH (400 MHz, [D6]DMSO) 1.2
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(9 H, s, COC(CH3)3), 3.5 (1 H, dd, J 12 and 4, C(5′)Ha), 3.6
(1 H, dd, J 12 and 4, C(5′)Hb), 3.9 (1 H, ddd, J 4, 4 and 3,
C(4′)H), 4.1 (1 H, dd, J 5 and 3, C(3′)H), 4.3 (1 H, dd, J 6
and 5, C(2′)H), 6.1 (1 H, d, J 6, C(1′)H), 8.2 (1 H, s, C(6)H),
11.1 (1 H, s, N(3)H) and 12.2 (1 H, s, NHPiv); dC (100 MHz,
[D6]DMSO) 26.9 (COC(CH3)3), 40.7 (COC(CH3)3), 61.9 (C5′),
71.0 (C3′), 74.9 (C2′), 86.1 (C4′), 87.0 (C1′), 87.7 (C5), 103.6
(C4a), 115.2 (CN), 130.3 (C6), 149.3 (C7a), 149.7 (C2), 156.1
(C4) and 182.0 (COC(CH3)3); m/z (ESI+) 414.1363 ([M + Na]+,
C17H21N5NaO6


+ requires 414.1384).


2-Amino-5-cyano-3,4-dihydro-7-b-D-ribofuranosyl-
7H-pyrrolo[2,3-d]pyrimidine-4-one (PreQ0) 2


13 (18.0 mg, 0.046 mmol) was dissolved in 28% ammonia in water
(4 cm3). The solution was stirred at 60 ◦C for 17 h. Subsequent
removal of the solvent in vacuo resulted in a colourless oil, which
was purified via column chromatography (ethyl acetate–MeOH
7 : 1). PreQ0 2 (14 mg, 99%) was obtained as a white solid. Rf =
0.30 (ethyl acetate–MeOH 5 : 1); mp >260 ◦C (decomposition);
mmax/cm−1 3363 vs, 3165 vs (NH), 2231 s (CN), 1651 vs, 1623 vs,
1576 s (NH), 1448 s (CH) and 1398 vs; dH (400 MHz, [D6]DMSO)
3.53 (1 H, dd, J 12 and 4, C(5′)Ha), 3.59 (1 H, dd, J 12 and 4,
C(5′)Hb), 3.85 (1 H, ddd, J 4, 4 and 4, C(4′)H), 4.06 (1 H, dd, J
5 and 4, C(3′)H), 4.25 (1 H, dd, J 6 and 5, C(2′)H), 5.86 (1 H, d,
J 6, C(1′)H), 6.65 (2 H, s, NH2), 7.92 (1 H, s, C(6)H) and 10.89
(1 H, s, N(3)H); dC (150 MHz, [D6]DMSO) 61.9 (C5′), 70.9 (C3′),
74.8 (C2′), 85.8 (C4′), 87.0 and 87.2 (C1′ and C5), 99.3 (C4a),
116.0 (CN), 128.2 (C6), 152.1 (C7a), 154.7 (C2) and 157.9 (C4);
m/z (ESI−) 306.0837 (M−, C12H12N5O5


− requires 306.0844).


2-Amino-3,4-dihydro-4-oxo-7-b-D-ribofuranosyl-7H-
pyrrolo[2,3-d]pyrimidine-5-carboximidamide (archaeosine) 1


2 (10.0 mg, 0.03 mmol) was dissolved in methanol (2 cm3) and
treated with gaseous HCl for 3 h. Subsequently, nitrogen was
bubbled through the solution to remove the solvent. The resulting
white solid was stirred in 7 N ammonia in methanol (2 cm3) for
16 h. Removal of the solvent in vacuo yielded a white solid, which
was purified by HPLC (eluent A: 0.1 M triethylamine–AcOH in
water, eluent B: 0.1 M triethylamine–AcOH in 20% water and 80%
acetonitrile, gradient: 100% A, 0% B → 80% A, 20% B in 45 min,
retention time = 22.2 min, Nucleosil 100–7 C18). The solvent
was removed in vacuo to give a 2 : 1 mixture of nucleoside 1 and
triethylammonium acetate (4 mg, 30%). Rf = 0.57 (isopropanol–
water–AcOH 5 : 1 : 1); mp >215 ◦C (decomposition); kmax (HPLC
buffer)/nm 306; mmax/cm−1 3368 vs, 3176 vs (NH), 2931 s, 1660 vs,
1559 s (NH), 1518 s, 1411 s (CH), 1058 vs (CO) and 1023 vs; dH


(600 MHz, [D6]D2O) 1.93 (3 H, s, H3CCOO−), 3.84 (1 H, dd, J 4
and 12, C(5′)Ha), 3.90 (1 H, dd, J 3 and 12, C(5′)Hb), 4.24 (1 H,
m, C(4′)H), 4.38 (1 H, dd, J 4 and 5, C(3′)H), 4.61 (1 H, dd, J
5 and 6, C(2′)H), 6.06 (1 H, d, J 6, C(1′)H) and 8.03 (1 H, s,
C(6)H) [lit.,12 3.6 (m, C(5′)H2), 4.0 (m, C(4′)H), 4.1 (dd, C(3′)H),
4.4 (dd, C(2′)H), 5.8 (d, C(1′)H) and 7.8 (s, C(6)H))]; dC (150 MHz,
[D6]D2O) 23.4 (CH3COO−), 61.5 (C5′), 70.5 (C3′), 74.2 (C2′), 85.3
(C4′), 87.9 (C1′), 98.1 (C4a), 107.4 (C5), 125.3 (C6), 153.4, 154.7,
159.2 and 162.2 (C7a, Camidine, C2, C4); m/z (ESI−) 323.1116 (M−.
C12H15N6O5


− requires 323.1109).
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Site-selective introduction of biotin and benzophenone
probes onto ginkgolide scaffolds is described.


Ginkgo biloba extract has been the focus of many biological studies,
and ranks among the best selling herbal dietary supplements.1


A number of accounts have indicated that minor congeners
of the extract, namely polyoxygenated diterpenoids, collectively
called ginkgolides or terpene trilactones (Fig. 1), are the principal
components responsible for the physiological effects of the extract,
including improvement of peripheral vascular function, inhibition
of thrombosis and embolism,2 as well as neuroprotection against
amyloid peptide insults3 (hence there is a potential application for
the treatment of Alzheimer’s disease and other amyloid-related
cognitive disorders). However, the mode of ginkgolides’ action
with biological receptors has yet to be established on a molecular
structural basis.


Fig. 1 Major ginkgolides from Ginkgo biloba leaf extract.


Antagonistic activity of ginkgolides towards several CNS-
receptors, including platelet-activating factor receptor (PAFR),4


glycine receptor,5,6 and GABA receptor,6 has been demonstrated
recently. Furthermore, a preliminary biodistribution study of 18F-
labeled ginkgolide employing microPET techniques demonstrated
the potential of ginkgolides to reach the brain.7 The preparation
of ginkgolide-bearing photoaffinity probes was also reported.8 To
facilitate the photocrosslinking approaches, we wish to report here
on the synthesis of a new set of biotin-containing photoaffinity
probes of GA (1) and GB (2). Both of these ginkgolides possess
diverse biological activities, and the incorporation of biotin and
photoaffinity probes onto these scaffolds is expected to reveal the
mechanism of ginkgolide–receptor interactions.


Despite the fact that multifunctional probes have been intro-
duced onto other natural products and synthetic compounds,9


the unique structural and functional complexity of ginkgolides,
i.e., the rigid, cage-like skeleton as well as multiple hydroxy and
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lactone groups, presents a challenge for derivatization. Arguably,
the structural and functional features of ginkgolides can also
account for their various bioactivities. The importance of several
structural elements was primarily demonstrated by the structure–
activity studies using PAFR10 and glycine receptor.5 On the basis
of those studies, two design strategies were envisioned (Fig. 2):
(i) incorporation of a single, chimeric biotinylated photoaffin-
ity probe via functionalization of the 10-hydroxy group, and
(ii) ginkgolide functionalization with two distinct labels at different
sites, e.g., a benzophenone group via 10-OH and a terminal biotin
moiety attached via C-15, following alteration of the F-lactone
ring.


Fig. 2 Biotinylated photoaffinity-labeled ginkgolides.


We envisioned that the synthetic approaches should be modular
in nature, thus allowing for facile fine-tuning of the ginkgolide-
based probes for studying the interactions with a particular
receptor. Furthermore, assembling the desired compounds on the
ginkgolide scaffold (rather than first synthesizing the biotin and
benzophenone probes and introducing them onto the ginkgolides
as the last step) will create a number of ginkgolide derivatives that
can be useful for subsequent structure–activity studies, and it will
also allow us to probe the robustness of ginkgolide functionalities
towards several synthetic transformations.


Synthesis of probes 4a and 4b was done according to Scheme 1.
In both cases, the desired probes were obtained in three steps
from the native ginkgolides. Preparation of GA-based probe 4a
is representative: selective modification of GA (1) at the 10-OH
position with a benzophenone 6 was readily carried out using KH
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Scheme 1 Synthesis of probes 4a and 4b.


as a base. Compound 7a11 was coupled to 8 under Sonogashira
conditions; removal of the Boc-protecting group furnished the
amine that was directly reacted with N-hydroxysuccinimide biotin
(biotin-NHS) to give the desired probe 4a.


Introduction of the biotin-based probe via modification of the
ginkgolide skeleton required some alteration of the synthetic route
depending on the identity of the ginkgolide scaffold (Scheme 2),
unlike the approach outlined in Scheme 1. Since the selective


Scheme 2 Synthesis of 5a.
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reduction of F-lactone was reported previously,12 we started
with DIBAL-H reduction of GA (1) to obtain 10 as a mixture
of epimers, which was not separated, but directly subjected to
the reaction with allyl trimethylsilane to afford 11 and epi-11
as a 9 : 1 mixture. Pure 11 was readily isolated by column
chromatography,13 and cross coupled with the protected amine 12
using Grubbs’ second generation catalyst. The obtained precursor
13 was then subjected to hydrogenolysis to remove the Cbz group
and the deprotected amine was directly reacted with biotin-NHS
leading to biotinylated product 14 in moderate yield. Finally, the
benzophenone moiety was attached via the 10-hydroxy group, thus
furnishing the desired probe 5a.


Due to availability of 10-BnGB (15), which is a mandatory
intermediate during isolation and purification of ginkgolides,14


and the fact that Cbz and Bn groups can be removed under
identical conditions, we decided to use 15 as the starting material
(instead of 2) for the synthesis of GB-based probe 5b (Scheme 3).
Reduction of the ring-F yielded lactol 16 as a mixture of epimers,
which was not separated and was directly used for subsequent
transformations. Unexpectedly, and in sharp contrast to the GA-
case (Scheme 2), the subsequent reaction with allyl trimethylsilane
failed to give the desired allylated ginkgolide and unchanged 15
was recovered as the only product. Assuming that a hydrogen
bonding between 1-OH (which is absent in GA) and the ring-F
ethereal oxygen might be responsible for observed unreactivity


of 16, the lactol hydroxyl group was acetylated, and 17 was then
subjected to allylation reaction giving 18 as a single epimer in
a moderate yield.13 Apparently, the observed selectivity can be
attributed to the “blocking” effect of the Bn-group. The allylated
ginkgolide 18 was further reacted with 12 via olefin cross metathe-
sis protocol to yield 19. Subsequent hydrogenolysis removed
both Cbz and Bn groups and elaborated the amine, which was
readily coupled with biotin-NHS to give a biotinylated ginkgolide
20. Although debenzylation under Pd/C–H2 conditions usually
requires high pressure, we found that addition of molecular sieves
to the reaction mixture allowed a room-temperature deprotection
to take place. Noteworthy, under these conditions GB (2) was
cleanly obtained from 15 (see ESI†). Finally, the treatment of
20 with 4-bromomethylbenzophenone in the presence of K2CO3


selectively introduced the benzophenone moiety at the 10-position,
yielding 5b.


Thus, new types of ginkgolide-based biotin–photoaffinity
probes, which should facilitate efforts for establishing ginkgolide–
receptor interactions, and potentially can be used for discovery of
novel ginkgolide-binding receptors, have been synthesized.‡
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gift of BioGinkgo 7/27 extract, the source of the ginkgolides used in
this study. We are grateful to Dr Y. Itagaki (Columbia University)
for acquiring the mass spectra.


Scheme 3 Synthesis of 5b.
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Notes and references


‡ 4a. 1H NMR (400 MHz, CDCl3): d = 7.81 (2H, d, J = 8.2 Hz), 7.80 (2H,
d, J = 7.8 Hz), 7.61 (1H, t, J = 7.4 Hz), 7.50 (2H, dd, J = 7.4, 7.8 Hz),
7.41 (2H, d, J = 8.2 Hz), 6.78 (1H, t, J = 5.4 Hz, –NH), 6.71 (1H, t, J =
5.2 Hz, –NH), 6.17 (1H, s, –NH), 5.98 (1H, s), 5.57 (1H, d, J = 11.2 Hz),
5.45 (1H, s, –NH), 4.81 (1H, s), 4.69 (1H, d, J = 4.0 Hz), 4.61 (1H, d, J =
11.2 Hz), 4.53–4.48 (2H, m), 4.36 (1H, dt, J = 2.8, 10.6 Hz), 4.30 (1H, dd,
J = 4.8, 7.2 Hz), 4.15 (1H, s, –OH), 3.55–3.51 (4H, m), 3.46–3.34 (4H, m),
3.13 (1H, dt, J = 4.8, 7.2 Hz), 2.91 (1H, dq, J = 7.1, 7.1 Hz), 2.89 (1H,
dd, J = 4.8, 12.8 Hz), 2.71 (1H, d, J = 12.8 Hz), 2.42 (1H, dd, J = 7.0,
15.0 Hz), 2.29–2.20 (4H, m), 2.17 (1H, dd, J = 4.8, 13.8 Hz), 2.11 (1H, dd,
J = 8.4, 15.0), 2.08 (1H, ddd, J = 4.0, 13.8, 13.8 Hz), 1.92 (1H, dd, J = 4.8,
13.8 Hz), 1.75–1.59 (8H, m), 1.43 (2H, tt, J = 7.5, 7.5 Hz), 1.09 (9H, s),
1.06 (3H, d, J = 7.1 Hz); 13C NMR (75 MHz, CDCl3): d = 196.22, 173.81,
173.66, 172.97, 172.16, 163.79, 140.91, 137.47, 137.35, 132.63, 130.38,
130.03, 128.38, 127.40, 110.12, 101.77, 89.82, 89.81, 86.67, 84.45, 76.05,
71.95, 69.84, 69.57, 69.15, 66.85, 63.72, 61.78, 60.18, 55.46, 48.94, 40.52,
39.12, 38.96, 38.13, 36.47, 36.36, 35.52, 32.24, 31.22, 29.19, 27.93, 27.84,
25.43, 22.98, 7.88; HRMS (FAB+): [M + H]+ m/z calcd for C52H67O13N4S
987.4425, found 987.4427. 4b. 1H NMR (400 MHz, CD3OD): d = 7.82
(2H, d, J = 8.0 Hz), 7.77 (2H, d, J = 8.0 Hz), 7.66 (1H, t, J = 8.0 Hz), 7.59
(2H, d, J = 8.0 Hz), 7.54 (2H, t, J = 8.0 Hz), 6.10 (1H, s), 5.57 (1H, d, J =
11.0 Hz), 5.29 (1H, d, J = 4.0 Hz), 5.26 (1H, s), 4.85 (1H, d, J = 11.0 Hz),
4.47 (1H, dd, J = 5.0, 7.3 Hz), 4.29–4.25 (2H, m), 4.23 (1H, d, J = 7.0 Hz),
4.19 (1H, d, J = 7.0 Hz), 3.55–3.45 (4H, m), 3.35–3.30 (4H, m), 3.19 (1H,
dt, J = 4.2, 9.0 Hz), 2.91 (1H, dd, J = 5.0, 12.8 Hz), 2.79 (1H, dq, J = 3.0,
7.0 Hz), 2.68 (1H, d, J = 12.8 Hz), 2.28–2.19 (5H, m), 2.00 (1H, ddd, J =
4.0, 4.0, 13.8 Hz), 1.89 (1H, dd, J = 4.0, 14.3 Hz), 1.74–1.53 (8H, m), 1.42
(2H, tt, J = 7.5, 7.5 Hz), 1.14 (9H, s), 1.04 (3H, d, J = 7.0 Hz); 13C NMR
(75 MHz, CD3OD): d = 197.99, 176.39, 176.24, 173.90, 173.86, 166.10,
142.35, 139.04, 138.69, 133.96, 131.63, 131.03, 129.60, 129.33, 111.81,
101.58, 96.06, 87.20, 85.47, 85.35, 80.59, 77.88, 76.02, 73.95, 73.70, 70.48,
70.44, 68.69, 63.37, 61.64, 57.00, 50.63, 43.19, 41.06, 40.30, 40.25, 38.24,
36.81, 36.76, 33.16, 32.64, 29.75, 29.51, 26.84, 24.14, 8.21; HRMS (FAB+):
[M + H]+ m/z calcd for C52H67O14N4S 1003.4375, found 1003.4391. 5a. 1H
NMR (400 MHz, CDCl3): d = 7.79 (2H, d, J = 8.2 Hz), 7.77 (2H, d, J =
8.4 Hz), 7.55 (2H, d, J = 8.4 Hz), 7.42 (2H, d, J = 8.2 Hz), 6.72 (1H, t,
J = 5.5 Hz, –NH), 6.40 (1H, s, –NH), 5.99 (1H, s), 5.70 (1H, s, –NH), 5.55
(1H, d, J = 11.0 Hz), 4.86 (1H, s), 4.83 (1H, dd, J = 7.8, 7.8 Hz), 4.76 (1H,
d, J = 3.6 Hz), 4.63 (1H, d, J = 11.0 Hz), 4.49 (1H, dd, J = 4.8, 7.4 Hz),
4.45 (2H, s), 4.28 (1H, dd, J = 4.6, 7.4 Hz), 3.75 (2H, m), 3.69 (2H, m),
3.59 (2H, t, J = 5.0 Hz), 3.43 (2H, dt, J = 5.5, 5.0 Hz), 3.16 (1H, q, J =
7.2 Hz), 3.10 (1H, dt, J = 4.6, 7.2 Hz), 2.87 (1H, dd, J = 4.8, 12.8 Hz),
2.72 (1H, dd, J = 7.8, 15.2 Hz), 2.71 (1H, d, J = 12.8 Hz), 2.23–2.17 (4H,
m), 2.11 (1H, ddd, J = 3.6, 13.6, 13.6 Hz), 1.95 (1H, dd, J = 4.8, 13.6 Hz),
1.75–1.55 (4H, m), 1.39 (2H, t, J = 7.4 Hz), 1.31 (3H, d, J = 7.2 Hz),
1.10 (9H, s); 13C NMR (75 MHz, CDCl3): d = 195.52, 176.67, 173.66,
171.74, 171.70, 164.23, 141.14, 137.28, 137.02, 131.79, 130.53, 130.17,
127.73, 126.97, 110.15, 101.18, 88.31, 87.55, 86.82, 86.52, 85.84, 75.96,
72.17, 70.06, 70.00, 69.38, 69.05, 67.36, 61.91, 60.39, 59.29, 55.71, 49.05,
40.94, 40.65, 39.26, 37.38, 36.73, 36.07, 32.40, 29.30, 28.36, 28.17, 25.68,
8.20; HRMS (FAB+): [M + H]+ m/z calcd for C51H60O14N3S 970.3796,
found 970.3824. 5b. 1H NMR (400 MHz, CD3OD): d = 7.80 (2H, d, J =
8.3 Hz), 7.77 (2H, d, J = 8.5 Hz), 7.60 (2H, d, J = 8.5 Hz), 7.59 (2H, d,
J = 8.3 Hz), 6.15 (1H, s), 5.58 (1H, d, J = 11.5 Hz), 5.40 (1H, d, J =
4.0 Hz), 5.27 (1H, s), 4.84 (1H, d, J = 11.5 Hz), 4.54 (1H, d, J = 7.2 Hz),
4.48 (2H, s), 4.47 (1H, dd, J = 5.0, 8.0 Hz), 4.30 (1H, d, J = 7.2 Hz), 4.28
(1H, dd, J = 4.4, 8.0 Hz), 3.77 (2H, m), 3.68 (2H, m), 3.57 (2H, t, J =
5.5 Hz), 3.38 (2H, t, J = 5.5 Hz), 3.17 (1H, dt, J = 4.4, 9.0 Hz), 3.05 (1H,


q, J = 7.0 Hz), 2.90 (1H, dd, J = 5.0, 12.7 Hz), 2.68 (1H, d, J = 12.7 Hz),
2.26 (1H, dd, J = 4.4, 13.6 Hz), 2.21 (2H, t, J = 7.5 Hz), 2.06 (1H, ddd,
J = 4.0, 13.6, 14.2 Hz), 1.91 (1H, dd, J = 4.4, 14.2 Hz), 1.76–1.53 (4H, m),
1.41 (2H, t, J = 7.8 Hz), 1.23 (3H, d, J = 7.0 Hz), 1.13 (9H, s); 13C NMR
(75 MHz, CD3OD): d = 197.01, 178.32, 176.16, 173.68, 172.51, 166.09,
142.80, 138.51, 138.32, 132.72, 131.47, 131.13, 129.06, 128.42, 111.84,
100.81, 94.15, 89.54, 86.32, 84.55, 80.47, 77.79, 75.49, 73.83, 73.62, 71.15,
70.65, 70.52, 70.51, 69.24, 63.36, 61.64, 59.79, 56.98, 50.66, 43.29, 41.05,
40.34, 38.27, 36.76, 33.18, 29.74, 29.45, 26.84, 8.23; HRMS (FAB+): [M +
H]+ m/z calcd for C51H60O15N3S 986.3745, found 986.3780.
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The kinetics of the reactions of amino acids with stabilized diarylcarbenium ions (Ar2CH+) have been
studied photometrically in aqueous solution at variable pH. In the range of 10.5 < pH < 12, the amino
acids react much faster than the competing nucleophiles hydroxide and water. Though the pKaH values
of the amino acids vary by almost four units, the nucleophilic reactivities of all primary amino groups
differ by less than a factor of 4. The secondary amino group of proline is 102 times more reactive, and
the thiolate site in cysteine exceeds the reactivities of the primary amino groups by a factor of 104.
Nucleophilicity parameters N as defined by the correlation log k20◦C = s(N + E) have been determined
in order to include amino acids into the most comprehensive nucleophilicity scales presently available,
which provide a direct comparison of n-, p-, and r-nucleophiles.


Introduction


Nucleophilic reactivities of amino acids and their derivatives
have been the topic of numerous kinetic investigations, including
nucleophilic aromatic1–3 and aliphatic substitutions,4 additions to
carbonyl groups5 and Michael acceptors6–9 as well as reactions
with heteroelectrophiles, e.g. nitrosonium ions.10 Amino acid esters
form adducts with cationic transition metal–p-complexes,11 and
the kinetics of these reactions have been used by Sweigart, Kane-
Maguire and Honig to develop a nucleophilicity scale for amino
acid derivatives.12 While the latter study includes also numerous
other nucleophiles,12 most previous kinetic investigations provide
a good comparison of nucleophilic reactivities within the group
of amino acids and small peptides, but do not allocate these
compounds in a general scheme of nucleophilicity.


The most comprehensive nucleophilicity scale presently avail-
able is based on reactions with benzhydrylium ions of differ-
ent reactivity, and it has become possible to directly compare
n-nucleophiles (amines, alcohols, phosphanes), p-nucleophiles
(alkenes, arenes, organometallics), and r-nucleophiles (hydride
donors) with each other.13–17 The rate constants have been cor-
related on the basis of eqn (1), where nucleophilicity N is defined
as the negative value of the intercepts on the E-axis of log k vs. E
correlations.


log k20◦C = s(N + E) (1)


k = second-order rate constant in M−1 s−1


s = nucleophile-specific slope parameter


N = nucleophilicity parameter


E = electrophilicity parameter


Department Chemie und Biochemie, Ludwig-Maximilians-Universität, Bute-
nandtstr. 5-13 (Haus F), 81377 München, Germany. E-mail: herbert.mayr@
cup.uni-muenchen.de; Fax: +49-89-2180-77717; Tel: +49-89-2180-77719
† Electronic supplementary information (ESI) available: Details of the
kinetic experiments. See DOI: 10.1039/b713778h


It has been shown that the nucleophilicity scales derived from
reactions with benzhydrylium ions also hold for reactions with
electron deficient arenes18 and ordinary Michael systems19 as well
as for SN2 reactions, though in the latter case, eqn (1) has to be
extended by an additional, electrophile-specific slope parameter.20


We have now started a program to investigate the nucleophilic
and electrophilic reactivities of biomolecules, which is not only
intended as a guide for their use in synthesis but also for predicting
rates of individual steps in biotransformations in the absence of
an enzyme. Because such rate constants are often too small for
direct measurements, the comparison of calculated rate constants
with the rates of the enzymatic processes shall be used to predict
the absolute magnitudes of enzyme activities. In this article, we
will report on the determination of the reactivity parameters N
and s (eqn 1) for a variety of amino acids and their derivatives,
and we will include these compounds in our comprehensive
nucleophilicity scale, which puts the nucleophilic reactivities of
amino acids in relation to numerous other nucleophiles of different
structures. For that purpose we have investigated the kinetics
of the reactions of amino acids and peptides with the reference
electrophiles listed in Table 1 (Scheme 1).


Scheme 1
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Table 1 Benzhydrylium ions (Ar2CH+) employed in this work


Electrophile Ea


(mor)2CH+ −5.53


(dma)2CH+ −7.02


(pyr)2CH+ −7.69


(thq)2CH+ −8.22


(ind)2CH+ −8.76


(jul)2CH+ −9.45


(lil)2CH+ −10.04


a Electrophilicity parameters E from ref. 14.


Experimental procedures


Kinetics


The reactions of benzhydrylium ions with the anions of the amino
acids were studied in aqueous solution at a pH where the a-amino
group was deprotonated.


As the reactions of the colored benzhydrylium ions with amino
acid anions gave rise to colorless products, the reactions could
be followed by UV–vis spectroscopy. The rates of slow reactions
(s1/2 > 10 s) were determined by using a J&M TIDAS diode array
spectrophotometer, which was controlled by Labcontrol Spectacle
software and connected to a Hellma 661.502-QX quartz Suprasil
immersion probe (5 mm light path) via fiber optic cables and
standard SMA connectors. The temperature of the solutions was
kept constant (usually 20 ± 0.2 ◦C) during all kinetic studies
by using a circulating bath thermostat and monitored with a
thermocouple probe that was inserted into the reaction mixture.


Hi-Tech SF-61DX2 stopped-flow spectrophotometer systems
(controlled by Hi-Tech KinetAsyst2 software) were used for the
investigation of rapid reactions of benzhydrylium ions with the
anions of the amino acids (s1/2 <10 s at 20 ◦C).


Results


The rates of the reactions of the colored benzhydrylium tetrafluo-
roborates with amino acids were followed photometrically under
pseudo-first-order conditions by using usually more than ten
equivalents of the amino acid anions. Under such conditions,
the concentrations of the amino acid anions 1a–t were almost
constant throughout the reactions and resulted in an exponential
decay of the benzhydrylium absorbances, from which the pseudo-
first-order rate constants kobs were derived. As shown in Fig. 1 for
the reaction of glycine with (dma)2CH+, kobs depends on the pH
value. At pH < 7, the observed rate constant kobs corresponds to
the previously reported rate constant kW for the reaction of this
carbocation with water.21 As the pH value is increased by changing
the phosphate buffer solution, the rate constant increases by a
factor of 2 × 102 when a 0.905 mM glycine solution is used. Control
experiments with the corresponding buffer solutions in the absence
of the amino acid indicate a reaction rate which is similar to that
previously reported for the reaction of (dma)2CH+ with OH−.22


Fig. 1 shows that at pH 10 to 11.5, the contribution of the reaction
with water (kW) and with hydroxide (k1W,OH) is negligible, and the
slight increase of kobs in this range is caused by the change of the
zwitterion–anion ratio of the amino acid. The pH-rate-profiles for
the reactions of 1b, 1i, 1j, 1l, 1m, and 1q with (dma)2CH+ and for
the reaction of 1o with (ind)2CH+ and (lil)2CH+ are similar and
are given in the ESI.†


Fig. 1 Plot of the measured rate constants log kobs for the reactions of
glycine (c0 = 9.05 × 10−4 M) with (dma)2CH+ (c0 = 3.36 × 10−5 M) at 20 ◦C
in aqueous phosphate buffer vs. pH compared with log kW for the reaction
with water and log k1W,OH for the reaction with OH− (k1W,OH = k2,OH[OH−]
was calculated from the measured pH and k2,OH from ref. 22; kW from ref.
21).


When the benzhydrylium ions are combined with amino acids in
water, competing reactions of the carbocations with hydroxide and
water have to be considered. The observed pseudo-first-order rate
constants kobs reflect the sum of the reactions of the electrophile
with the amino acid 1 (k1W,N), with OH−(k1W,OH), and with water
(kW).


kobs = k1W,N + k1W,OH + kW = k2,N [1] + k2,OH [OH−] + kW (2)


Rearrangement of eqn (2) yields eqn (3), which defines k1W as
the overall rate constant minus the contribution of hydroxide.


k1W = kobs − k2,OH [OH−] = k2,N[1] + kW (3)


The concentrations of the amino acids [1] and of hydroxide
[OH−] are calculated from pKaH as described on page S2 of the
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ESI.† With the already published values for k2,OH and the calculated
concentrations of hydroxide [OH−],22 the partial pseudo-first-
order rate constants k1W,OH can be calculated. Control experiments
showed that the consumption of the benzhydrylium ions in the
phosphate buffers agreed with those calculated for the reactions
with OH− at the corresponding pH value within experimental
error. The slopes of the plots of k1W (= kobs − k1W,OH) versus [1]
correspond to the second-order rate constants k2,N, as shown in
Fig. 2. The intercepts, which correspond to the reactions of the
benzhydrylium ions with water (eqn 3), are generally negligible in
agreement with the previously reported rate constants kW for the
reactions of benzhydrylium ions with water.21


Fig. 2 Determination of the second-order rate constant k2,N = 5.56 ×
103 M−1 s−1 for the reaction of (dma)2CH+ with glycine (1a) in water at
pH 10.0 to 10.6 and 20 ◦C (kW = 0.0206 s−1).


The linear dependence of k1W on the concentration of amino acid
anions, as depicted in Fig. 2, indicates rate-determining attack
of the amino acid anion at the benzhydrylium ion (Scheme 1),
because in the case of rate-determining proton transfer (second
step in Scheme 1) a concave shape of this plot should result. The
independence of k1W of the pH value and the buffer concentration
is also in accord with rate-determining attack of the amino acid
anions at the benzhydrylium ions.


Table 2 collects all second-order rate constants determined in
this investigation.


Structure nucleophilicity relationships


When log k2,N for the reactions of the amino acid anions
and peptide anions 1a–t with benzhydrylium ions are plotted
against their electrophilicity parameters E, linear correlations are
obtained (Fig. 3) indicating that these reactions follow eqn (1).
The slopes of these correlations yield the parameters s [= sN,
if they are used for SN2 reactions],20 and the intercepts on the
abscissa correspond to the negative values of the nucleophilicity
parameters N.


An important message comes from the reactivity data in Table 2:
all N-parameters for the primary amino groups in a-amino acids
are closely similar (12.7 < N < 14.1). The same information
can also be derived directly from the rates of the reactions of
these amino acid anions with the bis(dimethylamino)-substituted
benzhydrylium ion (dma)2CH+: the second-order rate constants
for the reactions of primary amino groups in deprotonated a-
amino acids vary by less than a factor of 4 (1820 < k2,N <


6140 M−1 s−1). A significantly higher nucleophilic reactivity is
found for proline, the only proteinogenic amino acid with a
secondary amine structure (N = 18.1) which reacts approximately


Fig. 3 Plots of the rate constants log k2,N (in H2O, 20 ◦C) for the reactions
of amino acid anions with benzhydrylium ions (from Table 2) towards the
electrophilicity parameters E of Ar2CH+ (from Table 1).


100 times faster with benzhydrylium ions than all the primary
amino groups of the amino acids investigated in this work.


In previous work23 we have shown that the introduction of
neutral electron acceptor groups in amines causes a reduction
of nucleophilic reactivity by factors of 2 to 20 (Scheme 2).


Scheme 2 Second-order rate constants k2,N/103 M−1 s−1 for the reactions
of amines with (dma)2CH+ (H2O, 20 ◦C, data from ref. 23).


In contrast, a CO2
− group causes a slight increase of nucleophilic


reactivity. As shown in Table 3, the anions of glycine, alanine,
serine, aspartate (dianion) and glutamate (dianion) are 1.05 to
1.5 times more nucleophilic than the corresponding amines. This
finding, though surprising that the Coulombic attraction between
the negatively charged amino acid anions and the positively
charged benzhydrylium ions does not cause a more significant
rate enhancement, is in line with Hammett’s substituent constants
for CO2


− (rp = 0.0 and rm = −0.1, ref. 24).
Pyrrolidine and proline are 102 times more reactive than


the analogous compounds in Table 3, but the reactivity ratio
kproline/kpyrrolidine = 3 again indicates that the CO2


− substituent causes
only a slight increase of nucleophilicity.


Comparison of the anions of glycine, b-alanine, and c-
aminobutyric acid with the corresponding amines shows that
the introduction of CO2


− groups in positions more remote from
the amino group has a comparable small accelerating effect
(Scheme 3).


According to its N parameter, the dianion of cysteine (1o) is
by far the most nucleophilic amino acid investigated, indicating
the much higher reactivity of sulfur. Because 1o could only be
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Table 2 Second-order rate constants for the reactions of benzhydrylium tetrafluoroborates 2 with amino acid anions and peptide anions 1 in water
(20 ◦C)


Amino acid N s Ar2CH+ k2,N/M−1s−1


1a 13.51 0.58 (mor)2CH+ 4.62 × 104


(dma)2CH+ 5.56 × 103


(pyr)2CH+ 1.96 × 103


(thq)2CH+ 1.11 × 103


(ind)2CH+ 4.55 × 102


(jul)2CH+ 2.19 × 102


(lil)2CH+ 1.26 × 102


1b 13.01 0.58 (mor)2CH+ 2.46 × 104


(dma)2CH+ 2.57 × 103


(pyr)2CH+ 1.00 × 103


(thq)2CH+ 5.53 × 102


(ind)2CH+ 2.56 × 102


(lil)2CH+ 6.27 × 101


1c 13.65 0.57 (dma)2CH+ 5.79 × 103


(pyr)2CH+ 2.20 × 103


(thq)2CH+ 1.21 × 103


(jul)2CH+ 2.38 × 102


1d 14.01 0.52 (dma)2CH+ 4.40 × 103


(pyr)2CH+ 1.66 × 103


(thq)2CH+ 1.05 × 103


(jul)2CH+ 2.31 × 102


1e 14.12 0.53 (dma)2CH+ 6.14 × 103


(pyr)2CH+ 2.64 × 103


(jul)2CH+ 3.10 × 102


1f 18.08 0.50 (dma)2CH+ 3.22 × 105


(pyr)2CH+ 1.50 × 105


(thq)2CH+ 8.80 × 104


(ind)2CH+ 3.64 × 104


(jul)2CH+ 2.02 × 104


(lil)2CH+ 1.05 × 104


1g 13.16 0.55 (dma)2CH+ 2.49 × 103


(pyr)2CH+ 9.07 × 102


(thq)2CH+ 5.05 × 102


(jul)2CH+ 9.53 × 101


(lil)2CH+ 5.68 × 101


1h 12.69 0.60 (dma)2CH+ 2.29 × 103


(pyr)2CH+ 9.73 × 102


(ind)2CH+ 2.45 × 102


(jul)2CH+ 7.86 × 101


1i 13.03 0.53 (dma)2CH+ 1.82 × 103


(pyr)2CH+ 6.47 × 102


(thq)2CH+ 3.81 × 102


(jul)2CH+ 7.36 × 101


(lil)2CH+ 4.47 × 101


1j 13.45 0.54 (dma)2CH+ 3.06 × 103


(pyr)2CH+ 1.13 × 103


(thq)2CH+ 6.50 × 102


(jul)2CH+ 1.30 × 102


(lil)2CH+ 7.31 × 101


1k 12.96 0.57 (dma)2CH+ 2.61 × 103


(pyr)2CH+ 9.85 × 102


(thq)2CH+ 5.53 × 102


(jul)2CH+ 1.09 × 102


(lil)2CH+ 4.55 × 101


1l 13.83 0.54 (dma)2CH+ 4.31 × 103


(pyr)2CH+ 2.32 × 103


(thq)2CH+ 1.28 × 103


(jul)2CH+ 2.16 × 102


1m 13.81 0.53 (dma)2CH+ 3.77 × 103


(pyr)2CH+ 1.69 × 103


(thq)2CH+ 8.96 × 102


(ind)2CH+ 4.54 × 102


1n 13.96 0.54 (dma)2CH+ 5.77 × 103


(pyr)2CH+ 2.09 × 103


(thq)2CH+ 1.17 × 103


(jul)2CH+ 2.37 × 102


(lil)2CH+ 1.40 × 102
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Table 2 (Contd.)


Amino acid N s Ar2CH+ k2,N/M−1s−1


1o 23.43 0.42 (ind)2CH+ 1.29 × 106


(jul)2CH+ 6.41 × 105


(lil)2CH+ 3.79 × 105


1p 13.16 0.58 (mor)2CH+ 3.45 × 104


(dma)2CH+ 3.11 × 103


(pyr)2CH+ 1.33 × 103


(thq)2CH+ 7.85 × 102


(ind)2CH+ 2.76 × 102


(jul)2CH+ 1.51 × 102


(lil)2CH+ 8.22 × 101


1q 13.26 0.58 (mor)2CH+ 3.62 × 104


(dma)2CH+ 3.62 × 103


(pyr)2CH+ 1.45 × 103


(thq)2CH+ 6.40 × 102


(lil)2CH+ 9.10 × 101


1r 13.55 0.56 (dma)2CH+ 4.64 × 103


(pyr)2CH+ 1.97 × 103


(thq)2CH+ 1.03 × 103


(ind)2CH+ 4.81 × 102


1s 12.91 0.59 (mor)2CH+ 2.55 × 104


(dma)2CH+ 2.72 × 103


(pyr)2CH+ 9.44 × 102


(ind)2CH+ 1.88 × 102


(lil)2CH+ 6.72 × 101


1t 12.26 0.63 (mor)2CH+ 1.76 × 104


(dma)2CH+ 1.90 × 103


(pyr)2CH+ 7.33 × 102


(ind)2CH+ 1.64 × 102


Table 3 Rate constants k2,N/103 M−1 s−1 for the reactions of amines and
amino acid anions with (dma)2CH+ (H2O, 20 ◦C)


R


H 4.25a 5.56 (Gly−)
CH3 2.39a 2.57 (Ala−)
CH2OH 1.64a 2.49 (Ser−)
CH2CO2


− 3.62 3.77 (Asp2−)
CH2CH2CO2


− 4.64 5.77 (Glu2−)


a From ref. 23.


Scheme 3 Second-order rate constants k2,N/103 M−1s−1 for the reactions
of amino acid anions and amines with (dma)2CH+ (H2O, 20 ◦C, data from
Table 2 and ref. 22,23).


investigated with three benzhydrylium ions which do not differ
very much in electrophilicity, the separation of log k2,N into N
and s is associated with some uncertainty. However, from the rate
constants towards (lil)2CH+ one can derive that the sulfur of 1o
is approximately 6000 times more reactive than the corresponding
amino group (from ratio 1o–1b). This finding is in line with
previous work of Thompson and co-workers,7 who showed that
in reactions of amino acids with quinone methides the primary
site of alkylation is sulfur for cysteine and the a-amino groups for
glycine (1a), serine (1g) and histidine (1l).


Fig. 4 shows that all amino acid anions except that of proline
have reactivities of the a-amino group within one order of
magnitude, despite basicities which vary by almost four orders of
magnitude. This finding is in line with our previous report about
the poor correlation between reactivities of amines in water and
their corresponding basicities.23


Fig. 4 Plots of the rate constants log k2,N (from Table 2) for the reactions
of amino acid anions with (dma)2CH+ BF4


− vs. pKaH.


In order to explain this discrepancy one may assume that
the nucleophilic reactivities reflect the intrinsic properties of the
partially desolvated amino groups, while differential solvation of
protonated and deprotonated forms of the amino acids accounts
for the differences in pKaH.
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Table 4 Comparison of calculated (20 ◦C) and observed second-order
rate constants for the reactions of amino acid anions with 1-methyl-4-
vinylpyridinium ion and methyl 4-nitrobenzenesulfonate in H2O


kcalcd/M−1 s−1a kexp/M−1 s−1b kcalcd/M−1 s−1c kexp/M−1 s−1b


1a 7.15 × 10−2 1.51 × 10−1 2.98 × 10−2 5.38 × 10−2


1b 4.30 × 10−2 6.00 × 10−2 2.42 × 10−2 2.06 × 10−2


1f 5.67 1.58 — —
1g 5.85 × 10−2 4.76 × 10−2 3.11 × 10−2 1.99 × 10−2


1i 5.74 × 10−2 2.44 × 10−2 3.36 × 10−2 1.72 × 10−2


1j 4.32 × 10−2 4.9 × 10−2 2.53 × 10−2 2.09 × 10−2


1q 5.54 × 10−2 8.1 × 10−2 2.69 × 10−2 4.05 × 10−2


1r 8.14 × 10−2 1.14 × 10−1 3.42 × 10−2 4.78 × 10−2


1s 3.67 × 10−2 3.37 × 10−2 2.18 × 10−2 1.74 × 10−2


1t 1.43 × 10−2 2.88 × 10−2 1.25 × 10−2 1.42 × 10−2


a Calculated by correlation log k2,N = s(0.762N − 12.27) from ref. 23 and N
and s for the amino acid anions from Table 2. b I = 0.1 mol L−1, at 25 ◦C,
ref. 4,9. c Calculated by eqn (4) from ref. 23 and N and s for the amino acid
anions from Table 2.


Reactions of amino acids with other electrophiles


In previous work, we have shown that the N and s parameters
for amines which are derived from reactions with benzhydrylium
ions can also be used to derive reactivities toward the 1-methyl-4-
vinylpyridinium ion.23 It has also been demonstrated that the rates
of the reactions of amines with methyl 4-nitrobenzenesulfonate,
typical SN2 reactions, can be expressed by eqn (4).23


log k = s(0.313 N − 6.85) (4)


Substitution of the N and s values of the amino acids given in
Table 2 into eqn (4) yields rate constants, which agree within a
standard deviation of factor 2.9 with Bunting’s experimental data
(Table 4). The applicability of the reactivity parameters N and s
given in Table 2 for SN2 type reactions has thus been demonstrated.


Gandler investigated the reactivity of different O-, S- and
N-nucleophiles towards 2,4-dinitro-chlorobenzene 3 and picryl
chloride 4 (Scheme 4).2


Scheme 4


Fig. 5 shows a linear correlation between (log k2)/s and N,
where k2 refers to the reactions of the nucleophiles with 3 (open
circles) and with 4 (filled circles), and the nucleophile-specific
parameters N and s are derived from the reactions of these
nucleophiles with benzhydrylium ions (Table 2 and ref. 22,23).
Because the slopes of these correlation lines (0.767 and 0.781)
are deviating from unity, the rate constants for the nucleophilic
additions to 3 and 4 are not properly reproduced by eqn (1), and
it has to be examined whether the consideration of an additional,


Fig. 5 Correlation between the rate constants k2 for the reactions of O-,
S- and N-nucleophiles with the chloronitrobenzenes 3 (open circles) and 4
(filled circles) in water at 25 ◦C (k2 from ref. 2) with the N and s parameters
given in Table 2 and in ref. 22,23. Data for hydrazine, which will be reported
later, have also been included.


electrophile-specific slope parameter, as previously described for
SN2 reactions,20 should generally be employed for nucleophilic
aromatic substitutions of 3 and 4.


McCracken, Bolton and Thatcher determined the rate constants
for the nucleophilic additions of amino acids and other nucle-
ophiles towards the quinone methide 5 (Scheme 5).6 Fig. 6 shows
a good correlation between reactivities of nucleophiles toward 5
and the nucleophilicity parameters N and s, and the unexpected
slope of this correlation (�1) suggests to explore the reactivity of
this electrophile towards a larger variety of nucleophiles.


Scheme 5


Fig. 6 Relationship between the rate constants for the reactions of
nucleophiles with quinone methide 5 in water with the N and s parameters
for amino acids given in Table 2 (N and s parameters for water taken from
ref. 22).
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Conclusions


Primary amino groups in amino acids and small peptides have
closely similar nucleophilicities in water, significantly higher than
that of hydroxide (Fig. 7). While the pKaH value of proline is
comparable to that of b-alanine and c-aminobutyric acid, its


Fig. 7 Comparison of nucleophilicities of amino acid anions with other
C-, N-, P-, O- and S-nucleophiles in water (data referring to other solvents
are marked, nucleophilicity parameters are listed in ref. 25).


nucleophilic reactivity exceeds that of all other amino acids by
several orders of magnitude. Only cysteine, where thiolate is the
reactive site, is even more nucleophilic.


Because the N parameters derived from the reactions with
benzhydrylium ions are known also to hold for reactions with
ordinary Michael acceptors and alkyl esters, it has become possible
to predict absolute rate constants for the reactions of amino acids
with a large variety of electrophiles.
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A multicomponent reaction of indane-1,3-dione, an aldehyde and an amine-containing aromatic
compound leading to the formation of indenopyridine-based heterocyclic medicinal scaffolds has been
investigated. It was found that the yields significantly improve when oxygen gas is bubbled through the
reaction mixture, facilitating the oxidation of the intermediate dihydropyridine-containing compounds
to their aromatic counterparts. Investigation of the reaction scope revealed that formaldehyde, as well
as various aliphatic, aromatic and heteroaromatic aldehydes, works well as the aldehyde component. In
addition, substituted anilines and diverse aminoheterocycles can be utilized in this process as the
amine-containing component. Preliminary biological evaluation of the synthesized library identified a
pyrimidine-based polycycle, which rivals the anticancer drug etoposide in its toxicity and apoptosis
inducing properties toward a human T-cell leukemia cell line.


Introduction


Heterocycles, fused with an indenone ring system, represent
important biological and medicinal scaffolds. Thus, the indenopy-
ridine skeleton is present in the 4-azafluorenone group of alkaloids,
represented by its simplest member onychnine (Fig. 1).1 Indenopy-
razoles (A) and indenopyridazines (B) have been investigated
as cyclin-dependent kinase2 and selective monoamine oxidase B
(MAO-B)3 inhibitors respectively.


Further, indenopyridines (C) exhibit cytotoxic,4a phospho-
diesterase inhibitory,4b adenosine A2a receptor antagonistic,4c


antiinflammatory/antiallergic,4d coronary dilating4e and cal-
cium modulating activities.4f These compounds have also been
investigated for the treatment of hyperlipoproteinemia and
arteriosclerosis4g as well as neurodegenerative diseases.4h Lastly,
indenopyridone NSC 314622 is serving as a lead compound for
the development of anticancer agents targeting topoisomerase
I. Its polycyclic planar structure allows for DNA intercalation
and inhibition of DNA religation by topoisomerase I in a manner
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and X-ray data for compound 27. See DOI: 10.1039/b713820b
‡ CCDC reference number 660957. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b713820b


Fig. 1 Naturally occurring and medicinally important indenone-fused
heterocycles.


similar to the polycyclic natural product camptothecin and its
clinically useful derivative topotecan.5


As part of a program aimed at developing multicomponent
synthetic routes to heterocyclic scaffolds with medicinal utility,6 we
have been exploring novel approaches to indenoheterocycles. More
specifically, we investigated a three-component process involving
cyclocondensation of indane-1,3-dione, anilines or aminohetero-
cycles and various aldehydes, leading to the formation of polycyclic
indenopyridines (Fig. 2). Such compounds, in which X is a benzene
ring, have been under intense scrutiny as DNA intercalators and
topoisomerase inhibitors.7 Therefore, it is expected that a simple
one-step synthesis of these compounds will have an impact on this
area of research. Furthermore, compounds with heterocyclic X
rings have been only scarcely investigated.8


Herein, we describe the results of our study and preliminary
biological evaluation of the polycyclic indenopyridines. Although
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Fig. 2 Multicomponent synthesis of polycyclic indenopyridines.


related reactions utilizing various 1,3-dicarbonyl compounds have
been reported by several groups,6e,9 our investigation represents
the first systematic study of the use of indane-1,3-dione in this
process. Furthermore, this work has led to the discovery of a novel
indenoheterocycle with potent cytotoxic and apoptosis inducing
properties.


Results and discussion


As a starting point of this investigation we explored the reaction of
5-amino-1,2-dihydropyrazol-3-one with a series of four aldehydes.
The reactions were expected to produce novel tetracyclic systems
1–4 (Table 1). After the formation of the desired products was
not observed in refluxing ethanol, we explored refluxing in n-
BuOH, which allowed for the reaction to be run at a higher
temperature. The desired tetracycles 1 and 2, but not 3 and 4,
were formed in low yields when the reflux was conducted under a
nitrogen atmosphere (entry 1). However, when the reaction flask
was opened to the atmosphere, all four tetracycles were formed in
similar yields (entry 2). We hypothesized that atmospheric oxygen
might have a role in this improvement and conducted the reaction
with continuous bubbling of oxygen through the solution. This


Table 1 Optimization of reaction conditions


% Isolated yield


Entry Solvent
Conditions
or additives 1 2 3 4


1 n-BuOH N2 atm. 27 19 <5 <5
2 n-BuOH Open flask 24 18 18 20
3 n-BuOH O2 bubbling 37 22 20 23
4 AcOH–n-BuOH (2 : 1) O2 bubbling 25 50 35 27
5 Glycol O2 bubbling 52 62 56 50
6 AcOH O2 bubbling n/aa 31 27 n/aa


7 DMF O2 bubbling 66 67 55 45
8 AcOH–glycol (2 : 1) O2 bubbling 60 55 65 64
9 AcOH–glycol (2 : 1) Open flask 41 27 33 40


10 AcOH–glycol (2 : 1) N2 atm. 37 32 35 47
11 AcOH–glycol (2 : 1) Chloranil 71 60 72 n/ab


a Mixtures of the pyridine products 1 and 4 with the corresponding
dihydropyridines were obtained. b The presence of the phenolic hydroxyl
in 4 resulted in overoxidation of the product.


change of experimental conditions further resulted in a small but
uniform increase of reaction yields for all four products (entry 3).
Next, we screened a number of solvent systems using the same
oxygenation procedure and identified ethylene glycol, DMF and
a 2 : 1 mixture of acetic acid with ethylene glycol as solvents of
choice that improved the reaction yields to ca. 60% (entries 5,
7, 8). In most cases the pure heterocycles 1–4 precipitated directly
from the reaction mixtures with the exception of just a few cases, in
which both pyridine and dihydropyridine products co-precipitated
(entry 6).


We recently reported a mechanistic study of a multicompo-
nent reaction involving the cyclocondensation of aldehydes with
thiols and two equivalents of malononitrile, resulting in 3,5-
dicyanopyridines.6a,6c (Fig. 3). The yields of the target pyridines
did not exceed 50% in all cases and we identified the oxidation
of dihydropyridines to pyridines by the intermediate Knoevenagel
adducts as the reason for this phenomenon.


Fig. 3 Reductive consumption of a reaction intermediate resulting in a
decrease in product yields by half.


A similar process would explain the effect of oxygen on the yields
of tetracycles 1–4 and the occasional co-precipitation of these
compounds with the corresponding dihydropyridine-containing
tetracycles.10 Indeed, when the reaction is conducted in AcOH–
ethylene glycol (2 : 1) mixture, and oxygen is not bubbled through
the reaction solution or the reaction is performed under a nitrogen
atmosphere, the yields are cut almost in half (compare entries
9 and 10 with entry 8 in Table 1). In addition, conducting the
reaction in the presence of a strong oxidizing agent, such as
chloranil, raises the yields above 70% (entry 11). The mechanistic
investigations aimed at understanding of this detrimental redox
process are currently underway in our laboratories. We are now
becoming increasingly convinced that this phenomenon is a
common occurrence in many heterocycle-forming transformations
which involve an ultimate oxidative aromatization step, and which
are often presumed to be effected with air oxygen or hydrogen release.


To explore the scope of this process we reacted electron-rich
and electron-deficient aromatic aldehydes as well as aliphatic and
heterocyclic counterparts. While the yields varied, the reaction is
general and highly practical, since the products precipitate directly
from the reaction mixtures and require no further purification
(Table 2).


Interestingly, the utilization of benzene-1,4-dicarbaldehyde
leads to the formation of product 8, containing nine rings, in
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Table 2 Exploration of the reaction scope in relation to the aldehyde component


Indeno-pyridine R % Yield


5 63


6 67


7 70


8 80


9 52


10 42


11 68


12 61


13 55


14 53


15 46


16 55


17 73


18 Ethyl 33
19 Propyl 43


a five-component condensation process. The reaction also takes
place smoothly when formaldehyde is used as the aldehyde
component giving tetracycle 20 (Fig. 4). Surprisingly, the use of
indole-3-carbaldehyde results in the loss of the indole moiety
to yield the same ring compound 20. Evidently, oxidation of
the indole subunit with oxygen occurs before oxidation of the
dihydropyridine portion of the molecule and results in C–C bond
cleavage. Although we are unaware of reports describing such a
transformation proceeding with the concomitant aromatization


of a heterocyclic moiety, in general oxidative cleavage of a C-3
substituent on an indole ring is well-documented, especially in
biological systems.11


The reaction was further extended to various other aromatic and
heteroaromatic amine-containing starting components (Table 3).
Thus, polycycles 21–23 are obtained from substituted anilines,
24–27 from diversely substituted 3- and 5-aminopyrazoles and
pyrazolones, 28 from an aminotriazole, and 29 and 30 from 1-
N-Me-6-aminouracil. The reactions generally proceed in good
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Fig. 4 Reactions of formaldehyde and indole-3-CHO resulting in the
same product.


to moderate yields with both electron-rich (p-MeO-C4H4-CHO)
and electron poor (p-NC-C4H4-CHO) aldehydes. Surprisingly,
pyrazoles 31 and 32 as well as pyrimidinedione 33 are obtained in
dihydropyridine form. In the absence of a mechanistic explanation
for the resistance of these compounds toward oxidation, we
attribute this unexpected outcome to their reduced solubility in
the reaction solvent mixture, which leads to their precipitation
before oxidation can occur.


The structures of the synthesized compounds were confirmed
by 1H and 13C NMR analyses and high resolution MS. In addition,
we obtained an X-ray crystal structure of compound 27 (Fig. 5),
which shows the planar nature of the central tetracyclic core,


Fig. 5 X-Ray structure of 27.


indicating the potential of the synthesized compounds to provide
medicinal scaffolds in the search for novel DNA intercalators and
topoisomerase inhibitors.7‡


We performed a preliminary biological evaluation of the syn-
thesized library of compounds using flow cytometry. Using the
Annexin-V/propidium iodide assay12 the compounds were tested
for their cell-killing and apoptosis inducing properties against the
Jurkat cell line as a model for human T-cell leukemia. Cells were
treated with DMSO solutions of the respective compounds at
25 lM final concentrations and the percentage of cells undergoing
apoptosis was assessed after 36 h of treatment, while the remaining
cell viability percentage was determined after 72 h of treatment
(Table 4).


All 5-aminopyrazolone-derived indenoheterocycles 1–19 and 27
exhibit small levels of cytotoxicity (85–98% viability relative to
the control cells treated with DMSO) and apoptosis induction
(1–6% relative to the control cells treated with DMSO), whereas
aniline (21–23), most pyrazole (24–26, 32) and triazole-derived
(28) counterparts are completely inactive. 3-Thiophenopyrazole
31 displayed somewhat enhanced cytotoxicity (ca. 80% cell
viability). The most promising activity, however, is found with
pyrimidinedione-containing dihydropyridine 33, which manifests
good levels of both toxicity and apoptosis induction. Since the bio-
logical evaluation of the occasionally formed dihydropyridines and
pyridine–dihydropyridine mixtures associated with compounds 1–
3010 did not reveal any enhanced anticancer properties of the
dihydropyridine-based scaffolds (data not shown), we conclude
that the pyrimidinedione moiety is the primary contributor to the
anticancer activity displayed by indenoheterocycle 33.


To evaluate the potency associated with compound 33, we
carried out dose-dependent experiments using a clinical anti-
cancer agent etoposide, known to exert its toxic effect through
topoisomerase II-dependent DNA cleavage,13 as a control. Jurkat
cells were treated with 33 and etoposide at a range of final
concentrations, and percentages of apoptotic and viable cells were
determined after 24 and 48 h of treatment (Fig. 6 and 7). Both 33
and etoposide manifest good dose-dependence for both cell-killing
and apoptosis induction activities, with our indenopyrimidine
compound being more effective at lower concentrations (cytotoxic
IC50 = 3 lM).


Fig. 6 Dose-dependent comparative evaluation of toxicities to Jurkat
cells exhibited by 33 and etoposide. Error bars represent variations in two
independent experiments, each performed in triplicate.
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Table 3 Exploration of the reaction scope in relation to the amine-containing component


Product R Product structure % Yield


21 p-MeO-C6H4- 34


22 p-MeO-C6H4- 35


23 p-MeO-C6H4- 30


24 p-MeO-C6H4- 41


25 p-MeO-C6H4- 30


26 p-MeO-C6H4- 72


27 p-MeO-C6H4- 63


28 p-NC-C6H4- 48


29 p-NC-C6H4- 51


30 p-MeO-C6H4- 56


31 p-NC-C6H4- 65


32 p-NC-C6H4- 61


33 p-MeO-C6H4- 72
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Table 4 Preliminary anticancer evaluation with flow cytometric Annexin-
V/propidium iodide assay using the Jurkat cell linea


Compound at 25 lM % Cell viabilityb % Apoptosisc


1 92 ± 1 2 ± 1
2 91 ± 2 4 ± 1
3 93 ± 0 2 ± 1
4 92 ± 1 6 ± 2
5 92 ± 0 4 ± 1
6 97 ± 2 2 ± 1
7 92 ± 3 2 ± 0
8 94 ± 1 5 ± 0
9 95 ± 0 2 ± 1
10 97 ± 3 3 ± 2
11 96 ± 1 2 ± 0
12 92 ± 2 4 ± 0
13 89 ± 3 4 ± 2
14 87 ± 0 4 ± 2
15 85 ± 2 3 ± 0
16 90 ± 3 5 ± 2
17 ND ND
18 98 ± 0 1 ± 0
19 89 ± 1 3 ± 1
20 ND ND
21 97 ± 3 1 ± 1
22 99 ± 1 1 ± 1
23 99 ± 1 1 ± 1
24 98 ± 2 1 ± 1
25 98 ± 1 1 ± 1
26 98 ± 1 1 ± 1
27 96 ± 4 1 ± 1
28 98 ± 1 2 ± 1
29 ND ND
30 ND ND
31 79 ± 6 8 ± 2
32 98 ± 2 1 ± 1
33 42 ± 1 34 ± 1


a Both cell viability and apoptosis data are obtained in two independent
experiments, each performed in triplicate. ND = not determined. b Relative
to 100% DMSO control after 72 h of treatment ± SD. c Relative to 0%
DMSO control after 36 h of treatment ± SD.


Fig. 7 Dose-dependent comparative evaluation of apoptosis induction
in Jurkat cells by 33 and etoposide. Error bars represent variations in two
independent experiments, each performed in triplicate.


Further, light microscopy clearly shows changes in cellular
morphology, such as shriveling, as well as extensive formation of
cellular debris when Jurkat cells are treated with compound 33 (C)
or etoposide (D), but not with DMSO (A) or inactive compound
25 (B) (Fig. 8).


Fig. 8 Light microscopy pictures of Jurkat cells taken after 48 hours
of treatment with DMSO control (A) or compounds 25 (B), 33 (C) or
etoposide (D) at the final concentrations of 25 lM.


Conclusions


Optimization of the reaction conditions, and specifically the
discovery of the beneficial effect of oxygenation of the reac-
tion mixtures, has led to an efficient multicomponent process
to prepare various indenoheterocycles. The reaction scope is
broad, permitting the use of formaldehyde, aliphatic, aromatic
and heteroaromatic aldehydes as well as diverse aromatic and
heteroaromatic amine-containing compounds. Due to the well-
recognized utility of such polycycles as DNA intercalators and
topoisomerase inhibitors, many libraries of compounds can be
prepared for biological evaluation using these indenoheterocycles
as structural scaffolds for further diversification. Such efforts, as
well as exploration of additional scaffolds that may be accessible
through this multicomponent reaction, are underway.


Most pleasingly, preliminary anticancer evaluation of the
synthesized library led to the discovery of the pyrimidine-based
indenoheterocycle 33, whose cytotoxic and apoptosis inducing
potencies compare favorably with the clinical anticancer agent
etoposide. A library of analogues based on this heterocyclic
scaffold is currently being prepared and evaluated in the search for
nanomolar potencies. A major impediment to further medicinal
evaluation of these compounds is their poor water solubility.
Therefore, further work in this area will encompass the preparation
of compounds containing solubilizing residues, such as positively
charged ammonium moieties. Because of the expectation that these
compounds target DNA, such charged polar residues would also
have a beneficial effect on their affinity toward DNA through
the attractive interaction with the negatively charged phosphate
backbone.


Experimental


General methods


All aldehydes, anilines, aminoheterocycles, indane-1,3-dione, chlo-
ranil, acetic acid and ethylene glycol were purchased from
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commercial sources and used without purification. The reactions
were performed under nitrogen, open to the atmosphere or by
bubbling oxygen gas through reaction mixtures. 1H and 13C NMR
spectra were recorded on a 300 MHz spectrometer.


General procedure for the synthesis of compounds 1–33


A selected aldehyde (2.1 mmol, or 1.05 mmol for the synthesis of 8),
aromatic or heterocyclic amine (2.1 mmol) and 1,3-indanedione
(0.3 g, 2 mmol) are suspended in a mixture of acetic acid and
ethylene glycol (20 mL, 2 : 1). The reaction mixture is heated for
4 h at 120 ◦C and then allowed to cool to room temperature.
The formed precipitate is isolated by filtration and washed with
ethanol and diethyl ether. In most cases the products are >95%
pure as judged by NMR analysis. Compounds 17, 24, 31 and 33
were additionally purified by recrystallization from DMF–H2O.


Selected characterization data


4-Phenyl-1,2-dihydro-5H-indeno[1,2-b]pyrazolo[4,3-e]pyridin-3,
5-dione (1). 60%; 1H NMR (DMSO-d6) d 7.86 (d, 1H, J = 7.4 Hz,
Ind-H), 7.71 (t, 1H, J = 7.1 Hz, Ind-H), 7.58–7.44 (m, 7H);
13C NMR d 189.3, 165.5, 157.1, 154.1, 146.8, 141.9, 137.4, 135.3,
132.0, 131.0, 130.6, 129.5, 127.5, 123.4, 121.2, 117.7, 102.5; HRMS
m/z (ESI) calcd for C19H11N3NaO2 (M + Na)+ 336.0749, found
336.0744.


4-(3,5-Dioxo-1,2-dihydro-5H-indeno[1,2-b]pyrazolo[4,3-e]pyridin-
4-yl)benzonitrile (2). 55%; 1H NMR (DMSO-d6) d 7.94 (d, 2H,
J = 8.0 Hz, Ar-H), 7.84 (d, 1H, J = 7.1 Hz, Ind-H), 7.74 (d, 2H,
J = 8.0 Hz, Ar-H), 7.69 (t, 1H, J = 7.3 Hz, Ind-H), 7.59–7.46
(m, 2H, Ind-H); 13C NMR d 189.3, 165.4, 156.9, 154.4, 144.2,
142.1, 137.3, 137.2, 135.6, 132.4, 131.5, 123.7, 121.4, 119.3, 117.9,
112.1, 102.2; HRMS m/z (ESI) calcd for C20H10N4NaO2 (M +
Na)+ 361.0701, found 361.0699.


5-(4-Methoxyphenyl)-5,11-dihydro-1H -indeno[2′,1′:5,6]pyrido-
[2,3-d]pyrimidine-2,4,6(3H)-trione (33). 72%; 1H NMR (DMSO-
d6) d 10.83 (s, 1H, NH), 7.46–7.14 (m, 8H), 6.77 (d, 2H, J = 7.7 Hz,
Ar-H), 4.62 (s, 1H, C-H), 3.67 (s, 3H, OCH3); 13C NMR d 191.4,
163.3, 158.2, 153.7, 150.3, 144.9, 138.0, 136.4, 133.1, 132.6, 130.8,
129.1, 121.3, 119.4, 117.1, 113.9, 110.4, 91.8, 55.5; HRMS m/z
(ESI) calcd for C21H15N3O4 (M + H)+ 374.1141, found 374.1151.


Cell culture


A human T-cell leukemia cell line (Jurkat cells, Clone E6–1) was
purchased from the American Type Culture Collection (ATCC
#TBI-152, USA) and was cultured in RPMI-1640 medium sup-
plemented with 10% (v/v) fetal bovine serum (FBS), 100 mg L−1


penicillin G, 100 mg L−1 streptomycin, 1.0 mM sodium pyruvate
(all from Gibco, Invitrogen: Life Technologies, USA), 1.5 g L−1


sodium bicarbonate, and 4.5 g L−1 glucose (Sigma) at 37 ◦C in a
humidified atmosphere with 10% CO2. Cells were diluted at a ratio
of 1 : 5 every 2–3 days.


Flow cytometric Annexin-V/propidium iodide assay


Flow cytometry was used to quantitatively measure apoptosis and
cell viability. After being cultured with medium alone or medium
containing 0.1% (v/v) DMSO, or one of the test compounds at


the indicated final concentration for a required time period, 2 ×
105 Jurkat cells were centrifuged at 2200 rpm (400 G) for 1 min.
The supernatant was discarded and the cells were resuspended in
100 lL per sample of Annexin-V-FITC/propidium iodide solution
in Heinz-Hepes buffer (HHB: 30 mM HEPES, 110 mM NaCl,
10 mM KCl, 1 mM MgCl2 and 10 mM glucose) (HHB, 3 lL
CaCl2 (1.5 M) per mL HHB, 2 lL (10 mg mL−1) propidium iodide
(Sigma) per mL HHB and 20 lL Annexin-V-FITC (Southern
Biotech, Birmingham, AL) per mL HHB). The samples in the
labeling solution were transferred into Falcon tubes and incubated
in a water bath at 37 ◦C for 20 min. Values of relative fluorescence
intensity were measured with FACScan Flow Cytometry (Becton-
Dickinson) and analyzed by Cell Quest software. The results were
then calculated and expressed as percentages of apoptotic or viable
cells using Microsoft Excel 6.0 software.
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