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In this study, the chemical properties of organic acids as DNA polymerase inhibitors were examined. In
total, we assayed the inhibitory activities of 23 compounds. We found that the DNA synthesis activity
of DNA polymerase was usually reduced to less than 50% in the presence of 100 lM monoprotic acids,
which have a Clog P value greater than 7.0 and a pKa value less than 5.4. With a minor modification
these chemical properties applied to several organic fatty acids previously reported as DNA polymerase
inhibitors. Moreover, we also examined the inhibitory activities of perfluorooctadecanoic acid
(PFOdA) and perfluorooctanesulfonic acid (PFOS) against DNA polymerase b in detail. These
compounds inhibited the polymerase activity of pol b competitively with template–primer DNA, and
non-competitively with dNTPs. In addition, the 8 kDa domain-defective pol b was also sensitive to
these compounds. Our results suggest that the inhibitory mode of action of PFOdA and PFOS is
different from that mediated by the classic fatty acid inhibitors against DNA polymerase b.


Introduction


DNA polymerases are essential enzymes for DNA replication,
repair and recombination. Eukaryotic cells contain three replica-
tive DNA polymerases (pol a, d and e), a mitochondrial DNA
polymerase (pol c) and at least 10 repair-types of other DNA
polymerases (pol b, d, e, f, g, h, j, k, l and m).1,2 Recently, DNA
polymerase inhibitors have been a major focus of research as
candidate anti-cancer agents.3–6 In particular, repair-type DNA
polymerases, including pol b, could be considered both as markers
of tumorigenesis and as potential drug targets for chemotherapy.6


We previously reported that long-chain fatty acids, such as
stearic acid (1) and nervonic acid (2), inhibit the activities of a
mammalian pol a and pol b in vitro, but that the fatty acids did not
influence the activities of prokaryotic DNA polymerases or other
DNA metabolic enzymes at a concentration below 100 lM.7–13


Lineweaver–Burk plots of the inhibition of pol a by fatty acids
indicate non-competitive inhibition with both the template DNA
and the dNTPs.8,9 By contrast, inhibition of pol b was competitive
with both the template DNA and the dNTPs.8,9 Moreover, our
previous NMR study and docking simulation found that nervonic
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acid (2) would form a 1 : 1 complex with the 8 kDa domain
of pol b through interaction with four amino acids of pol b
(Leu11, Lys35, His51, and Thr79).10,13 The hydrophobic region,
which contains Leu11, His51 and Thr79, might interact with the
side-chain of 2, and the hydrophilic Lys35, might interact with the
carboxylic group of 2. The structure–activity relationships of fatty
acids for inhibition of DNA polymerases revealed three major
findings: (1) fatty acids with C18 or more carbon atoms inhibit
the polymerases; (2) the carboxylic acid group is important for
inhibition; (3) unsaturated fatty acids with the cis-configuration at
the double bond display a stronger inhibition than those with the
trans-configuration.


During the course of our investigation of DNA polymerase
inhibitors, we became interested in the unique physical, chemi-
cal and biological properties of perfluorinated alkyl substances
(PFAS). PFAS have a variety of applications, including acting
as surfactants or additives for polymers and plastics.14–17 The
amphipathic, thermal, photochemical and chemical properties of
PFAS, combined with their biological inertness, account for the
versatile uses of these compounds for over 50 years.14 However,
PFAS are environmentally persistent and bioaccumulative.14–16 In
previous reports, PFOS was shown to display biological toxicity
by targeting specific functions such as peroxisome proliferation
and lipid metabolism.14,17


In this study, the inhibition assay was carried out with 23 organic
acids to examine the structure–activity relationships in detail. On
the basis of these results, we investigated the correlation between
the chemical properties of the organic acids and the inhibitory
activities against mammalian polymerases. We focused on the
calculated log P value (partition coefficients for octanol–water)
and pKa of the organic acid as the chemical properties. Moreover,
we examined the enzymatic inhibition of PFOdA and PFOS
against DNA polymerases by kinetic analysis. A model for the
inhibition by these compounds is also discussed.
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Materials and methods


General (chemistry)


1H and 13C NMR spectra were recorded on a Bruker 400 MHz
spectrometer (Avance DRX-400), using CDCl3 solutions, unless
otherwise noted. Chemical shifts were expressed in d (ppm) relative
to Me4Si or residual solvent resonance, and coupling constants
(J) were expressed in Hz. Melting points were determined with
Yanaco MP-3S and were uncorrected. Infrared (IR) spectra were
recorded on a Jasco FT-IR-410 spectrometer using NaCl (neat) or
KBr pellets (solid), and were reported as wavenumbers (cm−1).
Mass spectra (MS) were obtained on an Applied Biosystems
mass spectrometer (API QSTAR pulsar i) under high resolution
conditions. Column chromatography was carried out on Fuji
Silisia PSQ100B. Analytical thin-layer chromatography (TLC)
was performed on precoated Merck silica gel 60 F254 plates, and
compounds were visualized by UV illumination (254 nm) or
heating at 150 ◦C after spraying with phosphomolybdic acid in
ethanol. HPLC was performed on an Agilent 1100 Series using
a Mightysil Si 60 column (KANTO Inc.) with a 30 min linear
gradient elution from 100 : 0 to 85 : 15 (hexane–i-PrOH with 0.1%
trifluoroacetic acid) at a flow rate of 1.0 mL min−1 with UV detec-
tion at 254 nm. THF was distilled from sodium–benzophenone.
CH2Cl2 was distilled from P2O5. DMSO was distilled from CaH2.
All other solvent and reagents were obtained from commercial
sources and used without further purification. Organic extracts
were dried over Na2SO4, filtered, and concentrated using a rotary
evaporator. Involatile oils and solids were vacuum dried.


Organic acids


Compounds 1, 2, 3, 5, 6, 13, 14, 15, 16, 17, 22, and 23 were obtained
from commercial sources and used without further purification.
Compounds 4,18 7,19 8,20 9,21 10,22 12,23 18,24 19,24 2025 and 2125


were prepared by literature procedures with slight modifications
and characterized by NMR spectra. Compound 11 was prepared
from the known compound 2426 (Scheme 1).


Synthesis of 5-tert-butyldimethylsilyloxy-4-oxo-4H-pyran-2-
carbaldehyde (25)


To a solution of 24 (114.7 mg, 0.50 mmol) and Et3N (0.5 mL,
3.6 mmol) in CH2Cl2–DMSO (4 : 1, 5 mL) was added SO3·pyridine
(363.6 mg, 2.3 mmol) at 0 ◦C. The mixture was stirred at rt for
10.5 h. Then the mixture was quenched by the addition of sat.


NaHCO3 aq. and diluted with EtOAc. The layers were separated.
Then the organic layer was washed with H2O and brine, dried
(Na2SO4), and evaporated in vacuo. The residue was purified by
silica gel chromatography (hexane–EtOAc = 4 : 1) to yield 25
(31.4 mg, 28%) and the recovered 24 (68.8 mg, 61%). 25: 1H NMR
(400 MHz) d 0.25 (6H, s), 0.97 (9H, s), 7.00 (1H, s), 7.80 (1H, s),
9.67 (1H, s).


Synthesis of E- and Z-5-tert-butyldimethylsilyloxy-2-(1-
heptadecenyl)-4-oxo-4H-pyran (26)


To a solution of the known phosphonium salt, hexadecyl-
triphosphenylphosphonium bromide,27 (40.2 mg, 0.071 mmol) in
THF (2 mL) was added n-BuLi (125 lL of 1.56 M solution in
hexanes, 0.20 mmol) at 0 ◦C. The mixture was stirred at rt for
10 min. Then a solution of 25 (31.4 mg, 0.12 mmol) in THF
(1.5 mL) was added to the mixture at 0 ◦C and the mixture was
stirred at rt for 3 h. The mixture was quenched by the addition of
sat. NH4Cl aq. and diluted with EtOAc. The layers were separated.
Then the organic layer was washed with H2O and brine, dried
(Na2SO4), and evaporated in vacuo. The residue was purified by
silica gel chromatography (hexane–EtOAc = 20 : 1) to yield 26
(15.1 mg, 46%) as a 1.4 : 1 mixture of E- and Z-isomers. E-isomer:
1H NMR (400 MHz) d 0.22 (6H, s), 0.88 (3H, t, J = 7.0 Hz), 0.95
(9H, s), 1.26 (24H, brs), 1.46 (2H, m), 2.21 (2H, q, J = 7.0 Hz),
6.02 (1H, d, J = 15.8 Hz), 6.16 (1H, s), 6.55 (1H, dt, J = 15.8 Hz,
7.0 Hz), 7.59 (1H, s). Z-Isomer: 1H NMR (400 MHz) d 0.24 (6H,
s), 0.88 (3H, t, J = 7.0 Hz), 0.96 (9H, s), 1.26 (24H, brs), 1.46 (2H,
m), 2.44 (2H, m), 5.92–5.93 (2H, m), 6.24 (1H, s), 7.64 (1H, s).


Synthesis of 2-heptadecyl-5-hydroxy-4H-pyran-4-one (11)


A solution of 26 (15.1 mg, 0.033 mmol) and Pd(OH)2–C (4.4
mg) in THF (2 mL) was stirred under a H2 atmosphere for 6 h.
Then the solution was filtered through Celite and washed with
THF. The filtrate was treated with 0.5 mL of 1 N HCl aq. and the
mixture was stirred for 10 min. The mixture was quenched by the
addition of sat. NaHCO3 aq. and diluted with EtOAc. The layers
were separated. Then the organic layer was washed with H2O and
brine, dried (Na2SO4), and evaporated in vacuo. The residue was
purified by silica gel chromatography (hexane–EtOAc = 20 : 1) to
yield 11 (8.5 mg, 74%) as a white solid. Mp = 85 ◦C. 1H NMR
(400 MHz, CDCl3) d 0.88 (3H, t, J = 6.8 Hz), 1.25 (26H, brs), 1.30
(2H, m), 1.64 (2H, m), 2.53 (2H, t, J = 7.6 Hz), 6.27 (1H, s), 7.79
(1H, s). 13C NMR (100 MHz, CDCl3) d 14.1, 22.7, 27.0, 28.9, 29.2,
29.35, 29.42, 29.56, 29.61, 29.65 (×3), 29.68 (×3), 31.9, 33.9, 110.3,


Scheme 1 Synthesis of 11.
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137.4, 145.1, 170.4, 174.2. IR (KBr) 3224, 2919, 2849, 1734, 1702,
1653, 1620, 1585, 1461, 1378, 1226, 1186, 1149, 917, 892, 835,
757, 722, 701 cm−1. ESIMS: calcd for C22H38O3Na ([M + Na]+)
373.2713, found 373.2711. HPLC analysis: tR = 9.9 min. Anal.
calcd for C22H38O3·H2O: C, 71.70; H, 10.94. Found: C, 72.05; H,
10.93%.


Materials for DNA polymerase assay


Calf thymus DNA, deoxynucleotide triphosphates and synthetic
polynucleotides such as poly(dA), oligo(dT)12–18, and [3H]-2′-
deoxythymidine 5′-triphosphate (dTTP) (43 Ci mmol−1) were
purchased from GE Healthcare Bio-Sciences Corp (Piscataway,
NJ 08855, USA). All other reagents were of analytical grade
and were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan).


Enzymes


DNA polymerase a (pol a) was purified from the calf thy-
mus by immuno-affinity column chromatography as described
previously.28 Recombinant rat DNA polymerase b (pol b) and
human terminal deoxynucleotidyl transferase (TdT) were purified
from Escherichia coli BL21 (DE3) as described previously.29 The
31 kDa domain of pol b (residues 88–335) was cloned into the
pET28a expression vector (Novagen), and purified by the same
method as for the whole pol b.


DNA polymerase assays


The DNA polymerase activities were measured based on the
methods described previously.30 Briefly, the reaction mixture
(25 ll) contained 50 mM Tris–HCl (pH 7.5), 5 mM MgCl2, 1 mM
dithiothreitol, 10% (v/v) glycerol, 10% (v/v) dimethyl sulfoxide,
50 lg ml−1 poly(dA)–oligo(dT)12–18, 0.5 lM dTTP, 0.1 lM [3H]-
dTTP, 4.1 fmol of pol a, b or TdT, and at least five different
concentrations of each compound. When activated calf thymus
DNA (100 lg ml−1) was used as the DNA template, the reaction
mixture was supplemented with 100 mM each of dATP, dGTP
and dCTP, and dTTP was removed from it. After incubation
at 37 ◦C for an hour, the reaction mixture was spotted onto
a Whatmann DE81 ion-exchange filter, air-dried, and washed
3 times with 5% (w/v) Na2HPO4, 3 times with distilled water,
and twice with ethanol. The radioactivity of each dried filter was
measured in a toluene-based scintillator. The GraphPad Prism
program (GraphPad Software Inc., San Diego, CA) was used to
calculate the IC50 value for each compound, and to determine the
inhibitory mechanisms of compounds 3 and 17 by global fitting
models.


Results and discussion


Enzymatic inhibitory activity of organic acids against DNA
polymerases


The structures of all the compounds tested in this study are shown
in Fig. 1. The calculated log P (Clog P), pKa, and the IC50 values
of each compound are summarized in Table 1. Most of the Clog
P and pKa values of the organic acids were obtained from the
calculated properties in SciFinder Scholar, which were originally


calculated using Advanced Chemistry Development (ACD/Lab)
Software V8.14 for Solaris (ACD/Labs).


We previously reported that compound 1 inhibited the activity
of pol aand pol b with IC50 values of 9 lM and 91 lM, respectively.
In order to examine the effect of the alkyl moiety on the inhibitory
activity of fatty acids against DNA polymerase, we first changed
the alkyl group of 1. Replacement of the octadecyl group in
1 with a perfluorooctadecyl moiety (3), thereby increasing the
overall hydrophobicity and acidity of the molecule (Clog P =
16.64, pKa = 0.37), gave more potent inhibitory activity. The IC50


values of perfluorooctadecanoic acid (PFOdA, 3) against pol a,
pol b and TdT were 0.71 lM, 0.63 lM and 5.4 lM, respectively.
Since the CMC of 3 is reported to be 80 lM, 3 would not
form a micelle at the concentration at which 3 inhibited DNA
polymerases.31 Replacement of the alkyl group with pentaethylene
glycol (4) increased the hydrophilicity (Clog P = −2.45), but
100 lM of compound 4 had no effect on DNA polymerase
activity. Compound 5, which has a Clog P value of 2.9, also lacked
inhibitory activity. By contrast, compound 6, which is considerably
more hydrophobic (Clog P = 7.75), inhibited pol a and TdT with
IC50 values of 56 lM and 62.5 lM, respectively. These results
suggested that the hydrophobicity of the alkyl moiety of the
fatty acids was closely related to the inhibitory activity against
DNA polymerases. This proposal is supported by our previous
NMR study, in which the hydrophobic interaction between the
hydrophobic region (Leu11, His51 and Thr79) in pol b and the
side-chain in 2 had an important role in the binding between pol
b and 2.10,13


The branched chain fatty acid (7) was a slightly weaker inhibitor
of pol a activity (IC50 = 63.4 lM) than the straight chain fatty
acid (1). However, the IC50 value for 7 against pol b (82.2 lM)
was similar to that of 1. Because compound 7 has the same level
of hydrophobicity (Clog P = 8.03) and acidity (pKa = 4.82) as
that of 1, any differences in inhibitory activity against pol a can
be attributed to molecular shape. Compound 8 exhibited more
potent inhibition than 7 against pol a, b and TdT with IC50 values
of 19.6 lM, 36.1 lM and 33.6 lM, respectively. Indeed compound
8 displayed similar activities to compound 9. Thus the a-carboxyl
substituents increased the inhibitory activity against the DNA
polymerases.


We next turned our attention to the carboxylic group of
stearic acid (1). Compounds 10–12, having similar pKa values,
are bioisosteres of 1. The IC50 value of 10 against pol a (8.6 lM)
is similar to that of 1, whereas the IC50 value of 10 against pol
b (7 lM) is much lower than that of 1. Although compound 11
is a weaker inhibitor of pol a than 1, inhibition of pol b by 11
was significantly more potent than that by 1 (IC50 values of 11:
IC50 = 31.1 lM against pol a; IC50 = 26.3 lM against pol b).
Both 10 and 11 did not affect the activity of TdT. Interestingly,
the diprotic sulfonamide 12 showed no inhibitory activity against
any DNA polymerase at a concentration less than 100 lM. These
results indicate that the acidic functional group affected not only
inhibitory activity, but also selectivity against the enzymes.


The inhibitory activities of compounds 13–17, all of which have
pKa values much lower than that of 1, were also examined. The
diprotic phosphoric acid 13 lacked inhibitory activity against pol
a, pol b and TdT. Murofushi et al. reported that PHYLPA, a
monoprotic lysophosphatidic acid, specifically inhibited pol a.32,33


Thus, the type of protic acid might be a crucial factor for inhibition
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Fig. 1 Chemical structures of compounds tested as DNA polymerase inhibitors.


against DNA polymerases. Octadecyl sulfate (14) and dodecyl
sulfate (15) are alkyl sulfonates, which have the same pKa value
of −3.29. Although 14 efficiently inhibited all three polymerases
(IC50 = 5.8 lM against pol a; IC50 = 12.8 lM against pol b; IC50 =
18.3 lM against TdT), 15 did not display any inhibitory activity
even at a concentration of 100 lM. Octadecyl sulfonic acid 16
inhibited the a and b polymerase activities with a similar dose to
that of 14 (IC50 values of 16: IC50 = 12.9 lM against pol a; IC50 =
21 lM against pol b). PFOS (17) inhibited the activity of these
polymerases in the submicromolar range (IC50 = 24.5 lM against
pol a; IC50 = 46.4 lM against pol b; IC50 = 31.3 lM against TdT).


Since it is reported that the CMC of 17 ranges from 0.88 mM
to 1.7 mM, 17 would not form micelles at the concentration
used in this study.34,35 These results suggest that (1) the type of
protic acid as well as the acidic functional group is important
for inhibition against polymerases; (2) the hydrophobicity of the
side-chain moiety (Clog P) is important for the inhibitory activity
against DNA polymerases.


Compounds 18–23 have greater pKa values than that of 1.
The phenolic compounds (18 and 19), b-ketoester (20), ketone
(21), amide (22) and alcohol (23) used in this study showed no
inhibitory activity against pol a, pol b and TdT. These results
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Table 1 The Clog P value and calculated pKa value of organic acids 1–23, and the IC50 and logIC50 values for enzymatic inhibition of DNA polymerase
a and b, and TdT by the compounds 1–23. The IC50 and log IC50 values were determined by using the GraphPad Prism program. The IC50 values were
obtained by taking the antilog of the log IC50 values. Unless otherwise noted, both the Clog P values and the pKa values of organic acids were obtained
from the calculated properties in SciFinder Scholar, which were originally calculated using Advanced Chemistry Development (ACD/Lab) Software
V8.14 for Solaris (ACD/Labs)


IC50/10−6 M Log IC50/M


Compounds Clog P pKa Pol a Pol b TdT Pol a Pol b TdT


1 8.21 4.78 9 91 ND
2 10.9 4.78 2 8 ND
3 16.64 0.37 0.71 0.63 5.4 −6.15 ± 0.05 −6.20 ± 0.07 −5.27 ± 0.07
4 −2.45 3.39 >100 >100 >100
5 2.9 4.78 >100 >100 >100
6 7.75 0.35 56 >100 62.5 −4.25 ± 0.02 −4.20 ± 0.02
7 8.03 4.82 63.4 82.2 >100 −4.20 ± 0.05 −4.08 ± 0.01
8 8.45 3.66 19.6 36.1 33.6 −4.71 ± 0.03 −4.44 ± 0.01 −4.47 ± 0.01
9 7.58 2.07 22.4 57.7 54.3 −4.65 ± 0.02 −4.24 ± 0.01 −4.27 ± 0.02
10 7.42 5.35 8.6 7 >100 −5.07 ± 0.01 −5.16 ± 0.02
11 5.15a 5.15b 31.1 26.3 >100 −4.51 ± 0.02 −4.58 ± 0.03
12 7.75 10.81 >100 >100 >100


−5.27
13 7.01 2.42 >100 >100 >100
14 8.58 −3.29 5.8 12.8 18.3 −5.23 ± 0.02 −5.89 ± 0.07 −4.74 ± 0.02
15 5.4 −3.29 >100 >100 >100
16 7.14 1.84 12.9 21 >100 −4.89 ± 0.09 −4.68 ± 0.05
17 7.03 −3.27 24.5 46.4 31.3 −4.61 ± 0.05 −4.33 ± 0.03 −4.51 ± 0.02
18 10.44 10.14 >100 >100 >100
19 10.44 10.06 >100 >100 >100
20 9.22 10.67 >100 >100 >100
21 8.34 >15 >100 >100 >100
22 7.27 16.61 >100 >100 >100


−0.49
23 8.31 15.19 >100 >100 >100


Errors mean ± S.E.a The Clog P values were obtained using CS ChemDraw version 6.0 software (Cambridge Soft, USA). b The calculated pKa value of
compound 11 is substituted for that of 2-butyl-5-hydroxy-4H-pyran-4-one.


indicate that the acidic functional group is essential for inhibi-
tion.


After conducting a series of enzymatic inhibitory assays we
conclude that the most potent DNA polymerase inhibitors possess
the following properties. Monoprotic acids, which have a Clog
P value greater than 7.0 and a pKa value less than 5.4, have a
tendency to inhibit the activity of one or more DNA polymerases.
Although the mechanism of DNA polymerase inhibition for
these inhibitors is not fully examined, both hydrophobicity and
acidity are essential for inhibitory activity against mammalian
polymerases. Our previous NMR study showed that the carboxylic
group of 2 interacted with the Lys35 hydrophilic region and the
alkyl side chain of 2 interacted with the Leu11–His51 hydrophobic
region.10,13 Thus, the acidic functional group and hydrophobic
moiety of the inhibitor are required for binding to the basic amino
acid residues and hydrophobic regions of the DNA polymerase,
respectively.


Most of the previously identified fatty acid inhibitors showed
chemical properties similar to those of inhibitors found in the
present studies. The known DNA polymerase inhibitors,8,36–44


which have a Clog P value greater than 7.0 and a pKa value less
than 5.4, are summarized in Fig. 2. Actually some phenolic45–49 and
glycolipid50–52 inhibitors of DNA polymerases do not possess the
anticipated chemical properties. However, our predictions have
wide applicability to lipid compounds, assuming that the Clog
P value is defined as more than 5.3 for steroidal inhibitors. For
instance, fomitellic acid A53,54 (Clog P 5.3, pKa 4.1), lithocholic acid


(Clog P 6.7, pKa 4.8),55–57 vitamin A acid58 (Clog P 6.8, pKa 4.7),
tormentic acid59 (Clog P 6.2, pKa 4.5) and euscaphic acid59 (Clog
P 6.2, pKa 4.5) inhibit DNA polymerases. We also found that the
shape of some lipid inhibitors influences the selective inhibition of
pol a.44 By contrast, these chemical property–activity predictions
do not apply to nucleotide analogue based inhibitors, presumably
reflecting a different mode of inhibition.


Inhibition of DNA polymerase activity by PFOdA and PFOS


Since PFOdA (3) and PFOS (17) have unique physical, chemical
and biological properties, we investigated the mechanism of these
inhibitors in detail.


The mode of inhibition of pol b was examined by kinetic
analysis (Fig. 3).8,9 In these experiments, poly(dA)–oligo(dT)12–18


and dTTPs were utilized as the DNA template–primer and
nucleotide substrate, respectively. The V max and Km values of the
polymerase reactions with and without 3 and 17 were obtained by
fitting the data to the Michaelis–Menten equation with Graphpad
Prism4 software (Table 2). Considering the template–primer DNA
as substrate, the Michaelis constant (Km) increased with increasing
concentrations of 3 and 17, but the apparent maximum velocity
(V max) was almost unaltered. Thus the inhibition of pol b by 3 and
17 is considered to be competitive with DNA template–primer.
The Lineweaver–Burk plot analysis also supports this suggestion
(Fig. 3, A and E). In contrast, measuring the activity over a range
of dTTP concentrations as substrate, Km was independent of the
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Fig. 2 Known DNA polymerase inhibitors that have a Clog P value greater than 7.0 and a pKa value less than 5.4.


concentration of 3 and 17, although V max was reduced in the
presence of these compounds, suggesting that 3 and 17 inhibit
the DNA synthesis by pol b non-competitively with a nucleotide
substrate. This result was also consistent with that obtained from
the Lineweaver–Burk plot (Fig. 3, B and F).


The melting temperature of double-stranded DNA was un-
changed in the presence of 100 lM 3 or 17 (data not shown).
Thus, compounds 3 and 17 must inhibit the enzymatic activity by


interacting with the enzyme in the reaction mixture. In order to
analyze the mode of inhibition further, the inhibitory activity of 3
and 17 against the 31 kDa domain of pol b was examined (Table 3).
Tryptic digestion of pol b liberates an N-terminal domain (8 kDa),
which is responsible for single-strand DNA binding activity, and a
C-terminal domain (31 kDa), which catalyzes DNA synthesis.60,61


Compounds 3 and 17 inhibit the activity of the 31 kDa domain
of pol b with an IC50 value of 4.4 lM and 51.1 lM, respectively.
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Fig. 3 Kinetic analysis of the inhibitory effects of compounds 3 (A–D) and 17 (E–H) on the activities of DNA polymerase b, as a function of the DNA
template–primer dose and the nucleotide substrate concentration. (A) and (C): Pol b activity was measured in the absence or presence of the indicated
concentrations of compound 3 using varying concentrations of the DNA template–primer (A: Lineweaver–Burk plots, C: Michaelis–Menten curves).
(B) and (D): Pol b activity was measured in the absence or presence of the indicated concentrations of compound 3 using varying concentrations of the
substrate dTTPs (B: Lineweaver–Burk plots, D: Michaelis–Menten curves). (E) and (G): Pol b activity was measured in the absence or presence of the
indicated concentrations of compound 17 using varying concentrations of the DNA template–primer (E: Lineweaver–Burk plots, G: Michaelis–Menten
curves). (F) and (H): Pol b activity was measured in the absence or presence of the indicated concentrations of compound 17 using varying concentrations
of the substrate dTTPs (F: Lineweaver–Burk plots, H: Michaelis–Menten curves).
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Table 2 Kinetic analysis of the inhibitory effects of compounds 3 and 17 on the activity of DNA polymerase b as a function of DNA template–primer
dose and nucleotide substrate concentration. These data were obtained from global fitting models using the GraphPad Prism program. Errors mean ±
S.E


Substrate Concentration /lM Km/lM V max/pmol min−1 ng−1 K i/lM Inhibitory mode


Compound 3
DNA Template–primera 0 1.777 ± 0.563 0.795 ± 0.070 0.12 ± 0.03 Competitive


0.2 3.970 ± 0.793 0.704 ± 0.045
0.4 5.415 ± 3.021 0.725 ± 0.136
0.6 18.24 ± 1.713 0.994 ± 0.043


Nucleotide substrateb 0 4.432 ± 0.3391 0.655 ± 0.026 0.37 ± 0.02 Non-competitive
0.2 2.509 ± 0.230 0.323 ± 0.013
0.4 2.737 ± 0.220 0.268 ± 0.010
0.6 2.462 ± 0.064 0.185 ± 0.002


Compound 17
DNA Template–primera 0 1.777 ± 0.563 0.795 ± 0.070 6.8 ± 1.2 Competitive


15 6.812 ± 0.658 0.825 ± 0.028
30 14.79 ± 1.26 0.991 ± 0.037
45 27.75 ± 5.27 1.141 ± 0.115


Nucleotide substrateb 0 4.432 ± 0.3391 0.655 ± 0.026 15.9 ± 0.7 Non-competitive
15 2.652 ± 0.406 0.277 ± 0.019
30 3.193 ± 0.5181 0.195 ± 0.015
45 4.333 ± 0.8586 0.162 ± 0.016


a I.e., poly(dA)–oligo(dT)12–18. b I.e., dTTPs.


Table 3 The IC50 and log IC50 values of compounds 3 and 17 for
enzymatic inhibition of the 31 kDa domain of DNA polymerase b. The
IC50 and log IC50 values were determined by using the GraphPad Prism
program. Errors mean ± S.E


Compound IC50/10−6 M Log IC50/M


3 3.9 −5.41 ± 0.05
17 51.1 −4.29 ± 0.04


By contrast, 1 and 2 had almost no effect on the activity of the
31 kDa domain.9 We therefore conclude that the perfluorinated
chain of 3 and 17 enhances the hydrophobic interaction between
these compounds and the 31 kDa domain of pol b. However,
the sensitivity of the 31 kDa domain to 3 was reduced by
approximately 6-fold, whereas 17 inhibited the activity of both
the 31 kDa domain and the full-length pol b equally. These
results indicate that compound 17 interferes competitively with
the interaction between the template–primer DNA and the active
site of the 31 kDa domain of pol b, but non-competitively with
incoming dNTPs. By contrast, compound 3 appears to display
moderate affinity to the 8 kDa domain in addition to binding to
the 31 kDa domain of pol b.


Conclusion


We have investigated the chemical properties of organic acids
as DNA polymerase inhibitors. Monoprotic acids, which have
a Clog P value greater than 7.0 and a pKa value less than
5.4, were generally found to inhibit the activity of one or more
DNA polymerases at concentrations lower than 100 lM. By
contrast, compounds with a Clog P value less than 7.0 and with
a pKa value greater than 5.4 generally had little influence on the
polymerase activity. With a minor modification these chemical
properties of DNA polymerase inhibitors also apply to several
lipid compounds. Moreover, the molecular shape was suggested
to be important for both inhibition and selectivity. In the present


study, we found that DNA polymerases are sensitive to PFOdA
and PFOS. Furthermore, our kinetic analysis suggests that the
perfluorinated chain might enhance the hydrophobic interaction
between these compounds and the 31 kDa domain of pol b. These
observations will provide insights not only for identifying new
DNA polymerase inhibitors from natural or synthetic compounds,
but for providing information on inhibitor–enzyme interactions in
order to develop inhibitors of therapeutic utility.
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Densely functionalised pyrazole carboxamides and carboxylic acids were synthesised in an expedient
manner through saponification and transamidation, respectively, of ester-functionalised pyrazoles. This
synthetic protocol allowed for three diversifying steps in which appendages on the pyrazole scaffold
were adjusted to optimise inhibition of protein kinases. Thirty-five analogues were tested in CK2,
AKT1, PKA, PKCa, and SAPK2a (p38) kinase inhibition bioassays. Blocking of these kinases may
lead to effective therapies for treating inflammatory diseases and cancer. In order to investigate
potential biological activity, MCF-7 human breast cancer cells were incubated with the most promising
derivatives. Two analogues caused changes in MCF-7 cell growth, one of them through cell cycle arrest
demonstrated by cell cycle analysis.


Introduction


All biological functions in eukaryotes are regulated through
phosphorylation and dephosphorylation of proteins by protein
kinases and protein phosphatases, respectively.1 The manipulation
of these key regulators of cell signalling pathways offers a novel
therapeutic approach towards pathological states caused by aber-
rant eukaryotic signal transduction. The human genome encodes
a large number of protein kinases, some recognized as disease-
relevant. Despite the ubiquitous nature of the ATP-binding site in
protein kinases, selective inhibition of phosphorylation has been
demonstrated by small molecules targeting this site.2–5 Selective
inhibitors can be templated on the same molecular scaffold by op-
timisation of peripheral groups, the pyrazole skeletal arrangement
being a premier kinase-directed privileged structure.6–11


We have selected five representative protein kinases, i.e. CK2,
AKT1, PKA, PKCa, and SAPK2a (p38) as targets for small
molecule intervention. CK2 is known to be elevated in rapidly
proliferating tissues and in all currently investigated tumours,
where it strongly exhibits anti-apoptotic properties.12 AKT1
mediates survival signals downstream of PI3-kinase and several
growth factor receptors by phosphorylating apoptotic proteins.
AKT1 has been shown to be tumourigenic in a mouse lymphoma
model and activated and/or overexpressed in a number of
cancers, including breast, prostate, lung, pancreatic, liver, ovarian,
and colorectal cancers. Moreover, activation of the PI3K/AKT
pathway contributes to cisplatin resistance. An analysis of human
colorectal cancer for genetic mutations in 340 serine/threonine
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kinases revealed mutations in eight genes, including three members
of the PI3K pathway. Serine/threonine kinases could therefore
serve as sites for therapeutic intervention.13 PKA regulates a wide
range of cellular processes, including metabolism, gene regulation,
cell growth and differentiation.14 PKCa has been found to be
mutated in pituitary and thyroid tumours and deleted in melanoma
cell lines. In addition, PKCa is recognized as a therapeutic target in
lung, gastric and prostate cancer.15 Stress-activated protein kinase
SAPK2a (p38) belongs to the MAPK family and is activated by
a variety of environmental stresses and inflammatory cytokines.
SAPK2a has been found to be altered in many cancers and during
inflammation.16 Pyrazole BIRB-796 (Doramapimod, Fig. 1) is
a p38 inhibitor17 in late-stage clinical development phase for
the treatment of autoimmune diseases.18 In MAPK inhibitor
SR-144528,19 the pyrazole moiety of the molecule is the core
structure with peripheral groups favouring interactions with a
target receptor (Fig. 1).


Fig. 1 Molecular structures of SR-144528 and BIRB-796.


Recently, we reported an acyl substitution–conjugate addition
sequence and a regioselective cyclocondensation to yield 1,3,5-
trisubstituted pyrazoles in two diversifying steps from a propiolic
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ester, a Weinreb amide and an appropriately substituted hydrazine
(Scheme 1).20 Thus, pyrazoles like SR-144528 can be prepared
regioselectively from simple and readily available building blocks.


Scheme 1 Synthesis of pyrazole 1 through an acyl substitution–conjugate
addition sequence and a cyclocondensation reaction.


Herein, we report our investigation of the acyl substitution–
conjugate addition sequence as a platform for appending different
building blocks onto the pyrazole scaffold and identification of
selective protein kinase inhibitors among compounds that were
synthesized.


Results and discussion


The synthetic methodology described in Scheme 1 gave access to
the esters 1a–h, which were subject to further synthetic transfor-
mations. Some esters displayed activity in protein kinase inhibition
bioassays per se, suggesting a complementary biological testing of
their carboxylic acid counterparts, since the bioactivity of these
esters may depend on enzymatic hydrolysis. Carboxylic acids 2a–g
were synthesised in 58–99% yield (Table 1) by saponification of
the corresponding esters (Scheme 2).


We hypothesised that a more potent protein kinase inhibitor
could be identified by the introduction of a third diversity element
(R3 in Scheme 2) to the densely functionalised pyrazole scaffold.
This was accomplished by the Weinreb reaction,21 converting esters
into amides in a single synthetic operation. The mild conditions
used originally by Weinreb et al.,22,23 Me3Al-mediated transami-
dation at ambient temperature, applied well to the synthesis of
3e–i and 4e–i but not to reactions involving heterocyclic primary
amines (synthesis of 3a–d and 4a–d was unsuccessful with method
A). Even at 50 ◦C in THF, 1,4-dioxane or DMF, the formation
of 5b could not be observed. However, only the synthesis of 4a–c
remained unsuccessful, when the reactions were run according to
a modified protocol, method B, in pyridine at 50 ◦C. Except for
products 3a, 3c, 5b and 5c for which yields were still on the low
side, the transamidation reactions worked satisfyingly with yields
in the range of 41–92% employing either method A or B (Table 1).


Compounds 1a–h, 2a–g, 3a, 3c–i, 4d–i and 5a–d were tested
on selected kinase targets AKT1, CK2, PKA and p38 for their
ability to serve as protein kinase inhibitors. Each compound was
tested at a final concentration of 10 lM. Table 2 shows the results
obtained as the percentage of protein kinase activity remaining.
Compound 1f displayed a significant inhibition of AKT1 and
SAPK2a (p38) kinases, reducing the kinase activity by 40% and
35%, respectively. Compound 1e also inhibited AKT1 kinase,
although only by 26%. A 65% inhibition of PKA activity was
caused by compound 1a. Compound 2e inhibited AKT1 by 46%


Table 1 Synthesis of 2a–g through saponification and 3a, 3c–i, 4d–i and
5a–d through transamidation of 1b–h


Starting
material R1 R2 R3 Product Yield (%)a Method


1b Me Ph — 2a 99 —
1c Ph(CH2)2 Me — 2b 82 —
1d Ph(CH2)2 Ph — 2c 77 —
1e Ph Me — 2d 67 —
1f Ph Ph — 2e 58 —
1g 2,4-Cl2C6H3 Me — 2f 58 —
1h 2,4-Cl2C6H3 Ph — 2g 81 —
1a Me Me a 3a 32 B
1a Me Me b 3b —b B
1a Me Me c 3c 26 B
1a Me Me d 3d 85 B
1a Me Me e 3e 55 A
1a Me Me f 3f 49 A
1a Me Me g 3g 62 Ad


1a Me Me h 3h 59 A
1a Me Me i 3i 63 A
1e Ph Me a 4a —c B
1e Ph Me b 4b —c B
1e Ph Me c 4c —c B
1e Ph Me d 4d 41 Be


1e Ph Me e 4e 52 A
1e Ph Me f 4f 72 A
1e Ph Me g 4g 58 Ad


1e Ph Me h 4h 59 A
1e Ph Me i 4i 72 A
1i Me H a 5a 92 B
1i Me H b 5b 32 B
1i Me H c 5c 23 B
1i Me H d 5d 80 B


a Isolated yields after purification by preparative RP-HPLC. b Inseparable
mixture of products and starting material. c No reaction observed.
d Addition of DIPEA (3.1 eq.). e 0 ◦C → rt.


Scheme 2 Reagents and conditions: (i) LiOH, THF–H2O, rt; (ii) R3–NH2,
Me3Al, 0 ◦C → rt in CHCl3 (method A) or 0 ◦C → 50 ◦C in py (method B).
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Table 2 Inhibition of AKT1, CK2, PKA, PKCa and p38 kinase activity
by compounds 1a–h, 2a–g, 3a, 3c–i, 4d–i and 5a–da


Compound AKT1 CK2 PKA PKCa p38


1a 65 76 35 — 101
1b 122 98 84 101 107
1c 108 109 96 98 96
1d 90 102 104 100 100
1e 74 100 119 98 95
1f 60 102 80 86 65
1g 99 106 81 99 92
1h 81 97 60 96 97
2a 70 66 14 — 92
2b 45 78 40 — 87
2c 61 75 37 — 98
2d 62 78 36 — 79
2e 54 69 18 — 90
2f 59 77 39 — 73
2g 54 85 34 — 80
3a 78 80 29 — 86
3c 67 86 86 — 82
3d 52 87 44 — 91
3e 80 78 61 — 87
3f 100 89 96 — 84
3g 88 89 86 — 91
3h 48 89 49 — 94
3i 83 77 57 — 100
4d 46 84 39 — 84
4e 80 82 29 — 86
4f 73 84 46 — 94
4g 75 80 44 — 88
4h 72 70 28 — 99
4i 39 58 16 — 92
5a 82 78 38 — 70
5b 69 73 43 — 108
5c 66 73 23 — 94
5d 60 80 32 — 77


a Kinase activity tests were performed using recombinant AKT1, CK2,
PKA, PKCa and p38. Values in the table are calculated as the remaining
kinase activity in % of control (no inhibitor) after incubation with 10 lM
of each of the indicated compounds for 10 min at 30 ◦C.


and PKA by 82%, while 4i inhibited AKT1, CK2 and PKA
by 61%, 42% and 84%, respectively. It is interesting to note the
structural difference between the most potent p38 inhibitor in this
investigation, 1f, and for example that of BIRB-796, which is a
potent well-investigated p38 inhibitor.24 The substitution pattern
in compound 1f, with a H-bond donor/acceptor in the 3-position
and a lipophilic group in the 5-position, is opposite to that in
BIRB-796.


In order to explore the potential biological activity of com-
pounds 1f, 2e and 4i further, we incubated MCF-7 human breast
cancer cells with the aforementioned inhibitors at concentrations
of 50 and 100 lM, respectively, for 48 h. Analysis of the cells
by phase-contrast microscopy revealed that the treatment with 1f
and 4i had a clear inhibitory effect on cell growth as compared
to the control experiment. The effect was markedly visible at a
concentration of 100 lM (Fig. 2). Cell treatment with 2e did not
cause changes in cell growth.


In order to determine the effect of the selected inhibitors on cell
growth more quantitatively, cells were scored for viability by the
crystal violet binding method. As shown in Fig. 3, incubation of
cells for up to 72 h with 2e at concentrations of 50 and 100 lM,
respectively, did not lead to a significant change in cell viability
as compared with control cells. Treatment with 1f led to a ∼50%


Fig. 2 MCF-7 cells were either untreated or incubated with the indicated
inhibitors for 48 h at a concentration as entered of 50 lM and 100 lM,
respectively. Control cells were treated with DMSO. Morphological effects
of the different compounds were examined by phase-contrast microscopy.
Data shown are representative of three independent experiments.


decrease in viability after 24 h of incubation. Only with the highest
concentration applied (i.e. 100 lM) was a further decrease in the
percentage of viable cells after 72 h of incubation observed (24%
of cells remaining). The treatment of cells with 4i resulted in a
marked decrease in viable cells, which was substantial when cells
were incubated with 100 lM 4i for 72 h (10% cells remaining).


Next, we analyzed the distribution of the cells in the different
phases of the cell cycle before and after treatment with the
aforementioned compounds for 24 h (data not shown) and 48 h
(Fig. 4). The incubation of MCF-7 cells with 100 lM 1f and 2e
for up to 48 h did not cause any variation in cell cycle distribution
as compared to control cells. Interestingly, the treatment with 4i
for 48 h caused cell cycle arrest in the S (the percentage varied
from 7.7 in control cells to 20.3 in treated cells) and G2/M (the
percentage increased from 11.1 in control cells to 22.4 in treated
cells) phases.


We wanted to evaluate the physiological effect of the three
inhibitors 1f, 2e and 4i using the human breast cancer cell line
MCF-7. Different methods were conducted in order to investigate
morphological changes and effects on cell viability and cell
cycle distribution. Compounds 1f and 4i clearly affected MCF-
7 cells at concentrations of 50 and 100 lM, resulting in reduced
cell numbers being observed when evaluating cells under phase-
contrast microscopy as well as by quantifying cells by crystal violet
staining. Compound 2e, on the other hand, did not affect cell
morphology or viability. None of the compounds seemed to cause
severe cell death as we did not observe high numbers of floating
dead cells under the microscope.
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Fig. 3 MCF-7 cells were seeded in 96-well plates and after 24 h cells were
incubated with 50 and 100 lM of 2e, 1f and 4i as indicated in the figure. Cell
viability was assessed by staining the cells with crystal violet as described
in the Experimental section. The number of viable cells is expressed as a
percentage, assigning a value of 100 to the cells treated with DMSO only
(control). Data were generated in triplicate and are shown as the average
value ± standard deviation.


Fig. 4 MCF-7 cells were incubated with the indicated compounds
for 48 h. Control cells were incubated with an equivalent amount of
DMSO. Cells were harvested, fixed, stained with propidium iodide and
analysed by flow cytometry. The percentage of cells in each phase of the cell
cycle (i.e. sub-G1, G1, S and G2/M) is indicated. Data are representative
of two experiments performed independently.


Since the crystal violet staining does not distinguish between
actively dividing cells or quiescent cells, the reduced cell number
can be both a result of cytotoxic and cytostatic effects. We


performed cell cycle analysis in order to see if any of the
inhibitors caused cell cycle arrest. We found that only 4i resulted
in accumulation in S- and G2/M-cell cycle phases. Therefore the
reduced cell number after treatment with 4i observed in the crystal
violet assay might be a result of arrested cells. Compound 1f did
not cause cells to arrest in any of the cell cycle phases. It can
therefore be speculated that 1f slows down cell metabolism, thereby
making the cells grow more slowly. The kinase activity tests showed
that 1f inhibits the protein kinases p38 MAPK and AKT1. AKT
is involved in cell-cycle progression, inhibition of apoptosis and
transcriptional control.25 A drug targeting AKT is expected to
affect cell growth and viability, and therefore the kinetic data fit
well with the biological observations. Compound 4i inhibits several
kinases in our kinase assay including CK2, AKT and PKA. This
indicates that the inhibitor is a multi-targeting inhibitor, and we
observed that treatment with the compound reduces cell viability,
presumably by cell cycle arrest. Further experiments, however,
are needed in order to elucidate the exact mechanisms of growth
inhibition by the compounds 1f and 4i.


Conclusions


An expedient synthetic approach to densely functionalised pyra-
zoles allowed for the synthesis of a combinatorial array of pyrazole
carboxylic acid and carboxamide derivatives. The focused library
of pyrazoles furnished several promising protein kinase inhibitors
in AKT1, CK2, PKA and p38 kinase inhibition assays. Most
prominent were the identified inhibitors of AKT1 and PKA
kinases.


Two of the three most promising derivatives, namely compounds
1f and 4i, demonstrated great promise against MCF-7 breast
cancer cells. The third derivative, ester 2e, did not cause changes
in MCF-7 cancer cell growth but was more potent than carboxylic
acid 1f in cell free assays. This duality may be caused by esterase
activity in cells and, as a consequence, changing bioavailability of
the former. The cell cycle arrest observed in MCF-7 breast cancer
cells after incubation with carboxamide 4i, exposing a lipophilic
appendage, was the most promising demonstration of inhibitory
activity.


Experimental


Kinase inhibition assay


Protein kinases were obtained from KinaseDetect ApS
and tested according to the manufacturers recommendations
(http://www.kinasedetect.dk/). For all tests a general procedure
was chosen: Reactions were performed in a 40 lL assay volume.
10 lL buffer, 10 lL substrate and enzyme were pipetted in,
followed by the addition of the inhibitor (diluted in buffer or
DMSO to a final concentration of 10 lM). The reaction was
started by the addition of [c-32P]-ATP to a final concentration
of 125 lM. Incubation was for 10 min at 30 ◦C in a water bath.
The reaction was stopped by transferring the samples to an ice
bath. Then 10 lL aliquots were spotted on P81 Whatman filter
squares washed three times in phosphoric acid. The filters were
dried and counted in a liquid scintillation counter.


The first screening for kinase inhibition was performed once in
duplicate for each kinase activity test. In case of inhibition in the
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first screening, the test was repeated 3 times. The background was
subtracted from all values. The control (no inhibitor) was set at
100%, and the calculated value obtained in the presence of the
inhibitor was presented as remaining activity.


Cell culture and treatments


The MCF-7 cell line was grown in Roswell Park Memorial Institute
medium (RPMI, Gibco), supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1 mM L-glutamine. Cells were cultured at
37 ◦C in a humidified 5% CO2 incubator. For drug treatment, cells
were seeded in tissue culture dishes 24 h prior to treatment with
50 or 100 lM 1f, 2e and 4i, respectively, for the times indicated
in the figure legends. Control cells were treated with an equivalent
amount of DMSO.


Cell cycle analysis


Treated cells were harvested by trypsinisation, washed extensively
with phosphate-buffered saline (PBS) and fixed with ice-cold 70%
ethanol overnight at −20 ◦C. Fixed cells were then resuspended in
PBS containing 40 lg mL−1 RNAse and 20 lg mL−1 propidium
iodide (both from Sigma) for 30 min at room temperature prior
to analysis. The DNA content was analysed by Flow Cytometry
(FACSCalibur, Becton Dickinson Biosciences). Acquired data
from 10 000 events were processed by Cell Quest Pro analysis
software.


Colorimetric growth assay by the crystal violet staining method


For determination of cell viability, cells were treated with the
inhibitors, and the cell number was evaluated by a crystal violet
colorimetric assay. Briefly, cells were stained with a solution of
0.5% crystal violet in 25% methanol for 10 min, after which excess
stain was washed away with H2O. Crystal violet dye bound to cells
was resuspended in a solution of 0.1 M sodium citrate in 50%
ethanol, and the absorbance at 570 nm was measured in a plate
reader (VERSAmax, Molecular Devices).


General experimental information


Commercially available reagents (Aldrich) were used without
further purification unless otherwise noted. Compound 1i (R1 =
Me, R2 = H) was purchased from Aldrich, and starting materials
1a–h were prepared as previously reported.20 Solvents used for
the synthesis were of analytical grade, dried over activated 4 Å
molecular sieves when necessary (all solvents used under dry
conditions had a water content <25 ppm measured by Karl-
Fischer titration). All reactions employing Me3Al as reagent were
performed under dry conditions in an atmosphere of argon (dried
by passage through phosphorus pentoxide). Analytical TLC was
performed using pre-coated silica gel 60 F254 plates and visualised
using either UV light, phosphomolybdic acid or potassium
permanganate stain. Parallel reactions requiring cooling were
performed in a Radley Greenhouse Parallel SynthesizerTM block.
Corrected melting points were measured on a Reichert melting
point microscope, number N254-1R. 1H and 13C NMR spectral
data were recorded on a Bruker Avance 300 spectrometer using
the deuterated solvent as lock. Chemical shifts are reported in
ppm relative to the residual solvent peak (1H NMR) or the


solvent peak (13C NMR) as the internal standard. J values are
given in Hz. Accurate mass determinations were performed on
a Micromass LCT apparatus equipped with an AP-ESI probe
calibrated with Leu-Enkephalin (556.2771 u). MilliQ water was
used for RP-HPLC. RP-HPLC was performed on a Waters 2525
system equipped with a Waters 2996 photodiode array detector
and Phenomenex C18 columns (analytical: 4.6 × 100 mm, 5 lm)
or Xterra C18 columns (preparative: 19 × 100 mm, 5 lm) with a
flow of 1.5 mL min−1 (5% → 100% CH3CN in H2O for 7 min) and
15 mL min−1 (compounds 2a–g: 45% →65% CH3CN in H2O for
7 min; compounds 3a, 3c–i, 4d–i and 5a–d: 5% →100% CH3CN in
0.1% aq. TFA for 9 min), respectively. Purity determinations of all
compounds tested in bioassays were made by analytical RP-HPLC
(220 nm).


General procedure for synthesis of 2a–g


Ester 1 was dissolved in THF (0.1 M) and 1 M LiOH (aq.,
1.1 eq.) added. The resulting suspension was stirred at rt for 19 h
and completion of the reaction was observed by analytical RP-
HPLC. Volatiles were removed at reduced pressure, and the residue
was acidified with 1 M KHSO4 (aq.). The resulting suspension was
dissolved in least amount of CH3CN–DMSO, and the product was
isolated by preparative RP-HPLC.


5-Methyl-1-phenyl-1H-pyrazole-3-carboxylic acid (2a). Com-
pound 1b (4.5 mg, 0.020 mmol) yielded 2a (4.0 mg, 99%, UV
purity: 97%) as a colourless solid: Mp 127–129 ◦C (lit.26 mp
132–133 ◦C); 13C NMR (75 MHz, CDCl3) d 165.1, 142.7, 141.5,
138.8, 129.2, 128.8, 125.2, 109.0, 12.4; HRMS (M + H)+ calcd. for
C11H11N2O2


+ 203.0821, found 203.0831. 1H NMR spectroscopic
data were in agreement with those previously reported.27


1-Methyl-5-phenylethyl-1H-pyrazole-3-carboxylic acid (2b).
Compound 1c (9.6 mg, 0.037 mmol) yielded 2b (7.0 mg, 82%,
UV purity: 99%) as a colourless solid: Mp 152–153 ◦C; 1H NMR
(300 MHz, CDCl3) d 7.33–7.13 (m, 5 H), 6.68 (s, 1 H), 3.70 (s, 3 H),
3.00–2.91 (m, 4 H); 13C NMR (75 MHz, CDCl3) d 165.2, 144.4,
141.2, 139.9, 128.6, 128.3, 126.6, 107.7, 36.8, 34.8, 27.6; HRMS
(M + H)+ calcd. for C13H15N2O2


+ 231.1134, found 231.1138.


1-Phenyl-5-phenylethyl-1H-pyrazole-3-carboxylic acid (2c).
Compound 1d (10 mg, 0.032 mmol) yielded 2c (7.2 mg, 77%, UV
purity: 97%) as a colourless solid: Mp 114–115 ◦C; 1H NMR
(300 MHz, CDCl3) d 7.49–7.04 (m, 10 H), 6.85 (s, 1 H), 3.00–2.87
(m, 4 H); 13C NMR (75 MHz, CDCl3) d 164.0, 145.5, 142.8,
139.9, 138.8, 129.2, 129.0, 128.5, 128.2, 126.5, 125.7, 108.1, 34.8,
28.0; HRMS (M + H)+ calcd. for C18H17N2O2


+ 293.1290, found
293.1302.


1-Methyl-5-phenyl-1H-pyrazole-3-carboxylic acid (2d). Com-
pound 1e (13 mg, 0.056 mmol) yielded 2d (7.6 mg, 67%, UV purity:
74%) as a colourless solid: Mp 134–136 ◦C (lit.28 mp 143–145 ◦C);
13C NMR (75 MHz, CDCl3) d 165.1, 145.6, 141.6, 129.3, 129.2,
128.9, 128.8, 109.1, 38.3; HRMS (M + H)+ calcd. for C11H11N2O2


+


203.0821, found 203.0817. 1H NMR spectroscopic data were in
agreement with those previously reported.28


1,5-Diphenyl-1H-pyrazole-3-carboxylic acid (2e). Compound
1f (15 mg, 0.051 mmol) yielded 2e (7.8 mg, 58%, UV purity: 85%)
as a colourless solid: Mp 171–173 ◦C (lit.29 mp 185 ◦C); 1H NMR
(300 MHz, CDCl3) d 7.39–7.21 (m, 10 H), 7.10 (s, 1 H); 13C NMR
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(75 MHz, CDCl3) d 164.2, 145.4, 143.1, 139.3, 129.2, 129.0, 128.9,
128.7, 128.6, 128.5, 125.5, 109.9; HRMS (M + H)+ calcd. for
C16H13N2O2


+ 265.0977, found 265.0975.


1-Methyl-5-(2,4-dichlorophenyl)-1H-pyrazole-3-carboxylic acid
(2f). Compound 1g (13 mg, 0.043 mmol) yielded 2f (6.8 mg,
58%, UV purity: 99%) as a colourless solid: Mp 167–168 ◦C; 1H
NMR (300 MHz, CDCl3) d 7.57 (d, 1 H, J 2.0), 7.39 (dd, 1 H,
J 8.3 and 2.0), 7.29 (d, 1 H, J 8.3), 6.88 (s, 1 H), 3.80 (s, 3 H);
13C NMR (75 MHz, CDCl3) d 163.6, 141.6, 141.5, 136.7, 135.2,
132.6, 130.0, 127.5, 127.1, 110.4, 37.9; HRMS (M + H)+ calcd. for
C11H9Cl2N2O2


+ 271.0041, found 271.0052.


1-Phenyl-(2,4-dichlorophenyl)-1H-pyrazole-3-carboxylic acid
(2g). Compound 1h (9.2 mg, 0.026 mmol) yielded 2g (7.0 mg,
81%, UV purity: 82%) as a colourless solid: Mp 190–192 ◦C; 1H
NMR (300 MHz, CDCl3) d 7.44–7.17 (m, 8 H), 7.10 (s, 1 H); 13C
NMR (75 MHz, CDCl3) d 163.2, 143.1, 141.0, 139.0, 136.3, 134.8,
132.7, 130.1, 129.1, 128.5, 127.4, 127.3, 124.5, 111.9; HRMS (M
+ H)+ calcd. for C16H11N2O2Cl2


+ 333.0198, found 333.0218.


General procedure for synthesis of 3e–i and 4e–i (Method A)


A 2 M hexane solution of Me3Al (3 eq.) was added dropwise
via syringe to a CHCl3 solution (2 mL) of amine (3 eq. R3–NH2,
amines used in the synthesis of 3g and 4g were supplied as HCl salts
dissolved by addition of 3.1 eq. DIPEA) cooled at 0 ◦C under dry
conditions. The ice bath was removed, and the reaction mixture
was stirred at rt for 2 h. Ester 1a or 1e (1 eq.) was dissolved in
CHCl3 (0.2 mL) and added via micropipette. After 96 h stirring at
rt the reaction was quenched by addition of 0.67 M HCl (aq.). The
crude mixtures were filtered through basic alumina, and the filtrate
was evaporated to dryness at reduced pressure. The products were
isolated by preparative RP-HPLC.


1,5-Dimethyl-N-phenethyl-1H-pyrazole-3-carboxamide (3e).
Compound 1a (19 mg, 0.113 mmol) yielded 3e (15 mg, 55%, UV
purity: 96%) as a colourless solid: Mp 107–109 ◦C; 1H NMR
(300 MHz, CDCl3) d 7.33–7.22 (m, 5 H), 6.95 (br s, 1 H), 6.54 (s,
1 H), 3.75 (s, 3 H), 3.66 (q, 2 H, J 7.2), 2.90 (t, 3 H, J 7.2), 2.28
(s, 3 H); 13C NMR (75 MHz, CDCl3) d 162.5, 144.9, 140.5, 139.1,
128.9, 128.7, 126.5, 106.3, 40.6, 36.6, 36.1, 11.4; HRMS (M + H)+


calcd. for C14H18N3O+ 244.1444, found 244.1434.


N -(2-Methoxyethyl)-1,5-dimethyl-1H -pyrazole-3-carboxamide
(3f). Compound 1a (19 mg, 0.113 mmol) yielded 3f (11 mg,
49%, UV purity: 97%) as a colourless solid: Mp 61–64 ◦C; 1H
NMR (300 MHz, CDCl3) d 7.14 (br s, 1 H), 6.53 (s, 1 H), 3.77 (s,
3 H), 3.62–3.52 (m, 4 H), 3.38 (s, 3 H), 2.28 (s, 3 H); 13C NMR
(75 MHz, CDCl3) d 162.5, 144.9, 140.2, 106.1, 71.4, 58.8, 38.8,
36.5, 11.3; HRMS (M + H)+ calcd. for C9H16N3O2


+ 198.1237,
found 198.1232.


N -(2-(Ethylthio)ethyl)-1,5-dimethyl-1H -pyrazole-3-carboxa-
mide (3g). Compound 1a (19 mg, 0.113 mmol) yielded 3g (16 mg,
62%, UV purity: 93%) as a colourless oil; 1H NMR (300 MHz,
CDCl3) d 7.16 (br s, 1 H), 6.52 (s, 1 H), 3.77 (s, 3 H), 3.59 (q, 2 H,
J 6.6), 2.74 (t, 2 H, J 6.6), 2.58 (q, 2 H J 7.5), 2.27 (s, 3 H), 1.26
(t, 3 H, J 7.5); 13C NMR (75 MHz, CDCl3) d 162.5, 145.0, 140.4,
106.2, 38.5, 36.7, 31.5, 25.8, 14.9, 11.4; HRMS (M + H)+ calcd.
for C10H18N3OS+ 228.1165, found 228.1176.


N-Hexyl-1,5-dimethyl-1H-pyrazole-3-carboxamide (3h). Com-
pound 1a (19 mg, 0.113 mmol) yielded 3h (15 mg, 59%, UV purity:
97%) as a colourless oil; 1H NMR (300 MHz, CDCl3) d 6.82 (br s,
1 H), 6.53 (s, 1 H), 3.77 (s, 3 H), 3.38 (q, 2 H, J 6.6), 2.27 (s,
3 H), 1.62–1.53 (m, 2 H), 1.42–1.20 (m, 12 H), 0.87 (t, 3 H, J 6.6);
13C NMR (75 MHz, CDCl3) d 162.4, 145.3, 140.4, 106.2, 39.3,
36.6, 31.7, 29.8, 26.8, 22.7, 14.2, 11.4; HRMS (M + H)+ calcd. for
C12H22N3O+ 224.1757, found 224.1777.


1,5-Dimethyl-N-octyl-1H-pyrazole-3-carboxamide (3i). Com-
pound 1a (19 mg, 0.113 mmol) yielded 3i (18 mg, 63%, UV purity:
98%) as a colourless oil; 1H NMR (300 MHz, CDCl3) d 6.82 (br s,
1 H), 6.53 (s, 1 H), 3.77 (s, 3 H), 3.38 (q, 2 H, J 6.6), 2.27 (s, 3 H),
1.62–1.52 (m, 2 H), 1.41–1.18 (m, 10 H), 0.87 (t, 3 H, J 6.6); 13C
NMR (75 MHz, CDCl3) d 162.4, 145.3, 140.4, 106.2, 39.3, 36.6,
31.9, 29.9, 29.4, 29.3, 27.1, 22.8, 14.2, 11.4; HRMS (M + H)+


calcd. for C14H26N3O+ 252.2070, found 252.2090.


1-Methyl-N -phenethyl-5-phenyl-1H -pyrazole-3-carboxamide
(4e). Compound 1e (20 mg, 0.089 mmol) yielded 4e (14 mg, 52%,
UV purity: 97%) as a colourless solid: Mp 128–129 ◦C; 1H NMR
(300 MHz, CDCl3) d 7.50–7.39 (m, 5 H), 7.35–7.21 (m, 5 H), 7.00
(br s, 1 H), 6.84 (s, 1 H), 3.86 (s, 3 H), 3.70 (q, 2 H, J 6.9), 2.94
(t, 2 H, J 7.2); 13C NMR (75 MHz, CDCl3) d 162.2, 145.6, 139.2,
129.1–128.7 (10C), 129.9, 126.6, 106.9, 40.6, 38.1, 36.2; HRMS
(M + H)+ calcd. for C19H20N3O+ 306.1601, found 306.1595.


N-(2-Methoxyethyl)-1-methyl-5-phenyl-1H-pyrazole-3-carboxa-
mide (4f). Compound 1e (20 mg, 0.089 mmol) yielded 4f (17 mg,
72%, UV purity: 93%) as a colourless oil; 1H NMR (300 MHz,
CDCl3) d 7.50–7.38 (m, 5 H), 7.21 (br s, 1 H), 6.83 (s, 1 H), 3.88
(s, 3 H), 3.64 (m, 2 H, J 5.4), 3.56 (t, 2 H, J 4.8), 3.40 (s, 3 H);
13C NMR (75 MHz, CDCl3) d 162.3, 145.6, 130.1, 129.0–128.9
(6C), 106.8, 71.5, 59.0, 39.0, 38.1; HRMS (M + H)+ calcd. for
C14H18N3O2


+ 260.1394, found 260.1416.


N-(2-(Ethylthio)ethyl)-1-methyl-5-phenyl-1H-pyrazole-3-carboxa-
mide (4g). Compound 1e (20 mg, 0.089 mmol) yielded 4g
(15 mg, 58%, UV purity: 75%) as a colourless solid: Mp 66–68 ◦C;
1H NMR (300 MHz, CDCl3) d 7.50–7.39 (m, 5 H), 7.25 (br s,
1 H), 6.83 (s, 1 H), 3.89 (s, 3 H), 3.64 (q, 2 H, J 6.3), 2.78 (t, 2 H, J
6.6), 2.61 (q, 2 H, J 7.2), 1.29 (t, 3 H, J 7.5); 13C NMR (75 MHz,
CDCl3) d 162.1, 145.5, 129.9, 129.1–128.9 (6C), 106.9, 38.6,
38.1, 31.6, 25.9, 15.0; HRMS (M + H)+ calcd. for C15H20N3OS+


290.1322, found 290.1317.


N-Hexyl-1-methyl-5-phenyl-1H-pyrazole-3-carboxamide (4h).
Compound 1e (20 mg, 0.089 mmol) yielded 4h (15 mg, 59%,
UV purity: 93%) as a colourless solid: Mp 48–51 ◦C; 1H NMR
(300 MHz, CDCl3) d 7.50–7.39 (m, 5 H), 6.89 (br s, 1 H), 6.83 (s,
1 H), 3.88 (s, 3 H), 3.43 (q, 2 H, J 6.6), 1.66–1.56 (m, 2 H), 1.44–1.25
(m, 6 H), 0.89 (t, 3 H, J 7.2); 13C NMR (75 MHz, CDCl3) d 162.1,
145.9, 145.5, 130.1, 129.0–128.9 (5C), 106.8, 39.3, 38.1, 31.7, 29.9,
26.8, 22.7, 14.2; HRMS (M + H)+ calcd. for C17H24N3O+ 286.1914,
found 286.1906.


1-Methyl-N-octyl-5-phenyl-1H-pyrazole-3-carboxamide (4i).
Compound 1e (20 mg, 0.089 mmol) yielded 4i (20 mg, 72%, UV
purity: 92%) as a colourless oil; 1H NMR (300 MHz, CDCl3) d
7.50–7.38 (m, 5 H), 6.90 (br s, 1 H), 6.84 (s, 1 H), 3.88 (s, 3 H),
3.43 (q, 2 H, J 6.7), 1.64–1.57 (m, 2 H), 1.43–1.22 (m, 10 H),
0.88 (t, 3 H, J 6.9); 13C NMR (75 MHz, CDCl3) d 162.2, 145.8,
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145.5, 130.1, 129.0–128.9 (5C), 106.80, 39.4, 38.1, 32.0, 29.9, 29.4,
29.3, 27.1, 22.8, 14.2; HRMS (M + H)+ calcd. for C19H28N3O+


314.2227, found 314.2209.


General procedure for synthesis of 3a, 3c, 3d, 4d, and 5a–d
(Method B)


While cooling a pyridine solution (1 mL) of amine (3 eq. R3–
NH2) at 0 ◦C under dry conditions, a 2 M hexane solution of
Me3Al (3 eq.) was added dropwise via syringe. The ice bath was
removed and the reaction mixture stirred at rt for 15 min. Ester
1a, 1e or 1i (1 eq.) was dissolved in pyridine (1 mL) and added via
micropipette. The mixture was stirred at 50 ◦C (rt in the synthesis
of 4d), and the reaction was quenched by addition of water after
18–96 h (18 h: 5d, 20 h: 5a and 5b, 72 h: 3a, 3c, 3d and 5c, 96 h: 4d).
The crude reaction mixture was concentrated at reduced pressure
and the product isolated by preparative RP-HPLC.


1,5-Dimethyl-N-(pyridin-3-yl)-1H-pyrazole-3-carboxamide (3a).
Compound 1a (20 mg, 0.119 mmol) yielded 3a (8.1 mg, 32%,
UV purity: 91%) as a colourless solid: Mp 124–127 ◦C; 1H NMR
(300 MHz, CDCl3) d 9.41 (s, 1 H), 9.30 (s, 1 H), 8.91 (d, 1 H), 8.45
(s, 1 H), 7.77 (s, 1 H), 6.66 (s, 1 H), 3.85 (s, 3 H), 2.33 (s, 3 H);
13C NMR (75 MHz, CDCl3) d 160.9, 143.5, 141.6, 138.6, 136.4,
133.8, 133.3, 126.8, 107.0, 37.0, 11.4; HRMS (M + H)+ calcd. for
C11H13N4O+ 217.1084, found 217.1082.


1,5-Dimethyl-N-(4H-1,2,4-triazol-3-yl)-1H-pyrazole-3-carboxa-
mide (3c). Compound 1a (20 mg, 0.119 mmol) yielded 3c
(6.4 mg, 26%, UV purity: 98%) as a colourless solid: Mp >230 ◦C
(decomp.); 1H NMR (300 MHz, d6-DMSO) d 10.94 (br s, 1 H),
8.01 (br s, 1 H), 6.68 (s, 1 H), 3.83 (s, 3 H), 2.31 (s, 3 H); 13C NMR
(75 MHz, d6-DMSO) d 160.0, 158.4, 157.9, 146.9, 140.8, 106.3,
36.6, 10.7; HRMS (M + H)+ calcd. for C8H11N6O+ 207.0989,
found 207.0977.


1,5-Dimethyl-N -((tetrahydrofuran-2-yl)methyl)-1H-pyrazole-3-
carboxamide (3d). Compound 1a (20 mg, 0.119 mmol) yielded
3d (22.6 mg, 85%, UV purity: 92%) as a light brown oil; 1H NMR
(300 MHz, CDCl3) d 7.13 (br s, 1 H), 6.52 (br s, 1 H), 4.08–4.00 (m,
1 H), 3.92–3.85 (m, 1 H) 3.79–3–72 (m, 4 H), 3.70–3.62 (m, 1 H),
3.38–3.30 (m, 1 H), 2.26 (s, 3 H), 2.04–1.81 (m, 3 H), 1.66–1.55
(m, 1 H); 13C NMR (75 MHz, CDCl3) d 162.6, 145.0, 140.2, 140.2,
106.1, 78.0, 68.3, 42.8, 36.6, 28.8, 26.0, 11.4; HRMS (M + H)+


calcd. for C11H18N3O2
+ 224.1394, found 224.1398.


1-Methyl-5-phenyl-N -((tetrahydrofuran-2-yl)methyl)-1H -pyra-
zole-3-carboxamide (4d). Compound 1e (20 mg, 0.87 mmol)
yielded 4d (10.2 mg, 41%, UV purity: 80%) as a colourless oil;
1H NMR (300 MHz, CDCl3) d 7.50–7.38 (m, 5 H), 7.22 (br s,
1 H), 6.83 (s, 1 H), 4.12–4.04 (m, 1 H), 3.96–3.91 (m, 1 H), 3.88 (s,
3 H), 3.85–3.68 (m, 2 H), 3.44–3.35 (m, 1 H), 2.08–1.84 (m, 3 H),
1.70–1.59 (m, 1 H); 13C NMR (75 MHz, CDCl3) d 162.4, 145.5,
145.5, 130.1, 129.0–128.9 (5C) 106.8, 78.1, 68.3, 42.9, 38.1, 28.9,
26.1; HRMS (M + H)+ calcd. for C16H20N3O2


+ 286.1550, found
286.1562.


5-Methyl-N-(pyridin-3-yl)-1H-pyrazole-3-carboxamide (5a).
Ethyl 3-methyl-1H-pyrazole-5-carboxylate (1i) (20 mg,
0.130 mmol) yielded 5a (24.2 mg, 92%, UV purity: 96%) as
a colourless oil; 1H NMR (300 MHz, d6-DMSO) d 10.69 (s, 1 H),
9.26 (d, 1 H, J 2.4), 8.60 (ddd, 1 H, J 1.2, 2.4, 8.4), 8.50 (dd,


1 H, J 1.2, 5.1), 7.77 (dd, 1 H, J 5.4, 8.7), 6.60 (s, 1 H), 2.33 (s,
3 H); 13C NMR (75 MHz, d6-DMSO) d 161.1, 145.4, 141.0, 139.6,
137.3, 136.6, 131.7, 125.5, 105.0, 10.4; HRMS (M + H)+ calcd.
for C10H11N4O+ 203.0927, found 203.0924.


5-Methyl-N-(thiazol-2-yl)-1H-pyrazole-3-carboxamide (5b).
Ethyl 3-methyl-1H-pyrazole-5-carboxylate (1i) (20 mg,
0.130 mmol) yielded 5b (8.6 mg, 32%, UV purity: 96%) as
a colourless solid: Mp >230 ◦C; 1H NMR (300 MHz, d6-DMSO)
d 11.85 (br s, 1 H), 7.52 (d, 1 H, J 3.6), 7.24 (d, 1 H, J 3.6), 6.73
(s, 1 H), 2.29 (s, 3 H); 13C NMR (75 MHz, d6-DMSO) d 159.5,
157.7, 143.2, 141.6, 137.5, 113.6, 105.2, 10.8; HRMS (M + H)+


calcd. for C8H9N4OS+ 209.0492, found 209.0510.


5-Methyl-N -(4H -1,2,4-triazol-3-yl)-1H -pyrazole-3-carboxa-
mide (5c). Ethyl 3-methyl-1H-pyrazole-5-carboxylate (1i)
(20 mg, 0.130 mmol) yielded 5c (5.8 mg, 23%, UV purity: 87%) as
a colourless solid: Mp >230 ◦C; 1H NMR (300 MHz, d6-DMSO)
d 11.04 (br s, 1 H), 8.05 (br s, 1 H), 6.67 (s, 1 H), 2.28 (s, 3 H);
HRMS (M + H)+ calcd. for C7H9N6O+ 193.0832, found 193.0846.


5-Methyl-N -((tetrahydrofuran-2-yl)methyl)-1H-pyrazole-3-car-
boxamide (5d). Ethyl 3-methyl-1H-pyrazole-5-carboxylate (1i)
(20 mg, 0.130 mmol) yielded 5d (20.6 mg, 80%, UV purity: 93%) as
a colourless solid: Mp 161–162 ◦C; 1H NMR (300 MHz, CDCl3) d
9.03 (br s, 1 H), 8.44 (br s, 1 H), 4.21–4.13 (m, 1 H), 3.98–3.91 (m,
1 H), 3.86–3.70 (m, 2 H), 3.45–3.36 (m, 1 H), 2.32 (s, 3 H), 2.11–
1.89 (m, 3 H), 1.71–1.59 (m, 1 H); 13C NMR (75 MHz, CDCl3) d
163.2, 147.0, 140.7, 105.4, 79.3, 68.1, 43.0, 28.8, 25.9, 11.1; HRMS
(M + H)+ calcd. for C10H16N3O2


+ 210.1237, found 210.1226.
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Structural analysis of the bromo-b-lactones obtained by addition of bromine to aqueous solutions of
disodium 2,3-dimethylmaleate and 2,3-dimethylfumarate reveals stereochemistries opposite to those
originally assigned in 1937: cis alkene yields erythro lactone, and trans alkene yields threo lactone.
B3LYP/6-31+G(d) calculations using a PCM description of aqueous solvation confirm the validity of
our proposed mechanism, in which the first-formed intermediate in each case is an a-lactone. The cyclic
bromonium species is not an intermediate. An alternative pathway leading directly from cis alkene to cis
lactone, via an unusual frontside displacement mechanism, is over 20 kJ mol−1 higher in free energy.
Hydrolysis of the bromo-b-lactones yields bromohydrins whose stereochemistries as determined by
X-ray crystallography indicate stereospecific formation by acyl–oxygen cleavage of the lactone ring,
again contrary to the original view.


Introduction


a-Lactones are Cinderella species, whose existence is often over-
looked: they are often totally excluded from discussions of lactones
as cyclic esters in popular textbooks. If mentioned at all, it is
usually in the context of neighbouring group participation, as
the intermediate responsible for the double inversion (that leads
to overall retention of stereochemistry) observed in the classic
work by Ingold and co-workers on alkaline hydrolysis of a-
halocarboxylates.1 However, despite the clear proposals of Kenyon
in regard to deamination of amino acids2 and substitutions
of a-tosyloxycarboxylates,3 Ingold consistently avoided naming
them as a-lactones: they were zwitterions with a configuration-
protecting a-carboxylate substituent interacting electrostatically
with the carbocation centre.4 Winstein described the intermediate
in hydrolysis of a-bromopropionate as an a-lactone, but denied
that this term implied a completely covalent species; instead he
reasoned that “there is a very large ionic character to the new
carbon–oxygen bond”.5,6 a-Lactones are formed in inert matrices
at low temperature by the addition of carbenes to CO2,7 and they
polymerise readily, or decompose by extrusion of CO or CO2.8


Generally they do not survive warming to room temperature
in solution; bis(trifluoromethyl)oxiranone is stable at ∼20 ◦C,9


and an extremely bulky perfluoro-derivative (C12F22O2) survives at
room temperature for a few days.10


The electrophilic addition of halogens to a non-conjugated
alkene yields a dihalide with overall anti addition.11,12 In 1937
Roberts and Kimball13 proposed that a cyclic halonium ion
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intermediate14 was formed as the first step, followed by attack, with
inversion, at one of the carbon atoms by halide ion. The geometry
of the transition state for the second step became clear when it
was realised that in conformationally biased cyclohexenes such as
in certain steroids15 or tert-butyl derivatives16 the major product
under conditions of kinetic control was a diaxial dihalide. This
corresponds to the diaxial ring opening of the analogous epoxides
under a variety of conditions (the Fürst–Plattner rule).17,18 The in-
termediate halonium ion can be captured by other nucleophiles.11


A cyclic product results when the nucleophilic group is already
present in the alkene:19 the most common example of the latter is
halolactonisation.20,21


Tarbell and Bartlett22 found that the disodium salts of 2,3-
dimethylmaleic acid and 2,3-dimethylfumaric acid (1 and 2)
reacted stereospecifically with aqueous bromine, each yielding a
crystalline b-lactone, together with a bromohydrin; similar results
were obtained with chlorine. Although the stereospecificity of
the addition strongly suggested a concerted ring closure by a
carboxylate group, the authors realised that there were geometrical
difficulties; they suggested instead that reaction with a cationic
centre occurred ‘in the quickest possible succession’ to form the
b-lactone. On this basis the structures 3 and 4, respectively, were
assigned to the lactones, corresponding to anti addition to the
double bond. Later authors, however, regarded it as a concerted
process.5,13,23 Scheme 1 shows the two possible interpretations. We
shared the reservations of Tarbell and Bartlett, particularly in the
light of analogous intramolecular reactions of epoxides24–27 and
activated cyclopropanes,28 where such concerted ring closures are
not favoured.29 We therefore decided to reinvestigate the reactions
using X-ray crystallography and NMR spectroscopy to establish
unequivocally the structure and stereochemistry of the products.


Experimental results and discussion


The two bromolactones were prepared from 1 and 2 by the
published method and their structures (Fig. 1) determined by


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 4001–4009 | 4001







Scheme 1 Original interpretations of the results of Tarbell and Bartlett.


Fig. 1 X-Ray crystallographic structures for bromo-b-lactones: (a) ery-
thro compound 4 from 2,3-dimethylmaleate; (b) threo compound 3 from
2,3-dimethylfumarate.


X-ray crystallography.30 They proved to be those arising from
overall syn addition to the alkenes, i.e. 4 from 1 and 3 from 2
(Scheme 2) and not as previously supposed. In order to account for
these results, we have proposed30,31 that an a-lactone intermediate32


(5 or 6) is formed as the first step in the breakdown of the
bromonium ion. The other carboxylate group then attacks the
a-lactone, with a second inversion of configuration, to give the
b-lactone.


This scheme accounts simply and satisfactorily for the overall
stereochemical outcome. An important feature is that both of the


individual steps, the formation of the a-lactone from the bromo-
nium ion, followed by formation of the b-lactone, are favoured exo
processes in the Baldwin sense.29 In agreement with this, Barnett
and others have shown that in the halolactonisation of salts of
b,c-unsaturated acids the products formed under kinetic control
are b-lactones arising from ring opening of the halonium ion in an
exo manner.33–35 Direct scission of the halonium ion derived from a
salt of an a,b-unsaturated monocarboxylic acid to give a b-lactone
in one step36 has been recognised as an unfavourable pathway
and achieved only under certain conditions,19,37–41 vindicating the
original view of Tarbell and Bartlett.22


There are many examples of the rearrangement of cyclic
halonium ions to form other three-membered rings. Certain allylic
alcohols are converted into haloepoxides;42–46 de la Mare showed
that rearranged halohydrins are formed from allyl halides and
hypohalous acids, presumably by migration of the epihalonium
ring.47 Directly relevant is the behaviour of maleic acid and fumaric
acid towards halogens; bromine in ether converts the free acids into
the dibromides expected from anti addition.48 Disodium maleate,
however, affords only the erythro chlorohydrin when treated with
aqueous chlorine,49 or the erythro (meso) dichloride in the presence
of added chloride ions;50,51 these are the products of overall syn
addition. Disodium fumarate, on the other hand, affords the
products of both anti and syn addition (80 : 20).49,51,52


Similar suggestions involving intermediate formation of an a-
lactone have been made by Kingsbury55 in connection with the
bromination of the sodium salts of citraconic and mesaconic acid,
and by Badea56 to account for the reactions of disodium maleate,
but no rationalisation was offered for this behaviour.


a-Lactones are believed to be intermediates in the deamination
of a-amino acids by nitrous acid and are responsible for the ob-
served retention of configuration in the hydroxy acid products.2,57


In aqueous solution they may undergo intramolecular nucleophilic
attack. Reaction of the 2-amino-2-deoxy-D-aldohexonic acids with
nitrous acid affords the 2,5-anhydro-D-hexonic acids of retained
configuration at C-2 by double inversion.58,59 Similar reactions
of L-glutamic acid and L-glutamine result in the c-lactone of
L-a-hydroxyglutaric acid.60,61 On the other hand, L-asparagine
undergoes deamination with the replacement of only the a-amino
group,61 and there is no evidence for b-lactone formation in the
careful work of Kuhn49,51 on the chlorination of disodium maleate.
It appears that in the dimethyl series ring closures are facilitated
by alkyl substitution (the Thorpe–Ingold effect).62


From each of the bromination reactions we have also isolated, by
fractional crystallisation, a crystalline bromohydrin, as reported


Scheme 2 The a-lactone interpretation of the results of Tarbell and Bartlett.
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by Tarbell and Bartlett;22 their structures have been determined
by X-ray crystallography (Fig. 2). The erythro bromohydrin 7 was
obtained from the maleate 1 and the threo bromohydrin 8 from the
fumarate 2. These correspond to syn addition to the alkene in each
case, having the same configuration as the lactone from the same
reaction. It was believed by the original authors22 that the same
bromohydrin was produced from maleate and fumarate and that
it was not a primary reaction product but arose from hydrolysis
of the individual lactone during isolation, by a unimolecular
mechanism allowing a single product to be formed. We therefore
treated each lactone under acidic conditions and found that a
bromohydrin with the same configuration as the parent lactone
was formed stereospecifically. This corresponds to a mechanism
involving hydrolysis by acyl–oxygen cleavage of the lactone ring.63


We shall discuss the origin of the bromohydrins again below.


Fig. 2 X-Ray crystallographic structures for bromohydrins: (a) erythro
compound 7 from 2,3-dimethylmaleate; (b) threo compound 8 from
2,3-dimethylfumarate.


The isolated yields in the brominations were not good. Having
the NMR spectra of the expected components to hand, we were
able to analyse in detail the crude ethyl acetate extracts of the
acidified reaction mixtures. We confirmed that the maleate product
contained 70% of the erythro lactone 4 together with 25% of
erythro bromohydrin 7. No other lactone or bromohydrin was
present and only very small amounts of material not identified. In
the products from the fumarate 2 there was 85% of the threo
lactone 3 and 5% of each of the bromohydrins 7 and 8. The
presence of both bromohydrins in this case is of interest; the
low bromohydrin yield is probably due to the extra care taken
in isolating the products as rapidly as possible.


There is now the question of the origin of the bromohydrins
7 and 8 (Scheme 3). Although in the case of the reaction of the
maleate the erythro-bromohydrin may arise from hydrolysis of
the b-lactone 4, there is also the possibility that the a-lactone
intermediate 5 may be trapped by solvent water with the same
stereochemical result (Scheme 3). As for the fumarate reaction,
the same reasoning would apply to the threo-bromohydrin 8; the
most likely source of the erythro bromhydrin from the fumarate
is direct attack by water on the original halonium ion 9, and it
should be remembered that in fumarate itself there is mainly anti
addition of HOBr.49–51


Scheme 3 Formation of bromohydrins.


Computational results and discussion


We have previously demonstrated that the cyclic bromonium
cation 10 derived formally by addition of Br+ to acrylic acid is a
true intermediate lying in a potential energy minimum, whereas the
analogous neutral cyclic bromonium species 11 (Scheme 4) from
acrylate anion possesses a single imaginary vibrational frequency
and corresponds to a first-order saddle point on its potential
energy surface at the B3LYP/6-31+G(d) level of density functional
theory within the polarised continuum model (PCM) of aqueous
solvation.64 The reaction-coordinate vibrational mode (transition
vector) shows a concerted motion of opening and closing the two
three-membered rings, coupled with rotation about the Ca–CO2


−


bond. Following the intrinsic reaction coordinate (IRC) downhill
in both directions from this species leads to a pair of equivalent
bromomethyloxiranones 12a and 12b, according to which of the
oxygen atoms of the carboxylate group forms a bond to Ca. These
a-lactones are themselves energy minima and would differ only in
the labelling of the oxygen atoms, O and O*; in all other respects
they are identical. Thus the cyclic bromonium from acrylate is
the transition structure (TS) for degenerate rearrangement of the


Scheme 4 Degenerate rearrangement of a-lactone.
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a-lactone; this identity process (which retains the stereochemical
configuration at Ca) has a barrier of 85 kJ mol−1.64


The overall negatively-charged cyclic bromonium species 13
derived formally by addition of Br+ to 2,3-dimethylmaleate
dianion possesses a mirror plane of symmetry perpendicular to
the C2–C3 bond and containing the Br atom (Fig. 3). It also
possesses a single imaginary frequency of vibration associated
with a transition vector for motion of the bromine between C2
and C3 coupled with opening and closing of three-membered
a-lactone rings, one at C2 and the other at C3. This species
is the TS for degenerate rearrangement of one a-lactone 15
into its enantiomer 15′; this identity process (which inverts the
stereochemical configurations at both C2 and C3) has a free-
energy barrier in water of 30 kJ mol−1 (Table 1). Similarly, the
overall negatively-charged cyclic bromonium species 14 derived
formally by addition of Br+ to 2,3-dimethylfumarate dianion
possesses a two-fold axis of symmetry bisecting the C2–C3 bond
and containing the Br atom. It also possesses a single imaginary
frequency of vibration associated with a transition vector for


motion of the bromine between C2 and C3 coupled with opening
and closing of three-membered a-lactone rings, one at C2 and
the other at C3. This species is also the TS for degenerate
rearrangement of one a-lactone 16 into its enantiomer 16′; this
identity process (which inverts the stereochemical configurations
at both C2 and C3) has a free-energy barrier in water of only
10 kJ mol−1.


Isodesmic relations have been previously employed64 to esti-
mate the ring strain energies of ethene bromonium cation and
unsubstituted oxiranone (the parent a-lactone) as about 67 and
150 kJ mol−1, respectively, at the same level of theory as used
in this work. It therefore seems odd that bromoalkyl oxiranones
are calculated to be significantly lower in energy than bromonium
carboxylates, whether they are derived from unsubstituted acrylate
anion or from substituted maleate and fumarate dianions. This
apparent paradox is resolved by recognition of the even greater
instability of the acyclic zwitterions BrCbH2–Ca


+H–CO2
− and


BrCbMe(CO2
−)–Ca


+Me–CO2
−. Formation of a cyclic bromonium


species serves to stabilise a carbocation centre at Ca, but not


Fig. 3 PCM/B3LYP/6-31+G(d) optimised structures along the reaction coordinate for aqueous bromination of (a) 2,3-dimethylmaleate and
(b) 2,3-dimethylfumarate.
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Table 1 PCM/B3LYP/6-31+G(d) energies and free energies for optimised species in water


Species Type m‡/cm−1 Eaq/hartree DErel/kJ mol−1 Gaq/hartree DGrel/kJ mol−1


13 [Bromonium]‡ 201i −3105.022397 35.9 −3104.947707 30.5
15 a-Lactone 1 Min −3105.036053 0.0 −3104.959316 0.0
17 [Conformational]‡ 62i −3105.028058 21.0 −3104.950020 24.4
19 a-Lactone 2 Min −3105.036238 −0.5 −3104.963395 −10.7
21 [Backside]‡ 264i −3105.034712 3.5 −3104.959990 −1.8
23 b-Lactone Min −3105.064542 −74.8 −3104.985429 −68.6
25 Me2-maleate dianion Min −533.488924
27 Asymmetric complex Max −5675.942021
29 [Frontside]‡ 126i −3105.016491 51.3 −3104.942212 44.9
14 [Bromonium]‡ 88i −3105.029981 13.7 −3104.955462 9.7
16 a-Lactone 1 Min −3105.035218 0.0 −3104.959172 0.0
18 [conformational]‡ 50i −3105.030137 13.3 −3104.953196 15.7
20 a-Lactone 2 Min −3105.037660 −6.4 −3104.962180 −7.9
22 [Backside]‡ 271i −3105.034120 2.9 −3104.959828 −1.7
24 b-Lactone Min −3105.064413 −76.7 −3104.986344 −71.3
26 Me2-fumarate dianion Min −533.487277
28 Symmetric complex Min −5676.937899


Br2 Min −5143.425755
Br+ −2571.268171
Br− −2571.915835


as effectively as formation of a bromoalkyl oxiranone, since the
former is still a zwitterion whereas the latter is formally a covalent
species. The isodesmic relations previously considered neglected
to take into account the energetic cost of charge separation;
heterolytic opening of an a-lactone ring involves not only a
favourable release of ring strain energy but also an unfavourable
separation of positive and negative charges, even in solution as
modelled by PCM.


The a-lactone 15 from 2,3-dimethylmaleate lies just 0.4 kJ mol−1


lower in free energy than its fumarate diastereomer 16 (Fig. 3).
The endocyclic Ca–On bond is antiperiplanar to the Cb–Br bond
in these anionic species, which each contain a Ca–Cb single bond
between C2 and C3 and therefore may undergo internal rotation.
Of particular interest is the rotamer in which the endocyclic Ca–On


bond is antiperiplanar to the Cb–CO2
− bond: conformational TS


17 leads from 15 via a 24 kJ mol−1 barrier to this a-lactone rotamer
19 which is 11 kJ mol−1 lower in free energy than 15 in the maleate-
derived series. Correspondingly, conformational TS 18 leads from
16 via a 16 kJ mol−1 barrier to this a-lactone rotamer 20 which is
8 kJ mol−1 lower in free energy than 16 in the fumarate-derived
series.


Intramolecular SN2-like backside displacement may occur from
19 via TS 21 with a 9 kJ mol−1 barrier to b-lactone 23 which is
69 kJ mol−1 lower in free energy than 15; similarly 20 may also
undergo the analogous backside displacement, with inversion of
configuration at Ca, via TS 22 with a 6 kJ mol−1 barrier to b-lactone
24 which is 71 kJ mol−1 lower in free energy than 16 (Fig. 3).


Fig. 4 shows overlays of PCM/B3LYP/6-31+G(d) optimized
(colours) and crystallographic (blue) structures30 for the neutral
bromo-b-lactone products (the protonated forms of 23 and 24):
(a) (3S,4S)-3-bromo-4-carboxy-3,4-dimethyloxetan-2-one derived
from 2,3-dimethylmaleate and (b) (3R,4S)-3-bromo-4-carboxy-
3,4-dimethyloxetan-2-one derived from 2,3-dimethylfumarate.
The numbers beside the non-hydrogen atoms are displacements
in Ångström; these differences are largely due to crystal packing
effects. The similarity between the calculated and crystallographic
structures confirms PCM/B3LYP/6-31+G(d) as an acceptable
theoretical method for these compounds.


Fig. 4 Calculated (colours) and crystallographic (blue) structures for
bromo-b-lactones from (a) 2,3-dimethylmaleate and (b) 2,3-dimethyl-
fumarate.


The computational results clearly demonstrate the existence
(at the level of theory employed) of smooth, continuous,
and energetically feasible pathways leading stereospecifically via
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the initially formed a-lactones to the experimentally observed
bromo-b-lactones, in agreement with the proposed mechanism
(Scheme 2, Fig. 3) for aqueous bromination of the dianions of
2,3-dimethylmaleate and 2,3-dimethylfumarate. But, if the cyclic
bromonium species is neither an energy minimum nor a TS
for electrophilic bromination, then how does bromination occur
leading to an a-lactone as the first-formed intermediate?


Addition of Br2 to 2,3-dimethylmaleate dianion 25 in water to
give 15 and aqueous Br− is exothermic by 98 kJ mol−1; similarly,
aqueous addition of Br2 to 2,3-dimethylfumarate dianion 26 to
give 16 and Br− is exothermic by 100 kJ mol−1. Unconstrained
optimisation of Br2 + 2,3-dimethylmaleate yielded an asymmetric
structure 27 (Fig. 3) in which the proximal bromine was loosely
associated with one of the carboxylate oxygens, but which
possessed two imaginary frequencies and was 26 kJ mol−1 higher
in energy than 15 and Br−; deletion of the distal bromine (the
incipient bromide anion) caused this species to collapse directly to
the a-lactone 15. Although we have been unable to locate it, we
suspect that a first-order TS exists in which electrophilic attack by
molecular bromine on Cb is coupled with nucleophilic attack by
the carboxylate group on Ca. The two imaginary frequencies of 27
have low values and their associated normal modes are unrelated to
the reaction coordinate for bromination; the asymmetric species
27 may therefore be considered as a quasi-intermediate on the
pathway for electrophilic addition that avoids formation of the
unfavourable symmetric species 13. Unconstrained optimisation
of Br2 + 2,3-dimethylfumarate yielded a C2-symmetric structure
28 (Fig. 3) in which the two bromine atoms are aligned perpen-
dicularly to the plane of the fumarate moiety, but with a very
elongated Br · · · Br distance of 2.99 Å as compared with 2.32 Å
in Br2; this intermediate is 35 kJ mol−1 higher in energy than 16
and Br−. We suspect the existence of a TS in which electrophilic
attack by molecular bromine on Cb is coupled with departure of
the bromide leaving group and with nucleophilic attack by the
carboxylate group on Ca. This species, and its maleate analogue,
may be very difficult to locate and characterise within a PCM
treatment of water, since an important component of the reaction
coordinate is likely to be specific solvation of the incipient bromide
anion.


Is there a pathway for overall anti addition to the C=C
double bond that would allow formation of the experimentally
unobserved diastereomers, i.e. 3 from 1 and 4 from 2 (Scheme 1)
according to the original assumptions22 of Tarbell and Bartlett?
Firstly it should be stressed that there are no such paths leading
downhill in energy from the cyclic bromonium TSs 13 and 14: a
first-order saddle point can only interconnect two adjacent energy
minima,65 which for these species are the pairs of enantiomeric
a-lactones. Following extensive searching of the potential energy
hypersurface between 15 and 24, species 29 has been located and
characterised as a genuine TS with a single imaginary frequency.
Inspection of its transition vector reveals that the motion of the
atoms in the TS corresponds to an unusual frontside intramolecu-
lar SN2-like displacement in which the three-membered a-lactone
ring opens by heterolytic cleavage of the Ca–On bond in concert
with formation of the four-membered b-lactone ring by attack of
the Cb–CO2


− group upon the same face of Ca (Fig. 5). This TS lies
44 kJ mol−1 higher in free energy than a-lactone 15 from which
it leads directly to the cis b-lactone 24. The free energy difference
between the competing TSs 13 and 29 corresponds to about four


Fig. 5 PCM/B3LYP/6-31+G(d)-optimised structures for direct conver-
sion of cis a-lactone 15 from 2,3-dimethylmaleate to cis b-lactone 24 via a
frontside displacement TS 29.


orders of magnitude in relative rate constants at 25 ◦C (more at
the ambient temperature of the experimental work reported here!)
and is more than enough to account for the failure to observe
any signals corresponding to 24 in the NMR spectra for reaction
of 2,3-dimethylmaleate with aqueous bromine. Despite our best
efforts, we have been unable to locate any TS that would directly
interconnect a-lactone 14 with b-lactone 23 for the corresponding
reaction of 2,3-dimethylfumarate.


The frontside displacement TS 29 possesses carbocation charac-
ter inasmuch as Ca is almost perfectly planar, but of course it has
two negatively charged carboxylate substituents. Structurally it
resembles an acyclic “zwitterion” (or cation/dianion), but it must
be emphasised that no such species exists on the PCM/B3LYP/6-
31+G(d) energy surface as an intermediate in a local energy
minimum. The −O2CCb–Ca


+–CO2
− moiety is unstable with respect


to lactone formation involving one or other of the two carboxylate
groups. Interconversion between the a- and b-lactones occurs
preferentially via the backside TS 21, in which the positive charge at
Ca is partially stabilised by interactions with negative carboxylates
on opposite faces. Stabilisation of the carbocation centre by
bridging interaction with the bromine atom is less effective; hence
the cyclic bromonium species 13 is only a TS for interconversion
of alternative a-lactones rather than a discrete intermediate. If
both carboxylate groups are found on the same face of Ca in
a particular conformation of the (unstable) acyclic “zwitterion”,
then simultaneous partial stabilisation of the carbocation by both
of them (in TS 29) is better than none at all. Finally we note that the
non-existence of a discrete acyclic intermediate, that would allow
stereochemical interconversion between the maleate and fumarate
isomers by internal rotation about the Cb–Ca bond, obviates the
need for Tarbell and Bartlett’s requirement22 for ring closure
with the carbocationic centre to occur ‘in the quickest possible
succession’ in order to form the b-lactone in a stereospecific
manner.
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Experimental


General remarks


NMR spectra were recorded on a Bruker DPX 400 (1H: 400 MHz
and 13C: 100.6 MHz) or a Bruker AV 300 (1H: 300.2 MHz and
13C: 75.5 MHz) spectrometer in the deuterated solvent stated. 2,3-
Dimethylmaleic anhydride was purchased from Aldrich and used
without further purification. All other chemicals used were of
analytical grade.


2,3-Dimethylfumaric acid


2,3-Dimethylmaleic anhydride (0.15 mol) was dissolved in 10%
excess of NaOH in water (150 mL) and refluxed for 24 hours.
The mixture was cooled in an ice-water bath and acidified with
conc. hydrochloric acid to pH ∼1. The precipitate was filtered,
washed with dichloromethane and crystallised from ethyl acetate–
toluene to give 2,3-methylfumaric acid in 20% yield. mp 246–
248 ◦C (lit.,22,66 245 ◦C, 240–242 ◦C); dH [300 MHz, (CD3)2SO]
1.92 (s, 6H, 2Me); dC [75 MHz, (CD3)2SO] 17.9 (Me), 133.2 (C=C),
171.1 (COOH).


General procedure for bromination of sodium dimethylmaleate and
sodium dimethylfumarate


To a solution of dimethylmaleic anhydride or fumaric acid
(20 mmol) neutralised with sodium hydroxide (40 mmol) in
50 mL of water was added bromine (20 mmol) within 10 minutes.
The solution was acidified with conc. sulfuric acid to pH ∼1.
The solution was extracted three times with ethyl acetate. The
organic phase was dried (MgSO4) and evaporated to give an oil
(3.6 g for maleate and 3 g for fumarate), containing mainly of
bromolactones. The lactones and bromohydrins were obtained
by fractional crystallisation from toluene–petroleum ether and
the bromohyrins recrystallised from ethyl acetate–toluene. The
lactones have been described previously.30


erythro-2-Bromo-3-hydroxy-2,3-dimethylsuccinic acid (7). Iso-
lated from the maleate reaction, mp 180–181 ◦C (lit.,22 168–
170 ◦C); dH [300 MHz, (CD3)2CO] 1.65 (s, 3H, Me), 2.05 (s, 3H,
Me); dC [75 MHz, (CD3)2CO] 23.2 (Me), 27.0 (Me), 68.4 (C-3),
79.2 (C-2), 172.7 (C=O), 174.1 (C=O). {Found: MS-ES (+) m/z
257.9971; C6H9


79BrO5 [M + NH4]+ requires 257.9972}.
Crystal data for C6H9BrO5. M = 241.04, monoclinic, a =


11.4120(5), b = 5.8870(3), c = 12.3790(7) Å, b = 93.337(2)◦,
U = 830.24(7) Å3, T = 30(2) K, space group = P21/c, Z = 4,
l(Mo-Ka) = 4.932 mm−1, 1883 reflections (Rint = 0.0707), R1 =
0.0381 and wR2 = 0.0761 based on 1420 F 2 with F o ≥ 4r(F o).
Software used SHELXS,67 SHELXL-9768 and ORTEX.69 CCDC
reference number 652216. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b711538e


threo-2-Bromo-3-hydroxy-2,3-dimethylsuccinic acid (8). Iso-
lated from the fumarate reaction as a monohydrate, mp 168–170 ◦C
(lit.,22 168–170 ◦C); dH [300 MHz, (CD3)2CO] 1.75 (s, 3H, Me), 2.02
(s, 3H, Me); dC [75 MHz, (CD3)2CO] 24.8 (Me), 26.6 (Me), 67.8
(C-3), 79.5 (C-2), 171.4 (C=O), 174.3 (C=O). {Found: MS-ES (−)
m/z 238.9549; C6H9


79BrO5 [M − H]− requires 238.9550}.
Crystal data for C6H9BrO5·H2O. M = 259.06, triclinic, a =


6.2390(3), b = 7.2280(4), c = 11.1710(8) Å, a = 85.342(2), b =


82.801(2), c = 69.105(3)◦, U = 466.56(5) Å3, T = 150(2) K,
space group = P1̄ (no. 2), Z = 2, l(Mo-Ka) = 4.403 mm−1,
2075 reflections (Rint = 0.0683), R1 = 0.0378 and wR2 = 0.0758
based on 1623 F 2 with F o ≥ 4r(F o). Software used SHELXS,67


SHELXL-9768 and ORTEX.69 CCDC reference number 652217.
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b711538e.


Acid-catalysed hydrolysis of lactones


The maleate lactone 4 or fumarate lactone 3 (0.25 g) was
dissolved in 100 mL of 20% (v/v) sulfuric acid for 24 h. The
solution was extracted twice with ethyl acetate, dried (MgSO4) and
evaporated, producing only one bromohydrin in each case together
with some unreacted lactone. The bromohydrins were isolated in
crystalline form and shown to be identical with those obtained
from the reaction of aqueous bromine with dimethylmaleate and
dimethylfumarate.


The course of hydrolysis was also followed by NMR measure-
ments: ∼50 mg of each lactone was dissolved in CD3CN–D2O
[50% (v/v)] containing a few drops of conc. sulfuric acid and the
reactions were followed by 13C NMR for one week. The spectra
of each lactone were also recorded in the same solvent mixture
without added acid.


Maleate


Control. dC [75.5 MHz NMR, CD3CN–D2O] 22.0 (lactone-
Me), 22.5 (lactone-Me), 63.7 (lactone-C-3), 83.8 (lactone-C-4),
167.2 (lactone-C=O), 169.1 (lactone-C=O).


First day. dC [75.5 MHz NMR, CD3CN–D2O containing
H2SO4] 21.7 (lactone-Me), 21.8 (lactone-Me), 22.6 (bromo-
hydrin-Me), 25.6 (bromohydrin-Me), 63.0 (lactone-C-3), 68.9
(bromohydrin-C-3), 77.9 (bromohydrin-C-2), 84.6 (lactone-C-4),
168.3 (lactone-C=O), 170.2 (lactone-C=O), 172.9 (bromohydrin-
C=O), 174.8 (bromohydrin-C=O). Ratio of bromohydrin:lactone
0.4; after three days the ratio was 6.2.


One week later. dC [75.5 MHz NMR, CD3CN–D2O contain-
ing H2SO4] 21.7 (lactone-Me), 21.8 (lactone-Me), 22.2 (bromo-
hydrin-Me), 25.6 (bromohydrin-Me), 63.0 (lactone-C-3), 68.9
(bromohydrin-C-3), 77.9 (bromohydrin-C-2), 84.6 (lactone-C-4),
168.4 (lactone-C=O), 170.2 (lactone-C=O), 172.9 (bromohydrin-
C=O), 174.8 (bromohydrin-C=O). The amount of lactone was
very small.


Fumarate


Control. dC [75.5 MHz NMR, CD3CN–D2O] 17.6 (lactone-
Me), 20.1 (lactone-Me), 60.2 (lactone-C-3), 85.3 (lactone-C-4),
167.4 (lactone-C=O), 169.8 (lactone-C=O).


First day. dC [75.5 MHz NMR, CD3CN–D2O containing
H2SO4] 17.3 (lactone-Me), 19.8 (lactone-Me), 22.7 (bromo-
hydrin-Me), 24.7 (bromohydrin-Me), 59.9 (lactone-C-3), 66.4
(bromohydrin-C-3), 78.3 (bromohydrin-C-2), 85.8 (lactone-C-4),
168.1 (lactone-C=O), 170.7 (lactone-C=O), 172.2 (bromohydrin-
C=O), 174.5 (bromohydrin-C=O). Ratio of bromohydrin:lactone:
0.3; after three days the ratio was 2.1.
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One week later. dC [75.5 MHz NMR, CD3CN–D2O con-
taining H2SO4] 17.3 (lactone-Me), 19.8 (lactone-Me), 22.7
(bromohydrin-Me), 24.7 (bromohydrin-Me), 59.8 (lactone-C-3),
66.4 (bromohydrin-C-3), 78.3 (bromohydrin-C-2), 85.8 (lactone-
C-4), 168.2 (lactone-C=O), 170.8 (lactone-C=O), 172.2
(bromohydrin-C=O), 174.5 (bromohydrin-C=O). The amount of
lactone was very small.


Computational methods


All calculations were performed by means of the GAUSSIAN98
program70 using the B3LYP density functional method with the
6-31+G(d) basis (with six Cartesian d functions on non-hydrogen
atoms), together with the PCM method for aqueous solvation
using e = 78.4 and default UAHF united-atom radii for the
molecular cavity. Convergence in the SCF procedure was typically
achieved using the “very tight” option; geometry optimisations
used default convergence criteria. TSs were located by means of
QTS2, QTS3 and EF methods as appropriate, and were charac-
terised as possessing a single imaginary frequency corresponding
to the transition vector (or reaction coordinate mode) for a
particular chemical transformation, in contrast to energy minima
with all-real vibrational frequencies. IRC calculations confirmed
the identity of the energy minima adjacent to each saddle point.
Energies reported (Table 1) as Eaq are what the Gaussian calls
“total free energy in solution (with non-electrostatic terms)”, viz.
the total electronic energy polarised by the dielectric continuum
together with the cavitation, dispersion and repulsive terms within
PCM. Energies reported (Table 1) as Gaq are what the Gaussian
calls “sum of electronic and thermal free energies” which includes
zero-point, thermal and entropic terms at 298 K and 1 atm. The
inappropriate standard state is of no consequence since all the
reactions considered here are unimolecular, except for the Br2


addition for which relative energies DEaq are given in the text.
Overlay comparisons between calculated and crystallographic


structures were performed by use of the rigid alignment method
in the MOE2004.03 suite of programs.71


Conclusions


Aqueous bromination of the disodium salts of 2,3-dimethylmaleic
and 2,3-dimethylfumaric acids yields bromo-b-lactones with stere-
ochemistry that indicates overall syn addition: that is, cis alkene
yields erythro lactone, and trans alkene yields threo lactone. These
results, determined by X-ray crystallography, are contrary to what
had been assumed by Tarbell and Bartlett in 1937, which has
been quoted in textbooks since that time. Whereas Tarbell and
Bartlett also reported that the same bromohydrin was produced
by hydrolysis of both the maleate and fumarate derivatives, X-
ray crystallography also now reveals stereospecific hydrolysis of
each bromo-b-lactone to a different bromohydrin by acyl–oxygen
cleavage of the lactone ring. B3LYP/6-31+G(d) calculations using
a PCM description of aqueous solvation confirm the validity of
our proposed mechanism, in which the first-formed intermediate
in each case is an a-lactone. Electrophilic attack at one end of
the C=C double bond occurs concertedly with ring-closure by the
carboxylate group at the other end. The cyclic bromonium species
is not an intermediate, but rather is the transition structure for
interconversion of enantiomeric a-lactones. The unstable BrCb–


Ca
+–CO2


− moiety is more effectively stabilised by bridging O− than
by bridging Br, since the resulting a-lactone is neutral whereas the
bromonium is still zwitterionic. The initial a-lactone undergoes
internal rotation about the central C–C bond to a conformer in
which the carboxylate at Cb is suitably aligned for intramolecular
backside nucleophilic displacement at Ca. An alternative pathway
leading directly from cis alkene to cis b-lactone, via an unusual
frontside displacement mechanism, is over 20 kJ mol−1 higher
in free energy. No pathway leading directly from trans alkene
to trans b-lactone could be found. Despite their ring strain
energy, a-lactones may be formed in aqueous solution at room
temperature—albeit transiently—and may be involved as reactive
intermediates more widely than has generally been recognised.
The experimental and computational evidence presented here
correspond to Cinderella’s slipper: a-lactones are more than a
fantastical dream!


Acknowledgements


We thank the staff of the EPSRC Mass Spectrometry Service
at the University of Wales Swansea for their assistance, and
Dicle University Research Council (DUAPK-02-FF-20) and the
Royal Society of Chemistry for a Journals Grant for International
Authors (to NP).


References and notes


1 W. A. Cowdrey, E. D. Hughes and C. K. Ingold, J. Chem. Soc., 1937,
1208–1236.


2 J. Kenyon and H. Phillips, Trans. Faraday Soc., 1930, 26, 451–458.
3 C. M. Bean, J. Kenyon and H. Phillips, J. Chem. Soc., 1936, 303–311.
4 W. A. Cowdrey, E. D. Hughes, C. K. Ingold, S. Masterman and A. D.


Scott, J. Chem. Soc., 1937, 1252–1271; C. K. Ingold, Structure and
Mechanism in Organic Chemistry, Cornell University Press, Ithaca,
1953, p. 383.


5 S. Winstein and H. J. Lucas, J. Am. Chem. Soc., 1939, 61, 1576–1581;
S. Winstein, J. Am. Chem. Soc., 1939, 61, 1635–1640.


6 S. Winstein and R. B. Henderson, J. Am. Chem. Soc., 1943, 65, 2196–
2200.


7 D. E. Milligan and M. E. Jacox, J. Chem. Phys., 1962, 36, 2911–2917.
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In this paper we review the recent developments in the synthesis of a-substituted hydroperoxides.
a-Substituted hydroperoxides are interesting compounds due to their chemistry and bioactivity and as
intermediates for the synthesis of other peroxides, of which cyclic peroxides are of major importance.
Although the emphasis of this report will be on the derivatives of gem-dihydroperoxides, perketals, as
well as the less studied nitrogen and sulfur derivatives, will also be covered.


1. Introduction


Oxidation is one of the basic reactions in nature and is used
by most life forms to transform food into energy. However,
although oxidation has an important role in an organism’s
defence system, it can also be damaging to cells, where peroxides
play a crucial role. This dual nature of oxidation points to
the importance and the complexity of the oxidation reaction in
biochemical pathways.1 In chemistry, the situation is similar with
oxidation being a fundamental reaction with hydrogen peroxide
and molecular oxygen as basic oxidants. They became very
important reagents due to their potential in “green” chemistry
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applications.2,3 Organic hydroperoxides and peroxides are also
important reagents, intermediates and products in various fields of
organic chemistry ranging from radical processes, polymerizations
to oxidations.4–6 More important is their function in nature
and many hydroperoxides have bioactive properties or play an
important role as reactive intermediates in natural processes.7–10


Hydroperoxides are intermediates in the auto-oxidative transfor-
mation of polyunsaturated fatty acids and DNA leading to various
diseases.11–14 Some examples of bioactive hydroperoxides include
contact allergens (1, 2), naturally occurring litseaverticillols as
anti-HIV activity compounds (3), and important compounds for
the defence system of plants (4) (Fig. 1).7,15–19


Within organic peroxides, cyclic peroxides are an important
class. Their chemistry and bioactivity evolved largely after it was
realized that naturally occurring artemisinin (5) and yingzhaosu
(6) (Fig. 2) were, due to their endoperoxide functionality and
chemistry, potent antimalarial agents active against resistant
strains of Plasmodium. This has led to the antimalarial activity
of cyclic peroxides being extensively reviewed in recent years.20–25
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Fig. 1 Bioactive hydroperoxides 1–4.


Fig. 2 Naturally occurring artemisinin (5) and yingzhaosu (6).


Recent developments in the preparation of a-heteroatom sub-
stituted hydroperoxides 7 (gem-dihydroperoxides, perketals and
their derivatives) are interesting due to their diverse bioactivity
including: as allergens, antimalarials, mycotoxins, anti-fungal and
anti-tumour agents, inhibitors of enzymes, and their function in
the defence system of plants and their fragrance. Furthermore they
are synthetic intermediates for the preparation of various cyclic
peroxides via cyclization reactions. In this paper we will review
more fully the various strategies for the conversion of ketones or
C–C double bonds with hydrogen peroxide, ozone, singlet oxygen
and oxygen into various classes of a-substituted peroxides (Fig. 3)
that have appeared in the literature mostly within the last ten years.


Fig. 3 gem-Dihydroperoxides 7A and their corresponding perethers 7B,
peroxy hemiketals 7C, peroxy ketals 7D, together with examples of nitrogen
and sulfur derivatives 7E.


2. gem-Dihydroperoxides 7A


The most direct way for preparing gem-dihydroperoxides (DHP) is
the addition of hydrogen peroxide to ketones. However, treatment
of cyclohexanone with hydrogen peroxide in neutral media results
in a mixture of peroxidic products, generally called cyclohexanone
peroxide.26 Selected cyclic ketones have been converted to DHPs
with 30% H2O2, as demonstrated by Ledaal and Solbjor, who man-


aged to isolate cyclododecanone DHP 9 under acidic conditions
(Scheme 1).27


Scheme 1


This is exemplified in the preparation of the steroid DHP,
where the use of HCl in a catalytic amount enabled the selective
conversion of the steroidal ketone 10 to DHP 11 (Scheme 2).28–30


For synthesis of DHPs from other ketones, and from acyclic
ones, formic acid was used as a solvent and DHPs were isolated
in lower yields.31 The lower yields are a result of the acid
promoted further cyclization of DHP to tetraoxanes or other
cyclic products. In general, acid is employed in these reactions to
improve selectivity and the yield of DHP formation. Recently, in a
study on the synthesis of orally active dispiro 1,2,4,5-tetraoxanes
as antimalarials, formic acid was used a solvent for the preparation
of 1,1-dihydroperoxy cyclohexane as the intermediate product in
76% yield at 0 ◦C in 4 minutes.32


Scheme 2


Another type of catalysis was reported with methyltrioxorhe-
nium, whose active form in reactions with hydrogen peroxide is
peroxo and diperoxo complex. Therefore the acid was replaced
by the methyltrioxorhenium catalyst and 4-methylcyclohexanone
14 was converted under neutral conditions in trifluoroethanol to
DHP 15 in a yield of 90% (Scheme 3).33 Further addition of ketone
and acid leads to cyclization to symmetric or non-symmetric
tetraoxanes 16 where fluorinated alcohol is crucial for the selective
formation of 16 over other cyclic or acyclic peroxides.34,35


Scheme 3
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A more general way of preparing DHPs 7A under neutral
conditions is with the use of 30% aqueous H2O2 with iodine as
a catalyst. This system is effective for the preparation of various
DHPs from cyclic and acyclic ketones, acetophenone and also
from benzaldehyde (Scheme 4).36,37 The yield of hydroperoxidation
of various cyclic ketones was 60–98% including androstane-3,17-
dione while acyclic ketones were converted with a similar efficiency.
Even acetophenone 17c was converted to the DHP 18c albeit in
a lower yield. Benzaldehydes were converted with yields of 55–
76% and this is the only reported synthesis of primary gem-DHPs
by dihydroperoxidation with H2O2. The reactivity of aliphatic
aldehydes was the same as in non-catalyzed reactions, yielding
hydroxyhydroperoxides 22.


Scheme 4


The mechanism of iodine catalysis was studied using the relative
kinetics of the substituted benzaldehydes giving a Hammett
reaction constant (q) of −2.76. This suggests the development
of a strong positive charge in the transition state of dihydroperox-
idation (Fig. 4).37


Fig. 4 Relative kinetics of the iodine-catalyzed reaction of benzaldehydes
with 30% H2O2.


The mechanism of catalysis with I2 is thought to be a two-step
reaction, with iodine being essential in each step and possibly
playing a double role as a catalyst. The iodine enhances the
electrophilic character of the carbonyl C-atom and secondly it
enhances the nucleophilic character of hydrogen peroxide. It also
assists in the rehybridization of the sp3 C-atom into the sp2-one in
the second step, which enables the further addition of a nucleophile
(Scheme 5). It is evident that iodine is able to discriminate between


Scheme 5


the elimination of the hydroxy and hydroperoxy group and the
addition of water or H2O2 to the carbonyl group.


The synthesis of dihydroperoxides is limited by their stability
and it depends on their structure. 2,2-Dihydroperoxypropane
is difficult to handle because it readily decomposes, however,
an interesting stabilization of this DHP was reported by the
interaction with the diphosphinoyl donors, which prevents cyclo-
oligomerization of the corresponding DHP and its decompo-
sition.38,39 Intermolecular interaction between the hydroperoxide
group and the O-atom of the bis(diphenylphosphinoyl)ethane was
confirmed by X-ray crystallography. The formation of an adduct
can also be accelerated by using R2SnCl2 (R = Me or Bu).


An alternative method to synthesize DHPs by H2O2 employs
ketals or enol ethers as starting compounds, although acid con-
ditions are necessary and consequently dimeric dihydroperoxides
25 are formed along with DHPs 24. Ketals can be perhydrolyzed
with 20 equivalents of anhydrous H2O2 and 1 equivalent of H2WO4


(Scheme 6).40 Alternatively, the use of an anhydrous solution of
H2O2 and BF3·OEt2 was also reported. To avoid the formation
of the dimeric product 25, a higher amount of H2O2 is required
for the selective formation of DHPs from cyclic and acyclic ketals
with yields varying from 44% to 91% (Scheme 6).41,42 Anhydrous
H2O2 as well as its aqueous solutions of higher concentration are
hazardous chemicals and safety precautions should be employed.
A safer alternative is the use of a 30% aqueous solution of H2O2


that is commercially available. In this respect, 27 was synthesized
by a modified procedure with 30% H2O2 and tungstic acid.32
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Scheme 6


In addition, a Lewis acid was used to transform enol ethers
into the corresponding DHPs (Scheme 7).42 Again, using a higher
quantity of peroxide increases selectivity.


Scheme 7


Aliphatic aldehydes are less reactive than ketones for dihy-
droperoxidation and could not be converted to DHPs with
H2O2 (Scheme 4). Primary DHPs 32 can be obtained from
secondary alcohol 29 by H2O2 and acid induced rearrangement of
intermediate tertiary hydroperoxide 30 (Scheme 8).43 The size of
the ring in 30 determines the ease of rearrangement and formation
of the products. Tertiary alcohols gave, after rearrangement, DHP
33 that was further cyclised by ozone in fluorinated alcohol to yield
a product with a dihydroperoxy, dioxolane or a dioxane structure
34.44,45


The ozonolysis of enol ethers or a-olephins has been widely
used as a synthetic pathway for preparing DHPs when selective
reactions with H2O2 were not available (Scheme 9).31,46 Ozonolysis
of enol ethers proceeds in the presence of an excess of H2O2 in
diethyl ether at −70 ◦C. Yields are low to moderate. However, it
still remains the only general synthetic procedure for the synthesis
of primary gem-DHPs.


3. gem-Bisperethers 7B


DHPs are precursors for various cyclic peroxides with the
main transformation being cyclization into spiro bisperethers,
dispiro compounds—1,2,4,5-tetraoxanes or macrocyclic 1,2,4,5-
tetraoxacycloalkanes. The initial step for preparing bisperethers
is the direct conversion of carbonyl compounds with tBuOOH
accomplished in the presence of an acid and a dessicant.47


Substituted benzaldehydes do react with tBuOOH in the presence
of HCl and calcium dichloride as a desiccant with good yields
(Scheme 10).48 Aldehydes were transformed to bisperethers 42


Scheme 8


Scheme 9


Scheme 10


using tBu-trimethylsilyl peroxide and trityl perchlorate (TrClO4)
as the catalyst.49


Silyl derivatives 44 were synthesized from cyclic and acyclic
ketones in a two-step reaction with DHP as intermediate product.
This intermediate product was further silylated to isolate silylper-
oxyethers 44 (Scheme 11), which were then used as a source of
peroxycarbenium ion for annulation reactions.50


A more recent method was reported for the peroxidation of
carbonyl compounds under neutral conditions with tBuOOH
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Scheme 11


using iodine as a catalyst. Bisperethers were formed with 10 mol%
of iodine directly from benzaldehyde 19, tBu-cyclohexanone 43
and tetrahydro-4H-pyranone 45. The use of a desiccant was
unnecessary and the bisperethers 46 and 47 were isolated with
moderate to good yields (Scheme 12).37


Scheme 12


Another possibility to convert ketones to gem-bisperethers was
reported by the Terent’ev group and involves transforming ketones
to ketals or enol ethers followed by reaction with tBuOOH.51 The
group were successful in transforming cyclic as well as acyclic
substrates to their perether derivatives. Their reactions require the
presence of protic or Lewis acids and the use of a desiccant was in
some cases inevitable (Scheme 13).


Scheme 13


Methods for the synthesis of more complex bisperethers proceed
from gem-dihydroperoxides as starting compounds (Scheme 14).
Using alkyl iodides with Ag2O or CsOH as promoters, 52 can
be transformed directly to the bisperether 53 and 58 with two
equivalents of alkyl iodide or stepwise through the monoalky-
lated hydroperoxide 54 to symmetrical 53 and unsymmetrical
substituted bisperethers 55.52,53 54 can be transformed also into
a-alkoxyalkyl-substituted peroxide 56 by a reaction with vinyl
ether.54 Cycloalkylation of 52 was achieved by treating it with
1,n-diiodoalkanes (n = 3–8) in the presence of Ag2O or CsOH
and provided the medium-sized 1,2,4,5-tetraoxacycloalkanes 57
in moderate yields.31


Ozonolysis is an important method for the selective synthesis of
DHPs from enol ethers with H2O2 as a nucleophile. The reaction of


Scheme 14


ketones with ROOH leads to bisperethers, while ozonolysis of enol
ethers in the presence of alkylhydroperoxide as a nucleophile can
result in the formation of hydroperoxy peracetals 60 (Scheme 15).55


Scheme 15


Unsaturated hydroperoxy perketal 61 reacts further with ozone
to yield perethers. The composition of ozonolysis products
depends on the cleavage mechanisms favoured by the respective
transient primary ozonide 62. The group of McCullough studied
ozonolysis in trifluoroethanol (TFE) and found that there are two
modes of cleaving the primary ozonide each operating compet-
itively depending on the length of the alkyl chain (Scheme 16);
the scission path a leading to the formation of the carbonyl
oxide intermediate and formaldehyde and path b, which results
in a mixture of the aldehyde and formaldehyde O-oxide.56 Subse-
quent intramolecular cyclization of the intermediates proceeds
efficiently, providing a-hydroperoxy 63 and/or a-hydroxy 64
substituted perethers.


The cleavage of the primary ozonide from the unsaturated
hydroperoxy peracetals is affected by reaction conditions. In
diethyl ether or in a mixture of CH2Cl2–acetic acid, the reaction
proceeds through path a. But in diethyl ether, the reaction produces
the keto hydroperoxide 66 and not, as expected, the a-hydroperoxy
substituted perether 67. The latter is formed in acidic media
(Scheme 17). This notable diversion of the reaction pathway was
attributed to the solvation of the carbonyl oxide moiety by the
acidic solvent, thereby enhancing the electrophilicity of the carbon
atom of carbonyl oxide.55 This is also supported by the formation
of hydroperoxides in fluorinated alcohol (TFE) that is a known
solvent with expressed Lewis acid character.57–59


Cyclic bisperethers were also obtained by photooxygenation
with singlet oxygen in the presence of tetraphenylporphine (TPP).
Photooxygenation of 2-phenylnorbornene 68, which is known


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3895–3908 | 3899







Scheme 16


Scheme 17


to react with singlet oxygen to form a zwitterionic intermedi-
ate, in the presence of 30% H2O2 in acetonitrile, afforded the
labile 1,2-bis-hydroperoxide, that was further trimethylsilylated
by bis(trimethylsilyl)acetamide (BSA) into 69 and converted to
cyclic bisperethers 70 by cyclocondensation catalyzed by TMSOTf
(Scheme 18).60,61


Scheme 18


4. Perketal derivatives 7C and 7D


4.1. Oxidation with H2O2


Addition of hydrogen peroxide to carbonyl compounds produces
hydroperoxy hemiketals 7C, also named as perhydrates. Aldehydes
71 form, during the reaction with H2O2, hydroperoxy hemiacetals
72, which are sufficiently stable to be isolated. However, hydroper-
oxy hemiacetals 72 are difficult to obtain selectively because
they are readily converted with another molecule of aldehyde


to bis(hydroxyalkyl)peroxide 73 (Scheme 19).62 The reactivity
of ketones is different. Hydroperoxy ketal is not stable and is
transformed into a complex mixture of peroxidic products named
ketone peroxide.26 Only exceptionally can hydroperoxy hemiketal
be isolated. This is the case with electron deficient ketones like tri-
fluoromethyl ketones, which form stable hydroperoxy hemiketals
74 and are important and powerful oxygen transfer agents.63 2-
Bromocyclohexanone when reacting with H2O2 does form a stable
perhydrate 75, but in this case it is stabilized by intramolecular
interaction; this fact was confirmed by a full structural character-
isation of the perhydrate by X-ray crystallography.64


Scheme 19


Although hydroperoxy hemiketals 7C are unstable, their
perether or ether derivatives are stable and can be isolated. In
addition, perketals were used as a protecting group. Perketals
can be directly obtained by adding H2O2 to the carbonyl group
and its subsequent acid or base catalyzed etherification. An older
example of forming a-alkoxy hydroperoxide or hydroperoxy ketal
77 involves the addition of H2O2 in acetic acid to c-hydroxy ketone
76, whose alcohol group serves as internal nucleophile.65 The base
catalyzed reaction of a,b-unsaturated ketone 78 with H2O2 leads
to the formation of a-hydroxy endoperoxide or peroxy hemiketal
79 with the hydroperoxy group serving as an internal nucleophile
(Scheme 20).66,67


Scheme 20


The direct conversion of the ketone to the perketal derivative
was accomplished with iodine as a catalyst. By using methanol as a
solvent for the addition of H2O2 to 4-tert-butylcyclohexanone 43,
hydroperoxy ketal 80 was isolated in a 72% yield (Scheme 21).36,37


Interestingly, iodine was able to discriminate between nucleophiles
with only methanol acting as a nucleophile, although an aqueous
solution of H2O2 was used. Perketal 81 was directly obtained by
using tBuOOH instead of H2O2. Benzaldehyde reacted similarly
giving hydroperoxy ketal 82 or perketal 83 when reacted with
H2O2 or tBuOOH, respectively. Aliphatic aldehyde 21 was also
peroxidised, however any discrimination between MeOH and H2O
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Scheme 21


nucleophiles was lost and the two products 84 and 85 were formed
(Scheme 21).37


Without the iodine catalyst, direct conversion of ketones into
hydroperoxy ketals 7D requires acidic conditions, while a complex
of urea and hydrogen peroxide (UHP) is an alternative to the
anhydrous hydrogen peroxide. This strategy that avoids using
ozone or singlet oxygen was used when preparing a derivative
of the naturally occurring spongean peroxyplakoric acid 90 with
antimalarial activity. For the synthesis of 3-methoxy-1,2-dioxane
90 by peroxyhemiacetalization of the ketone 86 followed by
intramolecular conjugate addition, UHP was used as a source for
the peroxide unit. Both the acid and reaction conditions play an
important role in the distribution of the products (Scheme 22).68,69


The latter product could be formed through intramolecular addi-
tion of the hydroperoxy group. The best selectivity for hydroperoxy
ketal 87 was obtained when using Sc(OTf)3 as a catalyst in a
more diluted medium. Similar sensitivity to reaction conditions
was also found in the intramolecular conjugate addition in 87,
where the acid catalyst transformed 87 back into the starting
ketone 86, sodium methoxide catalyst cleaved the peroxy bond
to form epoxide 89, while diethylamine catalyst was able to form
3-methoxy-1,2-dioxane 90 and the best results were obtained in
fluorinated alcohol.


The following methodology was further elaborated in 91 by
joining peroxidation with the addition of an internal nucleophile


instead of methanol to yield 92, while further cyclization leads to
the formation of the trioxane ring 93 (Scheme 23). This reaction
is also possible by involving a nitro group instead of an ester one
and in this case activation was improved requiring no amine for
cyclization into the spiroperoxide 95.70–72


Scheme 23


Part of the research on the synthesis of hydroperoxides is
concentrated on developing agents for enantioselective oxygen
transfer reactions. Naturally occurring sugars are part of a chiral
pool and thus are “natural” candidates. Unsaturated glycoside 96
was oxidized with H2O2 in the presence of a MoO3 catalyst into
the corresponding a-anomeric hydroperoxides 97 (Scheme 24). A
similar reaction of glucal 98 afforded anomeric hydroperoxide 99
with an a–b-anomer ratio of 2 : 1.73,74 These hydroperoxides were
used as a chiral oxygen transfer agent for the oxidation of allyl
alcohols and sulfides with moderate enantioselective excess.


4.2. Ozonolysis


The driving force in the research within the area of organic perox-
ides has been the pharmacological importance of their products,
especially in the case of 1,2,4-trioxanes. These compounds are
obtained from hydroperoxy ketals 7D formed by the addition
of alcohol to the peroxycarbenium ion. Ozonolysis of the sp2


Scheme 22
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Scheme 24


C-atom in 100 is the main pathway for the formation of the
peroxycarbenium ion, which is a reactive intermediate for various
hydroperoxides and tetraoxanes (TO) (Scheme 25).31,46,75,76


Scheme 25


Therefore, the most widely used method for preparing perketals
proceeds via hydroperoxy ketals 7D formed by ozonolysis of the
alkene at −78 ◦C. The perketal is then formed either by an external
nucleophile in the presence of butylated hydroxytoluene (BHT) in
DMF as in 102 or by an internal one as in 105 (Scheme 26).77,78


Scheme 26


Polyethylene glycols are very important in pharmaceutical,
cleaning, laundry and cosmetic products. It is known that on
exposure to air PEGs show contact allergenic activity. The
explanation for this is based on the formation of hydroperoxides
as primary autooxidation products. This has now been confirmed
by isolating the hydroperoxy ketals of PEG (pentaethylene glycol)
with a lipophilic chain 108 using ozonolysis (Scheme 27).79


The ozonolysis of enol ether 109 in the presence of unsaturated
alcohol forms a hydroperoxy ketal 110 with an unsaturated
bond, which is a potential starting point for further ozonolysis


Scheme 27


with concomitant cyclization to a variety of cyclic peroxides
(Scheme 28).80,81


Scheme 28


The stereochemistry of addition of nucleophiles to aldehydes
and ketones is well researched, however, little is known about
the stereochemical outcome of the addition of nucleophiles to
carbonyl oxides. Dussault’s group has studied diastereoselectivity
of additions to acyclic carbonyl oxides and found that carbonyl
oxide and aldehyde affect similarly the stereoselectivity of the
addition of a nucleophile. Furthermore, they synthesized syn and
anti carbonyl oxides by ozonolysis of the (E) and (Z) enol ether
111 and they observed only a small effect of the geometry of the
carbonyl oxide on the diastereoselectivity of addition of i-PrOH
(Scheme 29).82


Scheme 29


Stereoselectivity was observed when using a different approach,
where ozonolysis of the alkene 114 was coupled by intramolecular
5-exo cyclization to give the stereo specific 1,2-dioxolane 115 with
a 1 : 1 mixture of two diastereoisomers out of a possible four
(Scheme 30).83 The ease of cyclization is surprising although no
acid catalyst was present in the reaction. The 6-exo cyclization in
116 is less pronounced and in this case it was only possible to isolate
the perketal 117 as a mixture of diastereoisomers together with


Scheme 30
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the formation of a hydroperoxy oxepan derivative 118. However,
cyclization can be achieved with an acid catalyst.


4.3. Singlet oxygen


Besides hydrogen peroxide and ozone, singlet oxygen is also
an efficient reagent for generating perketal derivatives. A recent
example shows the synthesis of spiroadamantyl-1,2-dioxetane 120,
prepared from 119 with the hydroxy group protected with a
tert-butyldimethylsilyl group (TBDMS), by the photochemical
generation of the singlet oxygen in the presence of PPh3 or
alternatively by calcium peroxide diperoxohydrate (Scheme 31).84


120 is a stable 1-methoxy-1,2-dioxetane that is a source of
luminescence that bears some similarities with bioluminescence.
The reaction was used as a trap for a singlet oxygen to determine
its quantity through the decomposition of 120 by a chemically
induced electron exchange mechanism (CIEEL) that generates a
chemiluminescent signal.85


Scheme 31


Singlet oxygen, although problematic in biochemistry as a
reactive oxygen species, is also an agent in biosynthesis as shown
by the [4 + 2] cycloaddition of 1O2, generated by methylene
blue (MB) assisted photoexcitation of aerial oxygen, to naturally
occurring furans 121, where the hydroperoxy ketal 122 acts as an
intermediate product in the biosynthesis of litseaverticillols 123,
a family of potent anti-HIV natural products (Scheme 32).10,19


Furthermore, the corrected structure of the litseaverticillol E has
an allyl hydroperoxide group.18


Scheme 32


In order to have a route to enantiomerically enriched perketals
to form a family of 3-methoxy-1,2-dioxanes, cycloaddition of 1O2


to chiral dienol ethers was studied.86 The geometry of the olefin
and substituents affects the mode of reaction, where three types
of reaction were observed: Diels–Alder, [2 + 2] cycloaddition and
the ene reaction. The (1Z,3E)-dienol ether 124 reacted via [4 + 2]
cycloaddition to yield the desired perketal 125 and had the highest
diastereoselectivity of tested dienols (Scheme 33).


Scheme 33


Cyclic perketals—1,2,4-trioxanes are usually synthesized by
cyclization of open perketal derivatives (hydroperoxy ketals 7D
or peroxy hemiketals 7C). However, an ene reaction of the allyl
alcohol 126 with singlet oxygen yields 2-hydroperoxy alcohol
127 and the diastereoselectivity drops significantly in MeOH
and polystyrene (PS). The acid-catalyzed cyclization of the 127,
obtained in CCl4, with a ketone gives trans-5,6-disubstituted 1,2,4-
trioxane 128 (Scheme 34).87–89 It is also possible to obtain 2-
hydroperoxy alcohols by opening up the epoxide with H2O2.90


Scheme 34


4.4. Molecular oxygen


Oxygen is a powerful oxidant, but it usually needs activation for
efficient reactivity. When preparing perketals, oxygen is mainly
used for the synthesis of 3-hydroxy-1,2-dioxanes. One possibility is
to use [2 + 2 + 2] cycloaddition of oxygen, olefin 129 and diketone
130, where the reaction system is activated electrochemically.91


This reaction was modified to use manganese(III) salts in order
to activate the oxygenation (Scheme 35).92–95 The manganese salt
generates a carbon radical species from the dicarbonyl compound,
which reacts with alkene to form a stable radical that traps the
oxygen to give a dioxane product 131. Instead of a dicarbonyl
compound, other b-substituted ketones with sulfur, phosphorous
or cyano groups can be used,96–98 while pyrrolidinediones 132
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Scheme 35


or 4-piperidone-3-carboxylates give azabicyclic peroxides 133
(Scheme 35).99–104


G-factors, that have also a 3-hydroxy-1,2-dioxane structural
element, are a phytohormone and a growth regulator in plants
that possess also antimalarial activity. In nature, G-factors are
toxic for the plant yet they are formed in plants on demand for
their action by facile autooxidation of syncarpic acid. Formation
of the Mannich base between syncarpic acid 134, piperidine and
aldehyde followed by further acid-catalyzed hydrolysis gives an
unstable product 135 that readily reacts with oxygen to form
analogues of G-factors 136 (Scheme 36).105,106 This reaction opened
the gate to facile synthesis of G-factor analogues and offers an
insight into the role that the peroxide bond plays in the activity
of G-factor analogues against resistant strains of Plasmodium
falciparum.107–111


Scheme 36


Another case of a naturally occurring 3-alkoxy-1,2-dioxene
structural unit was present in the first isolated marine derived
cyclic peroxides known as chondrillins and plakorins. They are
active against tumor and leukemia cells. Synthetic pathways
to these natural compounds consist in part of photo-induced
enolization of unsaturated ketones 137 in the presence of copper(II)
sulfate or rose bengal lactone (RBL) and subsequent oxygenation
(Scheme 37).112–115 This so called Snider method became a major
route to the synthesis of 1,2-dioxanes using oxygen, but its
mechanism is not clear. Initial results point to radical oxygenation
because a radical quencher inhibited the reaction, while the
singlet oxygen quencher DABCO had no effect. Furthermore,
the reaction of pulegon 143 yielded different products; 145 and


Scheme 37


144 with singlet oxygen and copper(II) sulfate induced enolization
and photooxygenation by oxygen respectively.112 Dussault et al. re-
ported the stereoselective preparation of chondrillin and plakorin
via singlet oxygenation and radical rearrangement.116


Schobert et al. showed another aspect of Snider’s protocol in the
case of 2,5-dihydrofuran-2,4-dione 146—an important structural
element in bioactive compounds that is prone to oxidation when it
has an alkylidene group at position 3 (Scheme 38).117,118 Reaction
was activated by copper(II) sulfate that acts as a photosensitizer
and promoter of enolization and proceeds under acidic conditions.
Results point to the involvement of a singlet oxygen with [2 + 2]
cycloaddition to the enol double bond and [1,3] O-shift to form the
dioxen cycle. An alternative path involving [4 + 2] cycloaddition is
less probable.


Scheme 38


A photoenolization and oxygenation strategy was applied for
the synthesis of antimalarial 3-methoxy-1,2-dioxane derivatives.
The reaction of a,b-unsaturated ketone 149 in methanol led
to the formation of 3-methoxy-1,2-dioxane derivatives 151 with
significant antimalarial activity (Scheme 39).119,120
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Scheme 39


4.5. Hydroperoxy ketals as synthons


As already pointed out, hydroperoxy ketals 7C and 7D serve
as starting compounds for various peroxides via etherification
or peretherification reactions. Another transformation includes
alkenyl substituted hydroperoxy ketals 7D, where ozonolysis of the
C–C double bond enables intramolecular cyclization into various
macrocyclic peroxides. A study of cyclization of unsaturated
hydroperoxy ketals 111 revealed that the cleavage of the primary
ozonide that is formed in ozonolysis depends on the structure
of the ozonide and on the reaction conditions with the solvent
playing a crucial role. For example, 1,2,4-trioxane 152a was
formed in a 24% yield in CH2Cl2 and it was accompanied by
the formation of 38% of corresponding alcohol, whereas the 7-
membered ring peroxide-1,2,4-trioxepane 152b was formed in a
better yield, however TFE was necessary for its selective formation
(Scheme 40). Eight- and even nine-membered ring peroxides 152c
and 152d were formed when a more acidic solvent was used
although in lower yields.121


Scheme 40


Among the solvents studied, trifluoroethanol had an important
effect in the cyclization reactions by enhancing the cyclization
step by activating carbonyl oxides to react with nucleophiles and
prevent side reactions like cycloaddition to occur. Transformation
in TFE depends on the geometry of the hydroperoxy ketal 153
(Scheme 41). When the hydroperoxy group is in the cis position, the
endoperoxide 154 is formed due to the proximity of the hydroper-
oxy group and the carbonyl oxide, while the trans isomer cannot
form the desired product and 155 is formed instead. An alternative
cyclization strategy involves halonium mediated cyclization with
bis(collidine)iodine(I) hexafluorophosphate (BCIH) and similar
results on the effect of geometry of the molecule on the type of
product were observed. Again, the isomer with the hydroperoxy
group in the cis position gives endoperoxide 156 while the trans-
one gives 157.122


By ozonolysis of tetramethylethene 158 in methanol, 2-
hydroperoxy-2-methoxypropane 159 was obtained and it was
used as a building block for hydroperoxides 163 or peracids 161
by alkylation/acylation and subsequent hydrolysis in acetic acid
(Scheme 42).75,123 Furthermore, peroxy ketals 162 were converted


Scheme 41


Scheme 42


by Lewis acid to the peroxycarbenium intermediate which reacts
with nucleophiles to form various peroxides.81,124,125 Even the
stereoselective version of this reaction with chiral silyl enol ethers
was studied.126


Perketals were also used as a protecting group for hydroper-
oxides. As a result, the hydroperoxides could be subjected to
iodination, Wittig olefination, reductions and palladium-catalyzed
C–C bond forming reactions (Scheme 43).127–129


5. a-Heteroatom hydroperoxides 7E


The perketal derivatives 7C and 7D are the main constituents
of a group of a-heteroatom substituted peroxides, while there
are only limited examples of nitrogen and sulfur derivatives 7E,
although heterocyclic nitrogen derivatives of 7E are important
in biochemical oxygenation as exemplified by the role of 4a-
hydroperoxyflavin.130 A series of model amine peroxides 172 as
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Scheme 43


targeted antimalarials containing a tBu-peroxy function were
synthesized from secondary amines 171 by treating them with
formaldehyde and tBu-hydroperoxide in methanol (Scheme 44).131


Scheme 44


Derivatives of dioxohexahydrotriazine 173 readily undergo
oxidation in air to form cyanuric acid derivatives. During the
reaction in chlorobenzene at lower temperatures, hydroperoxidic
products 174 occur and decomposition to trimethylcyanuric acid
175 begins with increasing the temperature (Scheme 45).132


Scheme 45


N-Cyclopropyl-N-phenylamine derivative 176 undergoes aer-
obic oxidative ring opening to produce the relatively stable 3-
amino-1,2-dioxolane derivative 177 (Scheme 46). An autocatalytic
oxygenation mechanism was proposed for the formation of the
1,2-dioxolane product.133


Sulfur containing hydroperoxide was formed in a photochem-
ical [3 + 2] oxygen cycloaddition to a cyclopropane ring in
benzothiazinone spirocyclopropanes 178 (Scheme 47). Substrates
were irradiated under a tungsten lamp in the presence of catalytic
amounts of diphenyl diselenide and dioxolanes 179 were formed
as a mixture of diastereomers in good yields.134


Scheme 46


Scheme 47


6. Conclusion


An increasing need for organic peroxides as industrial chemicals
and especially as bioactive compounds generates a demand for
their effective synthesis. Direct conversion of carbon–carbon or
carbon–heteroatom bonds into gem-dihydroperoxides and perke-
tal derivatives with hydrogen peroxide, ozone and less frequently
with singlet or triplet oxygen presents a basic synthetic pathway,
while further cyclization provides a synthetic route to various
cyclic peroxides of different size and structure. With increasing
knowledge about peroxidation reactions we can expect that
targeted organic peroxides will be more available and significant
advancement in their properties and activity will be achieved.
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A new series of subphthalocyanines substituted axially with an oligoethylene glycol chain
[SPcB(OCH2CH2)nOH, n = 3 (2) or 4 (3)] or a p-phenoxy oligoethylene glycol methyl ether chain
[SPcBOC6H4(OCH2CH2)nOCH3, n = 2 (4) or 3 (5)] have been synthesised by substitution reactions of
boron subphthalocyanine chloride SPcBCl (1) with the corresponding oligoethylene glycols, and
characterised with various spectroscopic methods and elemental analysis. The molecular structure of
one of these compounds (subphthalocyanine 4) has also been determined. As revealed by absorption
spectroscopy, these compounds are essentially non-aggregated in DMF. The low aggregation tendency
of these compounds results in a strong fluorescence emission and high efficiency to generate singlet
oxygen. All these subphthalocyanines, being formulated with Cremophor EL, function as efficient
photosensitisers and exhibit a high photocytotoxicity against HepG2 human hepatocarcinoma and
HT29 human colon adenocarcinoma cells. The phenoxy analogues 4 and 5 show a relatively high
photostability and are particularly potent towards these cell lines, with IC50 values down to 0.02 lM.


Introduction


Photodynamic therapy (PDT) employs non-toxic photosensitisers
and harmless visible light in combination with tissue oxygen to
produce cytotoxic reactive oxygen species that destroy malignant
cells and tissues by multifactorial mechanisms.1 Much research
effort has been put in the advancement of photosensitisers, which
play a crucial role controlling the overall efficacy of PDT. Various
tetrapyrrole derivatives such as porphyrins, chlorins and ph-
thalocyanines have been studied extensively for this application.2


Subphthalocyanines are regarded as the lower homologues of
phthalocyanines with three diiminoisoindoline units N-fused
around a boron centre.3 Owing to the cone-shaped structure,
these compounds show a much lower aggregation tendency and
higher solubility than phthalocyanines. This feature, together with
their delocalised 14-p-electron cores, lead to strong absorption
and fluorescence emission in the orange–yellow visible region
(ca. 560–600 nm). Preliminary photophysical studies have also
found that these macrocycles can exhibit high triplet and singlet
oxygen quantum yields,4 making them potentially useful as
photosensitisers for various photosensitising applications.


The early impetus for research into subphthalocyanines
stemmed from their use in ring expansion reactions to prepare
unsymmetrical A3B-type phthalocyanines.5 Recently, the focus
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has shifted to their technological applications, for example, as
octupolar non-linear optical materials,6 photovoltaic devices7 and
photosynthetic models for the study of photoinduced electron and
energy transfer processes.8 Recently, the use of these compounds
as colorimetric and fluorometric molecular probes for cyanide and
fluoride anions has also been reported.9 To our knowledge, reports
on the bio-medical applications of this class of functional dyes
remain extremely rare.10 We report herein the synthesis and charac-
terisation of a new series of axially substituted subphthalocyanines
and the first use of these compounds as efficient photosensitisers
in PDT.


Results and discussion


The axially substituted subphthalocyanines 2–5 were prepared by
typical substitution reactions of the commercially available boron
subphthalocyanine chloride (1) with the corresponding alcohols
in the presence of triethylamine in toluene (Scheme 1). These
oligoethylene glycols were employed to increase the solubility
and biocompatibility of the resulting subphthalocyanines. As a


Scheme 1
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result, these compounds possessed a high solubility in many
organic solvents and could be purified readily by silica-gel column
chromatography followed by size exclusion chromatography with
Bio-Beads S-X1 beads. The yields of the phenoxy analogues 4
and 5 (30–37%) were substantially higher than those of the alkoxy
counterparts 2 and 3 (5–7%), which is in accord with the results
for previously described alkoxy (OMe, OEt, OtBu and OiPr) and
aryloxy subphthalocyanines.3b,11


Compounds 2–5 were fully characterised by various spectro-
scopic methods and elemental analysis. The 1H NMR spectra of
these compounds in CDCl3 showed two typical AA′BB′ downfield
multiplets (at d 7.8–8.9) for the subphthalocyanine ring protons,
and upfield-shifted signals for the axial substituents due to the
shielding by the subphthalocyanine ring current. The molecular
structure of compound 4 (Fig. 1) was also determined by X-ray
diffraction analysis. Single crystals of this compound were grown
by layering hexane onto a chloroform solution. The compound co-
crystallises with one equiv. of solvated chloroform in the triclinic
system with a P1̄ space group. As shown in Fig. 1, the boron centre
is tetra-coordinated, forming a cone-shaped structure. The B–O
bond distance [1.440(4) Å] and the average B–N bond distance
[1.496(5) Å] are comparable with those in the ethoxy analogue
SPcBOEt [1.418(5) and 1.512(5) Å, respectively].12


Fig. 1 Molecular structure of 4 showing the 30% probability thermal
ellipsoids for all non-hydrogen atoms. The carbon atoms C31 and C31′


occupy a site with half occupancy.


The absorption spectra of compounds 2–5 in DMF are very
similar, showing the B band at 301–302 nm, the Q band at
561–562 nm, together with a vibronic shoulder at 504–505 nm.
The data are compiled in Table 1. The very similar spectra of
these compounds indicate that the macrocyclic p system is not
perturbed by the axial ligand. By plotting the Q-band absorbance
vs. the concentration, a linear relationship was found for all these
compounds, showing that they are essentially non-aggregated


under these conditions. Due to the low aggregation tendency, these
compounds were highly fluorescent. Upon excitation at 510 nm,
these compounds emitted at 570–571 nm with a fluorescence
quantum yield (U f) of 0.56–0.58 (for 2 and 3) or 0.20 (for 4 and
5) relative to rhodamine B in ethanol (U f = 0.49) (Table 1).13 The
lower fluorescence quantum yields of the latter two compounds
can be attributed to the presence of the phenoxy moiety, which
partially quenches the fluorescence of the subphthalocyanine
core by an intramolecular photo-induced electron transfer (PET)
process.14 Fig. 2 gives the absorption and fluorescence spectra of
4 in DMF, which are typical of the other subphthalocyanines.


Fig. 2 Absorption (—) and fluorescence (---) spectra of 4 in DMF
(2.0 lM). The inset plots the Q-band absorbance (at 562 nm) vs. the
concentration of 4, showing that the Lambert–Beer Law is followed.


To evaluate the photosensitising efficiency of these compounds,
their singlet oxygen quantum yields (UD) were also determined in
ethanol by a steady-state method using 1,3-diphenylisobenzofuran
(DPBF) as the scavenger. The concentration of the quencher was
monitored spectroscopically at 410 nm with time, from which
the values of UD could be determined by the method described
previously (Table 1).15 As shown in Fig. 3, which compares the
rates of decay of DPBF using 2–5 as the photosensitisers, all
these subphthalocyanines can generate singlet oxygen. The alkoxy
analogues 2 and 3 [UD = 0.64–0.67 relative to rose bengal (UD =
0.68)16] are much more effective than the phenoxy counterparts
4 and 5 (UD = 0.14–0.15) in the generation of singlet oxygen in
ethanol. This can be attributed to the absence of PET arising from
the phenoxy moiety in 4 and 5, thereby facilitating the intersystem
crossing and photosensitisation processes.


The photodynamic activity of compounds 2–5 in Cremophor
EL emulsions was investigated against two different cell lines,
namely HepG2 human hepatocarcinoma and HT29 human colon
adenocarcinoma cells. Due to the fact that the Q band of sub-
phthalocyanines appears at a relatively short-wavelength position


Table 1 Electronic absorption and photophysical data for 2–5


Compound kmax/nm (log e)a kem/nm a ,b U f
a ,c UD


d ,e


2 301 (4.60), 504 (4.32), 561 (4.88) 570 0.58 0.67
3 301 (4.47), 505 (4.16), 561 (4.72) 570 0.56 0.64
4 302 (4.58), 505 (4.34), 562 (4.90) 571 0.20 0.15
5 302 (4.54), 505 (4.27), 562 (4.83) 571 0.20 0.14


a In DMF. b Excited at 510 nm. c Using rhodamine B in ethanol as the reference (U f = 0.49). d In ethanol. e Using rose bengal as the reference (UD = 0.68).
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Fig. 3 Comparison of the rates of decay of DPBF in ethanol as
monitored spectroscopically at 410 nm, using subphthalocyanines 2–5 as
the photosensitisers and rose bengal as the reference.


(ca. 560 nm), a colour glass filter cut-on of 515 nm was used. Fig. 4
shows the dose-dependent survival curves for 2–5 on HepG2 and
HT29. It can be seen that while these compounds are essentially


Fig. 4 Effects of 2 (stars), 3 (squares), 4 (circles) and 5 (triangles) on
(a) HepG2 and (b) HT29 in the absence (closed symbols) and presence
(open symbols) of light (k > 515 nm, 49 mW cm−2, 59 J cm−2). Data
are expressed as mean values ± standard error of the mean of three
independent experiments, each performed in quadruplicate.


Table 2 Comparison of the IC50 valuesa of 2–5 against HepG2 and HT29


IC50/lM


Compound For HepG2 For HT29


2 0.06 0.17
3 0.23 0.46
4 0.02 0.02
5 0.02 0.04


a Defined as the dye concentration required to kill 50% of the cells.


non-cytotoxic in the absence of light (up to 2.0 lM), they exhibit
a very high photocytotoxicity. The corresponding IC50 values,
defined as the dye concentration required to kill 50% of the cells,
are summarised in Table 2. Interestingly, although the phenoxy
analogues 4 and 5 have a lower singlet oxygen quantum yield than
the alkoxy counterparts 2 and 3 in ethanol (Table 1), they show a
significantly higher photocytotoxicity, and the IC50 values are as
low as 0.02 lM. For these two compounds, about 0.5 lM of the
dye was sufficient to kill 90% of the cells, while for 2 and 3, up to
2.0 lM of the dye was required.


The cellular uptake of these compounds was also examined by
fluorescence microscopy. After incubation with these compounds
(formulated with Cremophor EL) for 2 h and upon excitation at
490 nm (monitored at 500–575 nm), the HT29 cells showed a rather
strong intracellular fluorescence as granular spots throughout the
cytoplasm (Fig. 5). This observation indicated that there was
substantial uptake of the dyes.


Fig. 5 Fluorescence images of HT29 cells incubated with (a) 2, (b) 3, (c)
4 and (d) 5 in Cremophor EL (8.0 lM) for 2 h (excited at 490 nm and
monitored at 500–575 nm).


To account for the discrepancy in photocytotoxicity, we exam-
ined the stability of these compounds in the culture media by
monitoring the decay of the Q band along with time. Initially,
the UV-Vis spectra of 2–5 in these media resembled the corre-
sponding spectra recorded in DMF, and all the compounds also
showed a relatively strong fluorescence emission (Fig. S1†). These
results suggested that these compounds are also essentially non-
aggregated in the biological media. Fig. 6 shows the changes in
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Fig. 6 Changes in the Q-band absorbance of 2 (stars), 3 (squares), 4
(circles) and 5 (triangles) in the DMEM medium (all at 2.0 lM) with time,
both in the absence (closed symbols) and presence (open symbols) of light
(k > 515 nm, 9 mW cm−2). The data were taken at 3 min intervals.


the Q-band absorbance of 2–5 in the DMEM medium (for HT29
cells) with time, both in the dark and under irradiation with yellow
light (k > 515 nm). It can be seen that, in the absence of light, the
absorbance remains essentially unchanged for all the compounds,
showing that they are stable in the medium in the dark. However,
the alkoxy analogues 2 and 3 are unstable upon irradiation as
shown by the rapid decrease in the Q-band absorbance. The values
drop by 31–32% in 21 min, while those for the phenoxy analogues
4 and 5 decrease by only 3–4%. Similar results were observed in
the RPMI medium 1640 (for HepG2 cells), in which the Q-band
absorbance decreases by 23% for 2 and 3, and 3–5% for 4 and 5
upon irradiation for 21 min (Fig. S2†). These observations clearly
indicate that the latter two subphthalocyanines have a much higher
photostability in the culture media.


The efficiency of these subphthalocyanines to generate singlet
oxygen in the DMEM medium was also compared by the method
reported by Kraljić and El Mohsni.17 In this method, imidazole
was used to capture singlet oxygen to form a transannular
peroxide intermediate which can induce the bleaching of 4-nitro-
sodimethylaniline (RNO) as followed spectroscopically at 440 nm.
While all the compounds induced a comparable decrease in the
absorbance at 440 nm (15–19% after 21 min), the Q band of
the alkoxy subphthalocyanines 2 and 3 diminished at a much
faster rate than the phenoxy analogues 4 and 5 (57–59% vs. 9–
11% after 21 min) (Fig. S3†). The results suggested that the higher
singlet oxygen generation efficiency for 2 and 3 is counteracted by
their lower photostability, leading to a comparable efficiency with
4 and 5.


Conclusions


In summary, a new series of axially substituted subphthalo-
cyanines 2–5 have been synthesised and characterised. These
compounds exhibit a high photocytotoxicity against HepG2 and
HT29 cells, with IC50 values down to 0.02 lM. The phenoxy
subphthalocyanines 4 and 5 are more potent than the alkoxy
counterparts 2 and 3, which can be partly explained by their higher
photostability. Further investigation to enhance the photodynamic


activity and photostability of this new class of photosensitisers is
underway.


Experimental


Experimental details regarding the purification of solvents, in-
strumentation, and in vitro studies are described elsewhere.18


Triethylene glycol and tetraethylene glycol (Merck) were dried by
azeotropic distillation with toluene prior to use.


4-(3,6-Dioxaheptoxy)phenol19


A mixture of hydroquinone (4.8 g, 43.6 mmol), 3,6-dioxaheptyl-
4-toluenesulfonate (6.0 g, 21.9 mmol)20 and potassium carbonate
(9.0 g, 65.1 mmol) in acetonitrile (200 mL) was heated at reflux
overnight. After cooling, the suspension was filtered and the
filtrate was concentrated under reduced pressure. The residue
was then chromatographed on a silica-gel column using CHCl3–
MeOH [from 100 : 1 to 40 : 1 (v/v) gradually] as eluent. The
product was obtained as a pale yellow oil (2.2 g, 47%). 1H NMR
(300 MHz, CDCl3): d 6.72–6.79 (m, 4 H, ArH), 5.04 (s, 1 H,
ArOH), 4.05 (vt, J = 4.9 Hz, 2 H, ArOCH2), 3.82 (vt, J = 4.9 Hz,
2 H, ArOCH2CH2), 3.70–3.73 (m, 2 H, CH2), 3.57–3.60 (m, 2 H,
CH2), 3.40 (s, 3 H, CH3); HRMS (ESI) calcd for C11H16NaO4 [M +
Na]+ 235.0941, found 235.0943.


4-(3,6,9-Trioxadecoxy)phenol19


According to the above procedure, hydroquinone (10.0 g,
90.8 mmol) was treated with 3,6,9-trioxadecyl-4-toluenesulfonate
(14.4 g, 45.2 mmol)20 and potassium carbonate (18.7 g, 0.14 mol)
in acetonitrile (200 mL) to give the product as a pale yellow oil
(7.0 g, 60%). 1H NMR (300 MHz, CDCl3): d 6.72–6.79 (m, 4 H,
ArH), 5.03 (s, 1 H, ArOH), 4.04 (vt, J = 5.1 Hz, 2 H, ArOCH2),
3.82 (vt, J = 5.1 Hz, 2 H, ArOCH2CH2), 3.65–3.74 (m, 6 H, CH2),
3.56–3.58 (m, 2 H, CH2), 3.38 (s, 3 H, CH3); HRMS (ESI) calcd
for C13H20NaO5 [M + Na]+ 279.1203, found 279.1210.


General procedure for the preparation of 2–5


A mixture of boron subphthalocyanine chloride (1) (150 mg,
0.35 mmol), triethylamine (0.17 mL, 1.22 mmol) and the cor-
responding oligoethylene glycol (6 equiv. with respect to 1) in
toluene (10 mL) was heated at reflux for 24 h. After cooling, the
volatiles were removed under reduced pressure, and the residue was
loaded onto a silica-gel column and eluted with CHCl3–MeOH
(30 : 1, v/v). The crude product obtained was further purified by
size exclusion chromatography with Bio-Beads S-X1 beads using
THF as eluent. The final product was isolated as a violet solid.


Subphthalocyanine 2. Yield 5%; 1H NMR (300 MHz, CDCl3):
d 8.83–8.86 (m, 6 H, SPc-Ha), 7.86–7.89 (m, 6 H, SPc-Hb), 3.70 (t,
J = 4.5 Hz, 2 H, CH2OH), 3.46 (t, J = 4.5 Hz, 2 H, CH2CH2OH),
3.30 (t, J = 4.5 Hz, 2 H, CH2), 3.06 (t, J = 4.5 Hz, 2 H, CH2),
2.57 (t, J = 4.8 Hz, 2 H, BOCH2CH2), 1.66 (t, J = 4.8 Hz, 2
H, BOCH2); 13C{1H} NMR (75.4 MHz, CDCl3): d 151.4, 130.9,
129.7, 122.1, 72.6, 70.9, 70.1, 65.9, 61.9, 58.7; HRMS (ESI) calcd
for C30H25BN6NaO4 [M + Na]+ 567.1923, found 567.1917. Anal.
Calcd for C30H25BN6O4: C, 66.19; H, 4.63; N, 15.44. Found: C,
66.65; H, 4.87; N, 15.66.
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Subphthalocyanine 3. Yield 7%; 1H NMR (300 MHz, CDCl3):
d 8.83–8.89 (m, 6 H, SPc-Ha), 7.87–7.92 (m, 6 H, SPc-Hb), 3.70–
3.76 (m, 2 H, CH2OH), 3.53–3.58 (m, 4 H, CH2), 3.38–3.42 (m, 2
H, CH2), 3.24–3.27 (m, 2 H, CH2), 3.04–3.08 (m, 2 H, CH2), 2.56
(t, J = 5.1 Hz, 2 H, BOCH2CH2), 1.64 (t, J = 5.1 Hz, 2 H, BOCH2);
13C{1H} NMR (75.4 MHz, CDCl3): d 151.4, 130.9, 129.7, 122.1,
72.6, 70.8, 70.4, 70.3, 70.1, 70.0, 61.7, 58.6; HRMS (ESI) calcd
for C32H29BN6NaO5 [M + Na]+ 611.2185, found 611.2190. Anal.
Calcd for C33H33BN6O6 (3·MeOH): C, 63.88; H, 5.36; N, 13.54.
Found: C, 64.01; H, 4.95; N, 13.66.


Subphthalocyanine 4. Yield 30%; 1H NMR (300 MHz,
CDCl3): d 8.83–8.86 (m, 6 H, SPc-Ha), 7.89–7.92 (m, 6 H, SPc-Hb),
6.30 (d, J = 9.0 Hz, 2 H, C6H4), 5.34 (d, J = 9.0 Hz, 2 H, C6H4),
3.86–3.89 (m, 2 H, CH2), 3.69–3.71 (m, 2 H, CH2), 3.61–3.64 (m,
2 H, CH2), 3.49–3.53 (m, 2 H, CH2), 3.36 (s, 3 H, CH3); 13C{1H}
NMR (75.4 MHz, CDCl3): d 153.4, 151.2, 146.1, 130.9, 129.8,
122.2, 119.9, 114.8, 71.9, 70.6, 69.8, 67.5, 59.0; HRMS (ESI) calcd
for C35H27BN6NaO4 629.2079, found 629.2078. Anal. Calcd for
C35H27BN6O4: C, 69.32; H, 4.49; N, 13.86. Found: C, 69.60; H,
4.62; N, 13.83.


Subphthalocyanine 5. Yield 37%; 1H NMR (300 MHz,
CDCl3): d 8.81–8.85 (m, 6 H, SPc-Ha), 7.86–7.91 (m, 6 H, SPc-Hb),
6.30 (d, J = 9.0 Hz, 2 H, C6H4), 5.32 (d, J = 9.0 Hz, 2 H, C6H4),
3.84–3.87 (m, 2 H, CH2), 3.70–3.73 (m, 2 H, CH2), 3.60–3.67 (m,
6 H, CH2), 3.49–3.53 (m, 2 H, CH2), 3.35 (s, 3 H, CH3); 13C{1H}
NMR (75.4 MHz, CDCl3): d 153.3, 151.2, 146.0, 130.9, 129.7,
122.2, 119.9, 114.8, 71.9, 70.7, 70.6, 70.5, 69.7, 67.5, 59.0; HRMS
(ESI) calcd for C37H31BN6NaO5 673.2341, found: 673.2341. Anal.
Calcd for C37H31BN6O5: C, 68.32; H, 4.80; N, 12.92. Found: C,
67.93; H, 5.17; N, 12.56.


X-Ray crystallographic analysis of 4·CHCl3


Crystal data and details of data collection and structure refinement
are given in Table 3. Data were collected on a Bruker SMART
CCD diffractometer with an MoKa sealed tube (k = 0.71073
Å) at 293 K, using a x scan mode with an increment of 0.3◦.
Preliminary unit cell parameters were obtained from 45 frames.
Final unit cell parameters were obtained by global refinements
of reflections obtained from integration of all the frame data.
The collected frames were integrated using the preliminary cell-
orientation matrix. SMART software was used for collecting
frames of data, indexing reflections and determination of lattice
constants; SAINT-PLUS for integration of intensity of reflections
and scaling;21 SADABS for absorption correction;22 and SHELXL
for space group and structure determination, refinements, graphics
and structure reporting.23 CCDC reference number 658016. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b712788j.
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Table 3 Crystallographic data for 4·CHCl3


Formula C36H28BCl3N6O4


Mr 725.80
Crystal size/mm3 0.50 × 0.40 × 0.30
Crystal system Triclinic
Space group P1̄
a/Å 8.8675(12)
b/Å 12.5714(17)
c/Å 16.873(2)
a/◦ 77.372(3)
b/◦ 85.404(3)
c /◦ 69.451(2)
V/Å3 1718.6(4)
Z 2
F(000) 748
qcalcd/Mg m−3 1.403
l/mm−1 0.316
h range/◦ 1.77–25.00
Reflections collected 9303
Independent reflections 5993 (Rint = 0.0206)
Parameters 461
R1 [I > 2r(I)] 0.0680
wR2 [I > 2r(I)] 0.1870
Goodness of fit 1.020
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Chiral a,b-unsaturated esters, containing a single, c-stereogenic centre, show modest levels of substrate
control upon conjugate addition of lithium dibenzylamide. Double diastereoselective conjugate
additions of homochiral lithium N-benzyl-N-(a-methylbenzyl)amide to the homochiral a,b-unsaturated
esters display “matching” and “mismatching” effects. In each case, however, these additions proceed
under the dominant stereocontrol of the lithium amide to give the corresponding b-amino esters in high
de. A remarkable reversal in stereoselectivity is noted by changing the ester functionality to an
oxazolidinone. Subsequent O-deprotection and cyclisation of the resultant b-amino adducts gives
access to the corresponding b-amino-c-substituted-c-butyrolactones in good yield and high de.


Introduction


The conjugate addition of homochiral secondary lithium amides
derived from a-methylbenzylamine to a,b-unsaturated esters and
amides has been widely used for the asymmetric synthesis of
b-amino acid derivatives.1 This methodology has found use in
a plethora of applications ranging from total synthesis2 to kinetic
resolution,3 and has recently been reviewed.1 As part of our
ongoing investigations directed toward the de novo asymmetric
synthesis of monosaccharides and amino sugars, we have pre-
viously demonstrated the extension of this methodology to the
conjugate addition to achiral c-benzyloxy- and c-silyloxy-a,b-
unsaturated esters and amides for the asymmetric synthesis of
b-amino-c-butyrolactones.4 In order to extend further the utility
of this conjugate addition methodology, its application to the
preparation of a range of b-amino-c-substituted-c-butyrolactones
was investigated. It was envisaged that an investigation of the
double diastereoselectivity5 observed upon conjugate addition of
homochiral lithium amides to chiral a,b-unsaturated esters 1 con-
taining a c-stereogenic centre, and subsequent cyclisation, would
generate a range of b-amino-c-substituted- and a,c-disubstituted-
b-amino-c-butyrolactones 4 and 5 with high stereocontrol (Fig. 1).


The conjugate addition of lithium amides to a,b-unsaturated
esters containing a c-alkoxy stereogenic centre has been previ-
ously reported in the literature. For example, Yamamoto et al.
have demonstrated that conjugate addition of lithium N-benzyl-
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† Electronic supplementary information (ESI) available: Further experi-
mental details. See DOI: 10.1039/b712937h
‡ CCDC reference number 634215. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b712937h


Fig. 1 Proposed route to homochiral b-amino-c-substituted-c-
butyrolactones 4 and a,c-disubstituted-b-amino-c-butyrolactones 5.


N-trimethylsilylamide 6 to the mandelate-derived a,b-unsaturated
ester 7 proceeds with exclusive anti selectivity to furnish b-amino
ester anti-8, whilst conjugate addition of lithium amide 6 to
the lactate-derived a,b-unsaturated ester 9 occurs with high syn
selectivity. Conjugate addition of lithium dibenzylamide 12 to
lactate-derived a,b-unsaturated ester 9, meanwhile, is moderately
anti selective (Fig. 2).6


Furthermore, Sewald et al. have shown that conjugate addition
of homochiral lithium N-(a-methylbenzyl)-N-trimethylsilylamide
16 to the homochiral a,b-unsaturated ester (S,E)-17 (derived from
glyceraldehyde 15) in Et2O proceeds under the stereocontrol of the
chiral acceptor, with high syn selectivity noted independent of
the absolute configuration of the nucleophile. In THF, however,
the additions proceed with no stereocontrol (Fig. 3).7


We detail herein our full studies concerning the stereoselectivity
observed upon conjugate addition of homochiral lithium amides
to a range of homochiral a,b-unsaturated acceptors containing
a c-stereogenic centre. In each case, an evaluation of substrate
control through the conjugate addition of an achiral lithium amide
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Fig. 2 Conjugate additions of lithium N-benzyl-N-trimethylsilylamide
6 and lithium dibenzylamide 12 to mandelate- and lactate-derived
homochiral a,b-unsaturated esters 7 and 9.


Fig. 3 Conjugate addition of homochiral lithium N-(a-methylbenzyl)-
N-trimethylsilylamide 16 to glyceraldehyde-derived homochiral
a,b-unsaturated ester (S,E)-17.


to the chiral acceptor is used to predict the configuration of the
“matched” reaction pairing.


Results and discussion


Double diastereoselective conjugate addition of homochiral lithium
amides to homochiral c-silyloxy-a,b-unsaturated esters


Initial studies were directed toward the preparation of c-tert-
butyldimethylsilyloxy-a,b-unsaturated esters derived from methyl
mandelate and methyl lactate, containing a single stereogenic
centre at the c-position. Following established experimental
procedures8 methyl (RS)-mandelate (RS)-22 was silylated and
subsequently reduced with DIBAL-H to give aldehyde (RS)-24
in 96% yield over two steps. Treatment of aldehyde (RS)-24 with
the sodium anion of tert-butyl diethylphosphonoacetate gave a
92 : 8 (E) : (Z) mixture of olefins, from which (RS,E)-26
was isolated in 75% yield as a single geometric isomer after
chromatography. The corresponding homochiral a,b-unsaturated
ester (R,E)-26 (>98% de, 98% ee)9 was prepared in an analogous
fashion from methyl (S)-mandelate (S)-22, and similar elaboration
of methyl (S)-lactate (S)-23 gave (S,E)-2710 (Scheme 1).


Scheme 1 Reagents and conditions: (i) TBDMSCl, imidazole, DMF, rt;
(ii) DIBAL-H, −78 ◦C, PhMe; (iii) tert-butyl diethylphosphonoacetate,
NaH, THF, −78 ◦C to rt. a Isolated as a single alkene stereoisomer
(>98% de).


Previous investigations from this laboratory concerning the
kinetic resolution of 3- and 5-alkyl-cyclopentene-1-carboxylates
have demonstrated that the stereoselectivity in these systems is best
evaluated through an initial investigation of the level of substrate
control upon conjugate addition of an achiral lithium amide to
the chiral acceptor. The level of enantiorecognition between the
substrate and the chiral lithium amide is subsequently evaluated
through their mutual kinetic resolution (addition of racemic accep-
tor to an excess of racemic lithium amide).3 The application of this
experimental protocol to acyclic a,b-unsaturated ester (RS,E)-26
was thus examined, with conjugate addition of lithium dibenzy-
lamide 12 to (RS,E)-26 giving an inseparable 88 : 12 mixture of
anti-28 : syn-29 in 96% isolated yield. Having demonstrated that
the c-stereocentre within 26 exerts moderate levels of stereocontrol
upon addition of lithium dibenzylamide 12, the extent of enan-
tiorecognition upon reaction of (RS,E)-26 with lithium (RS)-N-
benzyl-N-(a-methylbenzyl)amide (RS)-30 was probed. Conjugate
addition of lithium amide (RS)-30 to (RS,E)-26 gave a 92 : 8
mixture (84% de) of anti-31 : syn-32 only, which was isolated in
91% yield, consistent with E = 1211 (Scheme 2). Lithium N-benzyl-
N-(a-methylbenzyl)amide 30 is known to add to acyclic a,b-
unsaturated esters with extremely high, and predictable, levels of
stereocontrol (typically >95% de),1,12,13 and the anti configuration
within the major diastereoisomer 31 was therefore assigned on
the basis of high levels of enantiorecognition between the chiral
a,b-unsaturated ester and chiral lithium amide. The syn configu-
ration of the minor diastereoisomer 32 was assumed on the basis
that the high stereocontrol of the lithium amide overrides the
moderate substrate control of the ester. The configuration at C(3)
within both anti-31 and syn-32 relative to the N-a-methylbenzyl
stereocentre was thus assigned by analogy to the model developed


Scheme 2 Reagents and conditions: (i) lithium dibenzylamide 12, THF,
−78 ◦C, 2 h; (ii) lithium (RS)-N-benzyl-N-(a-methylbenzyl)amide (RS)-30,
THF, −78 to −50 ◦C, 12 h.
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to explain the high stereoselectivity observed during addition of
lithium N-benzyl-N-(a-methylbenzyl)amide 30 to a,b-unsaturated
acceptors.12 The preferential anti stereoselectivity upon conjugate
addition to tert-butyl ester (RS,E)-26 is analogous to that de-
scribed by Yamamoto et al. for the conjugate addition of lithium
N-benzyl-N-trimethylsilylamide 6 to the corresponding iso-propyl
ester 7 (vide supra, Fig. 2), and was subsequently confirmed
unambiguously by a separate synthesis in the enantiomerically
pure series.


As chiral a,b-unsaturated ester 26 shows reasonable substrate
control upon conjugate addition of achiral lithium dibenzyl-
amide 12, double diastereoselectivity upon conjugate addition of
homochiral lithium amides (S)-30 and (R)-30 was anticipated;
conjugate addition of lithium amide (S)-30 to homochiral a,b-
unsaturated ester (R,E)-26 was expected to represent the doubly
diastereoselective “matched” case, with addition of lithium amide
(R)-30 to (R,E)-26 the “mismatched” case, although the high
stereocontrol of the lithium amide was predicted to override the
modest control of the a,b-unsaturated ester. Indeed, conjugate
addition of lithium amide (S)-30 to (R,E)-26 gave anti-31 as a
single diastereoisomer (>98% de) in 95% yield, whilst conjugate
addition of lithium amide (R)-30 to (R,E)-26 gave a chromato-
graphically inseparable 11 : 89 mixture of anti-33 : syn-32 in 94%
yield (Scheme 3). The anti diastereoisomer 31 from the “matched”
addition, and the major syn diastereoisomer 32 from the
“mismatched” addition were spectroscopically identical to the
b-amino ester products 31 and 32 observed from conjugate addi-
tion of racemic lithium amide (RS)-30 to racemic a,b-unsaturated
ester (RS,E)-26 thus confirming the assigned configurations.


Scheme 3 Reagents and conditions: (i) lithium (S)-N-benzyl-
N-(a-methylbenzyl)amide (S)-30, THF, −78 to −50 ◦C, 12 h; (ii) lithium
(R)-N-benzyl-N-(a-methylbenzyl)amide (R)-30, THF, −78 to −50 ◦C,
12 h.


The extension of this protocol to conjugate addition to the
lactate-derived a,b-unsaturated ester (S,E)-27 was investigated. In
accordance with the observations of Yamamoto et al. concerning
conjugate addition of lithium dibenzylamide 12 to lactate-derived
a,b-unsaturated ester 9 (vide supra, Fig. 2)6 the conjugate addition
of lithium dibenzylamide 12 to (S,E)-27 gave a chromatographi-
cally separable 80 : 20 mixture of anti-34 : syn-35 in 81% combined
yield, consistent with the chiral a,b-unsaturated ester 27 also giving
preferentially anti substrate control, but to a lower extent than
chiral a,b-unsaturated ester 26. In support of this hypothesis, the
“matched” addition of lithium amide (S)-30 gave anti-36 as a single
diastereoisomer (>98% de) in 96% yield, whilst “mismatched”


addition of lithium amide (R)-30 gave an inseparable 5 : 95 mixture
of anti-37 : syn-38 in 95% isolated yield (Scheme 4).


Scheme 4 Reagents and conditions: (i) lithium dibenzylamide 12, THF,
−78 ◦C, 2 h; (ii) lithium (S)-N-benzyl-N-(a-methylbenzyl)amide (S)-30,
THF, −78 ◦C, 2 h; (iii) lithium (R)-N-benzyl-N-(a-methylbenzyl)amide
(R)-30, THF, −78 ◦C, 2 h.


The levels of 1,2-asymmetric induction exerted upon conjugate
additions of a range of nucleophiles to acyclic a,b-unsaturated
carbonyl systems with an adjacent stereocentre have been reported
widely.14 The sense of stereoselectivity in these transformations
is generally rationalised by invoking a modified Felkin–Anh
model.15,16 It is generally assumed that the preferred transi-
tion states for such reactions proceed with an allylic r-bond
antiperiplanar to the trajectory of the approaching reagent,
although the conformational preference of the allylic stereocentre
may be biased by steric effects (approach anti to the largest
allylic substituent), stereoelectronic effects (approach anti to the
best electron acceptor), and minimisation of 1,3-allylic strain
(preferred orientation of an allylic C–H in the same plane
or the same sector as the a-vinylic hydrogen). In the case of
conjugate addition of lithium dibenzylamide 12 to mandelate-
and lactate-derived a,b-unsaturated esters (R,E)-26 and (S,E)-27,
the following transition states may be invoked. Assuming that
any possible chelation-controlled delivery of the lithium amide
by the c-oxygen substituent can be discounted due to the low
propensity of silyl ethers to coordinate lithium,17 and placing the
c-tert-butyldimethylsilyloxy group perpendicular to the plane of
the a,b-unsaturated carbonyl system on stereoelectronic grounds,
then conjugate addition of lithium dibenzylamide 12 to (R,E)-26
or (S,E)-27 in conformation A leads to the observed anti products.
Conformation B (leading to the corresponding syn products) is
presumably disfavoured due to increased 1,3-allylic strain. The in-
creased substrate control observed upon conjugate addition to the
mandelate-derived a,b-unsaturated ester (R,E)-26 (with a c-phenyl
substituent) as compared to the lactate-derived a,b-unsaturated
ester (S,E)-27 (with a c-methyl substituent) is potentially due to
the increased steric demand in the former case, making reaction
through conformation B much less favourable (Fig. 4).18 This
substrate control, combined with the known facial preference
observed upon conjugate addition of the antipodes of lithium
N-benzyl-N-(a-methylbenzyl)amide 301,12,13 is also successful in
rationalising the “matched” and “mismatched” reaction pairings.
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Fig. 4 Proposed transition states for the conjugate addition of lithium
dibenzylamide 12 to mandelate- and lactate-derived a,b-unsaturated esters
(R,E)-26 and (S,E)-27.


Having shown that conjugate addition of lithium amide
(S)-30 to both homochiral a,b-unsaturated esters (R,E)-26 and
(S,E)-27 represents the “matched” combination, methylation
of the b-amino enolates arising from these “matched” pairs
was investigated. Conjugate addition of lithium amide (S)-30
to the mandelate-derived a,b-unsaturated ester (R,E)-26 and
subsequent addition of methyl iodide gave a 73 : 27 mixture of
2,3-anti-3,4-anti-39 : 2,3-syn-3,4-anti-40,19 from which the major
diastereoisomer 39 was isolated in >98% de (Scheme 5). The
relative 2,3-anti-3,4-anti-configuration within 39 was unambigu-
ously established by single crystal X-ray analysis,20‡ with the
absolute (2S,3R,4S,aS)-configuration determined from the known
(S)-configuration of the a-methylbenzyl stereocentre (Fig. 5).
Conjugate addition of lithium amide (S)-30 to the lactate-derived
a,b-unsaturated ester (S,E)-27 and subsequent addition of methyl
iodide gave a 93 : 7 mixture of 2,3-anti-3,4-anti-41 : 2,3-syn-3,4-
anti-42 from which the major diastereoisomer 41 was isolated
in 78% yield and >98% de. Furthermore, conjugate addition of
lithium amide (R)-30 to (S,E)-27 and in situ methylation gave a
95 : 5 mixture of 2,3-anti-3,4-syn-43 : 2,3-anti-3,4-anti-44, with the
major diastereoisomer 43 purified to homogeneity. The configu-
ration at C(2) within both 43 and 44 was assigned on the basis
of preferential alkylation anti to the C(3)-amino functionality19


as shown for “matched” reagent pairings (Scheme 5). It is
apparent from this study that the configurations of both the
N-a-methylbenzyl and c-stereocentres seem to have a pronounced
bearing upon the selectivity of enolate alkylation, as alkylations of


Scheme 5 Reagents and conditions: (i) lithium (S)-N-benzyl-
N-(a-methylbenzyl)amide (S)-30, THF, −78 ◦C then MeI, −78 ◦C to
rt, 12 h; (ii) lithium (R)-N-benzyl-N-(a-methylbenzyl)amide (R)-30, THF,
−78 ◦C then MeI, −78 ◦C to rt, 12 h.


Fig. 5 Chem 3D representation of the X-ray crystal structure of 39
(some H atoms removed for clarity). There are two molecules of 39 in
the asymmetric unit; only one of these is shown, the other suffers from
disorder of the TBDMS group.


simple c-silyloxy-b-amino enolates lacking a c-stereogenic centre
proceed with a modest syn preference.4


With a range of polyfunctionalised b-amino esters pre-
pared stereoselectively following these double diastereoselective
conjugate addition reactions, their conversion to the corre-
sponding b-amino-c-substituted- and a,c-disubstituted-b-amino-
c-butyrolactones was carried out. b-Amino esters anti-31 (>98%
de) and anti-36 (>98% de), derived from the “matched” pairings
[(S)-30/(R,E)-26 and (S)-30/(S,E)-27], and syn-38 (90% de),
derived from the “mismatched” pairing in the lactate series [(R)-
30/(S,E)-27], were therefore treated with tetrabutylammonium
fluoride (TBAF) and then trifluoroacetic acid (TFA) to promote
intramolecular cyclisation, to give the corresponding lactones 45,
46 and 47 in 66, 86 and 65% yield respectively, and in >98%
de in each case after purification. N-Deprotection of 46 by
hydrogenolysis with Pd/C in ethanol followed by treatment with
benzoyl chloride gave a chromatographically separable mixture of
b-amino-c-methyl-c-butyrolactone 48 and b-amino ethyl ester 49,
which were isolated in 64 and 10% yield, respectively. However,
treatment of ethyl ester 49 with TFA promoted cyclisation to
lactone 48 (Scheme 6).


In a similar fashion, deprotection of the polyfunctionalised
a-methyl-b-amino esters 39–41 and 43 to the corresponding lac-
tones was investigated. In the mandelate-derived series, treatment
of both 2,3-anti-3,4-anti-39 (>98% de) and 2,3-syn-3,4-anti-40
(60% de) with TBAF gave a single diastereoisomeric lactone 50
in 85 and 68% yield, respectively. The production of only a single
diastereoisomeric lactone from the C(2)-epimeric b-amino esters
39 and 40 is consistent with epimerisation taking place under the
reaction conditions to give the thermodynamic lactone 50.4,21 In
the lactate-derived series, treatment of a-methyl-b-amino esters
41 and 43 under identical conditions gave lactones 51 and 52,
respectively, as single diastereoisomers. The configurations of 51
and 52 were assigned by analogy to 50, assuming that, in each
case, epimerisation of the a-stereocentre of the lactone to give the
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Scheme 6 Reagents and conditions: (i) TBAF, THF, 50 ◦C, then TFA, rt;
(ii) Pd/C, H2 (6 bar), EtOH, 60 ◦C, then PhCOCl, pyridine, DCM, rt;
(iii) TFA, PhMe, rt.


thermodynamically more stable product occurs under the reaction
conditions (Scheme 7).


Scheme 7 Reagents and conditions: (i) TBAF, THF, 50 ◦C, then TFA, rt.


Double diastereoselective conjugate addition of homochiral lithium
amides to a homochiral a,b-unsaturated ester and oxazolidinone
derived from glyceraldehyde


Having demonstrated that conjugate addition of homochiral
lithium amide 30 to the chiral c-silyloxy-a,b-unsaturated esters
26 and 27 proceed predominantly under the stereocontrol of the
lithium amide, the stereoselectivity upon conjugate addition to
the chiral a,b-unsaturated ester 17, derived from glyceraldehyde,
was investigated. Homochiral ester (S,E)-17 was readily pre-
pared from D-mannitol through conversion to (R)-isopropylidene
glyceraldehyde according to literature procedures,22 followed by
Horner–Wadsworth–Emmons reaction with the sodium anion
of tert-butyl diethylphosphonoacetate. To evaluate the levels
of substrate control offered by (S,E)-17 upon lithium amide
conjugate addition in THF, the stereoselectivity upon reaction
with lithium dibenzylamide 12 was probed, giving a separable
29 : 71 mixture of anti-53 : syn-54 in 57% combined yield. Conjugate
addition of the enantiomers of lithium N-(a-methylbenzyl)amide


55, which shows only low stereoselectivity upon conjugate addition
to achiral a,b-unsaturated esters,1,13 was next evaluated, with
addition of lithium amide (S)-55 to (S,E)-17 giving a separable
17 : 83 mixture of anti-18 : syn-19 in 92% combined yield {syn-19
[a]21


D −35.8 (c 1.1 in CHCl3); lit.7 [a]21
D −32.0 (c 1.1 in CHCl3)},


while addition of lithium amide (R)-55 to (S,E)-17 gave a partially
separable 12 : 88 mixture of anti-20 : syn-21 in 83% combined
yield {syn-21 [a]21


D +22.7 (c 1.0 in CHCl3); lit.7 [a]21
D +24.0 (c 1.0


in CHCl3)} (Scheme 8). The preferential syn selectivity observed
upon conjugate addition of lithium dibenzylamide 12 and the
antipodes of lithium N-(a-methylbenzyl)amide 55 to (S,E)-17 is
consistent with the preferential syn addition noted by Sewald
et al. upon conjugate addition of lithium N-(a-methylbenzyl)-
N-trimethylsilylamide 16 (vide supra, Fig. 3).7


Scheme 8 Reagents and conditions: (i) lithium dibenzylamide 12, THF,
−78 ◦C, 2 h; (ii) lithium (S)-N-(a-methylbenzyl)amide (S)-55, THF,
−78 ◦C, 2 h; (iii) lithium (R)-N-(a-methylbenzyl)amide (R)-55, THF,
−78 ◦C, 2 h.


Consistent with this syn substrate control, the conjugate ad-
dition of lithium (S)-N-benzyl-N-(a-methylbenzyl)amide (S)-30
to (S,E)-17 was predicted to be the “matched” reaction pairing.
Thus, conjugate addition of lithium amide (S)-30 to (S,E)-17
gave a 5 : 95 mixture of anti-56 : syn-57, giving syn-57 as a
single diastereoisomer (>98% de) in 52% yield after purification,
while in the “mismatched” series conjugate addition of lithium
amide (R)-30 to (S,E)-17 gave an inseparable 62 : 38 mixture of
anti-58 : syn-59 in 57% isolated yield. While the additions of the
antipodes of lithium amide 30 to (S,E)-17 in THF proceed pre-
dominantly under the stereocontrol of the lithium amide, the effect
of changing the solvent to Et2O, previously noted by Sewald et al.
to have a dramatic effect upon the stereoselectivity of conjugate
addition of lithium N-trimethylsilyl-N-(a-methylbenzyl)amide 16,
was investigated. Preliminary investigations showed that lithium
N-benzyl-N-(a-methylbenzyl)amide 30 in Et2O at −78 ◦C showed
decreased reactivity relative to that in THF, although in Et2O at
−20 ◦C conjugate addition of lithium amide (R)-30 to (S,E)-17
gave a 72 : 28 mixture of anti-58 : syn-59, representing an increase
in stereoselectivity as compared to addition in THF at −78 ◦C
(anti-58 : syn-59, 62 : 38). However, conjugate addition of lithium
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amide (S)-30 in Et2O at −20 ◦C gave a 27 : 73 mixture of anti-56 :
syn-57, a decrease in stereoselectivity compared to the analogous
addition in THF at −78 ◦C (anti-56 : syn-57, 5 : 95) (Scheme 9).


Scheme 9 Reagents and conditions: (i) lithium (S)-N-benzyl-N-(a-
methylbenzyl)amide (S)-30, THF, −78 ◦C, 2 h; (ii) lithium (S)-
N-benzyl-N-(a-methylbenzyl)amide (S)-30, Et2O, −20 ◦C, 6 h; (iii)
lithium (R)-N-benzyl-N-(a-methylbenzyl)amide (R)-30, THF, −78 ◦C, 2 h;
(iv) lithium (R)-N-benzyl-N-(a-methylbenzyl)amide (R)-30, Et2O, −20 ◦C,
6 h.


The effect of changing the ester functionality within the
acceptor to an oxazolidinone was next investigated. The desired
a,b-unsaturated oxazolidinone (S,E)-63 was prepared from
oxazolidinone 6023 by a simple three-step procedure. Acylation of
the lithium anion of 60 with bromoacetylbromide24 gave 61 in 88%
yield, with subsequent reaction with triethylphosphite generating
the phosphonate 62 in 50% yield. Reaction of phosphonate
62 with (R)-isopropylidene glyceraldehyde22 under Masamune–
Roush conditions25 gave a 95.5 : 4.5 (E) : (Z) mixture of the
corresponding a,b-unsaturated oxazolidinones, with purification
giving (S,E)-63 in 72% yield and >98% de (Scheme 10).


Scheme 10 Reagents and conditions: (i) BuLi, THF, −78 ◦C then
BrCH2COBr; (ii) P(OEt)3, PhMe, reflux; (iii) (R)-isopropylidene glycer-
aldehyde, iPr2NEt, LiCl, MeCN, rt.


Upon conjugate addition of lithium dibenzylamide 12 to
(S,E)-63, a complex mixture of reaction products, containing a
72 : 28 mixture of b-amino oxazolidinones anti-64 : syn-65, was
formed. Extensive purification allowed the isolation of the major
diastereoisomer anti-64 in 28% yield and >98% de, consistent with
a,b-unsaturated oxazolidinone (S,E)-63 showing approximately
the same magnitude but the opposite sense of stereoinduction
as the corresponding tert-butyl ester (S,E)-17 upon addition
of lithium dibenzylamide 12. Furthermore, conjugate addition
of the antipodes of lithium N-benzyl-N-(a-methylbenzyl)amide
(S)-30 and (R)-30 to (S,E)-63 resulted in a reversal in the sense


of the “matched” and “mismatched” reaction pairings. In
the “mismatched” case, conjugate addition of lithium amide
(S)-30 gave a 12 : 88 mixture of anti-67 : syn-68, giving syn-68 in
>98% de and in 68% yield after purification, while “matched”
conjugate addition of lithium amide (R)-30 gave anti-66 as a
single diastereoisomer, isolated in 60% isolated yield and >98%
de (Scheme 11).


Scheme 11 Reagents and conditions: (i) lithium dibenzylamide 12, THF,
−78 ◦C, 2 h; (ii) lithium (R)-N-benzyl-N-(a-methylbenzyl)amide (R)-30,
THF, −78 ◦C, 2 h; (iii) lithium (S)-N-benzyl-N-(a-methylbenzyl)amide
(S)-30, THF, −78 ◦C, 2 h.


The assigned relative configurations within b-amino oxazo-
lidinones 64–68 were next established by chemical correlation.
The major diastereoisomer anti-64, from the conjugate addition
of lithium dibenzylamide 12, and anti-66, resulting from the
“matched” addition of lithium amide (R)-30, were treated with
Pearlman’s catalyst in MeOH under hydrogen (5 atm), promoting
hydrogenolysis and methanolysis, giving the known anti-b-amino
ester 69.26 Under identical conditions the major diastereoisomer
syn-68 resulting from the “mismatched” addition of lithium amide
(S)-30 gave the known syn-b-amino ester 7026 (Scheme 12).


Scheme 12 Reagents and conditions: (i) Pd(OH)2/C, H2 (5 atm),
MeOH, rt.


The conversion of b-amino esters syn-57 and anti-58, and
oxazolidinones syn-68 and anti-66 to the corresponding b-amino-
c-substituted-c-butyrolactones was next attempted. b-Amino ester
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syn-57 (>98% de) and oxazolidinone syn-68 (>98% de), derived
from conjugate addition of lithium amide (S)-30, were therefore
treated with 60% aqueous TFA, giving lactone 71 in both cases,
with subsequent oxidative debenzylation of 71 with CAN giving
the known lactone 72 {[a]21


D −67.8 (c 0.35 in CHCl3); lit.7 [a]21
D −78.6


(c 1.85 in CHCl3)} (Scheme 13). Similarly, under identical condi-
tions, b-amino ester anti-58 (>98% de) and oxazolidinone anti-66
(>98% de), derived from conjugate addition of lithium amide
(R)-30, gave lactone 73.27 Subsequent oxidative debenzylation of
73 gave lactone 74 in good yield (Scheme 14).


Scheme 13 Reagents and conditions: (i) TFA (60% aq.), rt; (ii) CAN,
MeCN/H2O (5:1), rt.


Scheme 14 Reagents and conditions: (i) TFA (60% aq.), rt; (ii) CAN,
MeCN/H2O (5:1), rt.


Conclusion


In conclusion, chiral a,b-unsaturated esters containing a sin-
gle, c-stereogenic centre, derived from methyl lactate, methyl
mandelate and isopropylidene glyceraldehyde, show reasonable
levels of substrate control upon conjugate addition of lithium
dibenzylamide. In each case, the anti or syn stereoselectivity
observed upon conjugate addition of lithium dibenzylamide
to the chiral acceptors (substrate control), combined with the
known facial selectivity of lithium N-benzyl-N-(a-methylbenzyl)-
amide, allows a prediction of the doubly diastereoselective
“matched” reaction pairing. Double diastereoselective conjugate
addition of homochiral lithium N-benzyl-N-(a-methylbenzyl)-


amide to the homochiral a,b-unsaturated esters proceeds in
high de under the dominant stereocontrol of the lithium
amide. The resultant b-amino esters can be deprotected and cy-
clised to give the corresponding b-amino-c-substituted-c-butyro-
lactones. The application of this methodology to the synthesis
of a range of natural products is currently underway in this
laboratory.


Experimental


General experimental


All reactions involving organometallic or other moisture-sensitive
reagents were carried out under a nitrogen or argon atmosphere
using standard vacuum line techniques and glassware that was
flame dried and cooled under nitrogen before use. Solvents were
dried according to the procedure outlined by Grubbs and co-
workers.28 Water was purified by an Elix R© UV-10 system. All other
solvents were used as supplied (analytical or HPLC grade) without
prior purification. Organic layers were dried over MgSO4. Thin
layer chromatography was performed on aluminium plates coated
with 60 F254 silica. Plates were visualised using UV light (254 nm),
iodine, 1% aq. KMnO4, or 10% ethanolic phosphomolybdic acid.
Flash column chromatography was performed on Kieselgel 60
silica.


Elemental analyses were recorded by the microanalysis service
of the Inorganic Chemistry Laboratory, University of Oxford,
UK. Melting points were recorded on a Gallenkamp Hot Stage
apparatus and are uncorrected. Optical rotations were recorded
on a Perkin–Elmer 241 polarimeter with a water-jacketed 10 cm
cell. Specific rotations are reported in 10−1 deg cm2 g−1 and
concentrations in g per 100 mL. IR spectra were recorded on a
Bruker Tensor 27 FT-IR spectrometer as either a thin film on NaCl
plates (film), as a KBr disc (KBr), or as chloroform solutions in
0.1 mm cells (CHCl3), as stated. Selected characteristic peaks are
reported in cm−1. NMR spectra were recorded on Bruker Avance
spectrometers in the deuterated solvent stated. The field was locked
by external referencing to the relevant deuteron resonance. Low-
resolution mass spectra were recorded on either a VG MassLab
20–250 or a Micromass Platform 1 spectrometer. Accurate mass
measurements were run on either a Bruker MicroTOF and were
internally calibrated with polyanaline in positive and negative
modes, or a Micromass GCT instrument fitted with a Scientific
Glass Instruments BPX5 column (15 m × 0.25 mm) using amyl
acetate as a lock mass.


General procedure 1a for lithium amide conjugate addition


BuLi (as a solution in hexanes) was added dropwise via syringe to
a stirred solution of the requisite amine in THF at −78 ◦C. After
stirring for 30 min, a solution of the requisite a,b-unsaturated
carbonyl compound in THF at −78 ◦C was added dropwise via
cannula. After stirring for a further 2 h at −78 ◦C the reaction
mixture was quenched with sat. aq. NH4Cl and allowed to warm
to rt over 15 min. The reaction mixture was concentrated in vacuo
and the residue was partitioned between DCM and 10% aq. citric
acid. The organic layer was separated and the aqueous layer was
extracted twice with DCM. The combined organic extracts were
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washed sequentially with sat. aq. NaHCO3 and brine, dried and
concentrated in vacuo.


General procedure 1b for lithium amide conjugate addition


BuLi (as a solution in hexanes) was added dropwise via syringe to
a stirred solution of the requisite amine in THF at −78 ◦C. After
stirring for 30 min, a solution of the requisite a,b-unsaturated
carbonyl compound in THF at −78 ◦C was added dropwise via
cannula. The reaction mixture was allowed to warm to −50 ◦C
over 12 h, quenched with sat. aq. NH4Cl and allowed to warm to
rt over 15 min. The reaction mixture was concentrated in vacuo
and the residue was partitioned between DCM and 10% aq. citric
acid. The organic layer was separated and the aqueous layer was
extracted twice with DCM. The combined organic extracts were
washed sequentially with sat. aq. NaHCO3 and brine, dried and
concentrated in vacuo.


General procedure 2 for lithium amide conjugate addition and MeI
quench


BuLi (as a solution in hexanes) was added dropwise via syringe to
a stirred solution of the requisite amine in THF at −78 ◦C. After
stirring for 30 min, a solution of a,-b-unsaturated carbonyl
compound in THF at −78 ◦C was added dropwise via cannula.
After stirring for a further 2 h at −78 ◦C, the reaction mixture
was quenched with MeI and allowed to warm to rt over 12 h,
then quenched with sat. aq. NaHCO3. The reaction mixture was
concentrated in vacuo and the residue was partitioned between
DCM and 10% aq. citric acid. The organic layer was separated and
the aqueous layer was extracted twice with DCM. The combined
organic extracts were washed sequentially with sat. aq. NaHCO3


and brine, dried and concentrated in vacuo.


General procedure 3 for desilylation and concomitant lactonisation


TBAF was added to a solution of the requisite c-silyloxy-b-amino
ester in THF and heated at 50 ◦C for 24 h. The reaction mixture
was then allowed to cool to rt and poured into brine. The resultant
mixture was extracted with EtOAc (3 × 25 mL) and the combined
organic extracts were dried and concentrated in vacuo. The residue
was then dissolved in PhMe and TFA was added. The resultant
suspension was stirred at rt for 24 h before being concentrated in
vacuo. The residue was then partitioned between sat. aq. NaHCO3


(50 mL) and EtOAc (25 mL). The organic layer was separated and
the aqueous layer was extracted with EtOAc (2 × 25 mL). The
combined organic extracts were dried and concentrated in vacuo.


tert-Butyl (3RS,4SR)- and (3RS,4RS)-3-(N ,N-dibenzylamino)-
4-(tert-butyldimethylsilyloxy)-4-phenylbutanoate (3RS,4SR)-anti-
28 and (3RS,4RS)-syn-29. Following general procedure 1a, BuLi
(1.60 mL, 1.00 mmol), dibenzylamine (394 mg, 2.00 mmol) in
THF (5 mL), and (RS,E)-26 (348 mg, 1.00 mmol) in THF (5 mL)
gave an 88 : 12 mixture of anti-28 : syn-29. Purification via flash
column chromatography (eluent hexane–EtOAc, 20 : 1) gave an
88 : 12 mixture of anti-28 : syn-29 as a pale yellow oil (524 mg,
96%); C34H47NO3Si·HCl requires C, 70.1; H, 8.3; N, 2.4%; found
C, 70.1; H, 8.4; N, 2.3%; mmax (film) 1718 (C=O); m/z (CI+) 546
([M + H]+, 12%), 324 (36), 91 (100).


Data for anti-28: dH (400 MHz, CDCl3) −0.33 (3H, s, SiMeA),
0.04 (3H, s, SiMeB), 0.85 (9H, s, SiCMe3), 1.44 (9H, s, OCMe3),
2.58 (1H, dd, J 15.4, 5.2 Hz, C(2)HA), 2.70 (1H, dd, J 15.4,
7.4 Hz, C(2)HB), 3.43–3.49 (1H, m, C(3)H), 3.70 (4H, app s,
N(CH2Ph)2), 4.84 (1H, d, J 6.0 Hz, C(4)H), 7.10–7.27 (15H,
m, Ph); dC (100 MHz, CDCl3) −4.8 (SiMeA), −4.2 (SiMeB),
18.1 (SiCMe3), 26.0 (SiCMe3), 28.2 (OCMe3), 32.8 (C(2)), 54.8
(N(CH2Ph)2), 62.5 (C(3)), 75.2 (C(4)), 80.1 (OCMe3), 127.0, 127.4,
127.5, 127.9, 128.1, 128.3, 129.0, 129.1 (o-Ph, m-Ph, p-Ph), 139.9,
144.3 (i-Ph), 172.6 (C(1)).


tert-Butyl (3RS,4SR,aSR)- and (3RS,4RS,aSR)-3-[N-benzyl-
N-(a-methylbenzyl)amino]-4-(tert-butyldimethylsilyloxy)-4-phenyl-
butanoate (3RS,4SR,aSR)-anti-31 and (3RS,4SR,aSR)-syn-32.
Following general procedure 1b, BuLi (3.20 mL, 2.00 mmol),
(RS)-N-benzyl-N-(a-methylbenzyl)amine (633 mg, 3.00 mmol)
in THF (10 mL), and (RS,E)-26 (696 mg, 2.00 mmol) in THF
(10 mL) gave a 92 : 8 mixture of anti-31 : syn-32. Purification via
flash column chromatography (eluent hexane–EtOAc, 20 : 1) gave
a 92 : 8 mixture of anti-31 : syn-32 as a pale yellow oil (1.01 g,
91%); C35H49NO3Si requires C, 75.1; H, 8.8; N, 2.5%; found C,
75.3; H, 9.1; N, 2.3%; mmax (film) 1718 (C=O); m/z (CI+) 560 ([M +
H]+, 35%), 338 (100), 282 (37), 178 (47), 105 (88), 91 (74).


Data for anti-31: dH (400 MHz, CDCl3) −0.28 (3H, s, SiMeA),
−0.10 (3H, s, SiMeB), 0.77 (9H, s, SiCMe3), 0.89 (3H, d, J 7.1 Hz,
C(a)Me), 1.46 (9H, s, OCMe3), 1.76 (1H, dd, J 16.6, 2.3 Hz,
C(2)HA), 2.28 (1H, dd, J 16.6, 8.9 Hz, C(2)HB), 3.60 (1H, q, J
7.1 Hz, C(a)H), 3.63 (1H, d, J 15.2 Hz, NCHA), 3.80 (1H, d,
J 15.2 Hz, NCHB), 4.00–4.06 (1H, m, C(3)H), 4.41 (1H, d, J
8.1 Hz, C(4)H), 7.08–7.45 (15H, m, Ph); dC (100 MHz, CDCl3)
−4.9 (SiMeA), −4.6 (SiMeB), 18.2 (SiCMe3), 18.5 (C(a)Me), 25.9
(SiCMe3), 28.2 (OCMe3), 34.6 (C(2)), 51.2 (NCH2), 57.5, 59.3
(C(3), C(a)), 77.8 (C(4)), 79.8 (OCMe3), 127.0, 127.1, 127.4, 127.9,
128.1, 128.3, 128.6 (o-Ph, m-Ph, p-Ph), 141.1, 141.4, 145.4 (i-Ph),
172.1 (C(1)).


Data for syn-32: dH (400 MHz, CDCl3) −0.26 (3H, s, SiMeA),
−0.01 (3H, s, SiMeB), 0.65 (3H, d, J 7.1 Hz, C(a)Me), 0.81 (9H, s,
SiCMe3), 1.45 (9H, s, OCMe3), 1.50 (1H, dd, J 16.7, 2.2 Hz,
C(2)HA), 2.43 (1H, dd, J 16.7, 10.6 Hz, C(2)HB), 3.54–3.63 (3H,
m, C(3)H, C(a)H, NCHA), 4.39 (1H, d, J 14.7 Hz, NCHB), 4.84
(1H, d, J 2.5 Hz, C(4)H), 7.09–7.49 (15H, m, Ph).


tert-Butyl (3R,4S,aS)-3-[N-benzyl-N-(a-methylbenzyl)amino]-
4-(tert-butyldimethylsilyloxy)-4-phenylbutanoate anti-31. Fol-
lowing general procedure 1b, BuLi (0.91 mL, 0.57 mmol),
(S)-N-benzyl-N-(a-methylbenzyl)amine (250 mg, 1.18 mmol)
in THF (2.5 mL), and (R,E)-26 (200 mg, 0.57 mmol) in THF
(2.5 mL) gave anti-31 in >98% de. Purification via flash column
chromatography (eluent hexane–EtOAc, 20 : 1) gave anti-31 as a
colourless oil (306 mg, 95%, >98% de); C35H49NO3Si requires C,
75.1; H, 8.8; N, 2.5%; found C, 74.9; H, 9.1; N, 2.2%; [a]21


D +50.3
(c 1.1 in CHCl3).


tert-Butyl (3S,4S,aR)- and (3R,4S,aR)-3-[N-benzyl-N-(a-
methylbenzyl)amino]-4-(tert-butyldimethylsilyloxy)-4-phenylbuta-
noate (3S,4S,aR)-anti-33 and (3R,4S,aR)-syn-32. Following
general procedure 1b, BuLi (0.91 mL, 0.57 mmol), (R)-N-benzyl-
N-(a-methylbenzyl)amine (250 mg, 1.18 mmol) in THF (2.5 mL),
and (R,E)-26 (200 mg, 0.57 mmol) in THF (2.5 mL) gave an
11 : 89 mixture of anti-33 : syn-32. Purification via flash column
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chromatography (eluent hexane–EtOAc, 20 : 1) gave an 11 : 89
mixture of anti-33 : syn-32 as a colourless oil (301 mg, 94%);
C35H49NO3Si requires C, 75.1; H, 8.8; N, 2.5%; found C, 75.05; H,
8.9; N, 2.3%; mmax (film) 1714 (C=O); m/z (CI+) 560 ([M + H]+,
48%), 338 (100), 282 (30), 178 (37), 105 (56), 91 (45).


Data for anti-33: dH (400 MHz, C6D6) −0.17 (3H, s, SiMeA),
0.07 (3H, s, SiMeB), 0.79 (3H, d, J 7.1 Hz, C(a)Me), 0.88 (9H, s,
SiCMe3), 1.41 (9H, s, OCMe3), 1.70 (1H, dd, J 16.8, 2.1 Hz,
C(2)HA), 2.62 (1H, dd, J 16.8, 10.7 Hz, C(2)HB), 3.63 (1H, d,
J 15.2 Hz, NCHA), 4.58 (1H, d, J 15.2 Hz, NCHB), 3.72 (1H, q,
J 7.1 Hz, C(a)H), 3.90 (1H, app dt, J 10.7, 2.3 Hz, C(3)H), 5.14
(1H, d, J 2.3 Hz, C(4)H), 7.06–7.72 (15H, m, Ph); dC (100 MHz,
C6D6) −5.5 (SiMeA), −4.6 (SiMeB), 18.0 (SiCMe3), 18.5 (C(a)Me),
25.8 (SiCMe3), 28.1 (OCMe3), 33.7 (C(2)), 53.2 (NCH2), 57.0, 57.1
(C(3), C(a)), 78.3 (C(4)), 80.1 (OCMe3), 126.5, 127.0, 127.1, 127.4,
127.6, 128.1, 128.2, 128.4, 128.5 (o-Ph, m-Ph, p-Ph), 141.4, 141.6,
144.4 (i-Ph), 172.5 (C(1)).


tert-Butyl (2S,3R,4S,aS)- and (2R,3R,4S,aS)-2-methyl-3-[N-
benzyl-N -(a-methylbenzyl)amino]-4-(tert-butyldimethylsilyloxy)-
4-phenylbutanoate (2S,3R,4S,aS)-39 and (2R,3R,4S,aS)-40.
Following general procedure 2, BuLi (4.80 mL, 3.00 mmol), (S)-
N-benzyl-N-(a-methylbenzyl)amine (1.27 g, 6.00 mmol) in THF
(15 mL), (R,E)-26 (1.04 g, 3.00 mmol) in THF (15 mL) and MeI
(5.82 mL, 18.0 mmol) gave a 73 : 27 mixture of 39 : 40. Purification
via flash column chromatography (eluent hexane–EtOAc, 25 :
1) gave a 73 : 27 mixture of 39 : 40 as a white solid (1.53 g,
89%). Fractional crystallisation from MeCN at 20 ◦C gave 39 as a
colourless solid (>98% de). Concentration of the mother liquors
gave a 20 : 80 mixture of 39 : 40 as a colourless oil.


Data for 39: C36H51NO3Si requires C, 75.3; H, 9.0; N, 2.7%;
found C, 75.4; H, 9.2; N, 2.7%; mp 95–97 ◦C; [a]21


D +66.5 (c 1.0
in CHCl3); mmax (film) 1718 (C=O); dH (400 MHz, CDCl3) −0.33
(3H, s, SiMeA), −0.04 (3H, s, SiMeB), 0.68 (9H, s, SiCMe3), 0.86
(3H, d, J 7.1 Hz, C(2)Me), 1.26 (3H, d, J 7.1 Hz, C(a)Me), 1.55
(9H, s, OCMe3), 2.79 (1H, qd, J 7.1, 1.8 Hz, C(2)H), 3.64 (1H,
q, J 7.1 Hz, C(a)H), 3.75 (1H, d, J 14.8 Hz, NCHA), 4.16 (1H,
d, J 14.8 Hz, NCHB), 4.43 (1H, dd, J 9.5, 1.8 Hz, C(3)H), 4.65
(1H, d, J 9.5 Hz, C(4)H), 7.07–7.44 (15H, m, Ph); dC (100 MHz,
CDCl3) −4.7 (SiMeA), −4.6 (SiMeB), 12.6, 18.4 (C(2)Me, C(a)Me),
18.2 (SiCMe3), 25.9 (SiCMe3), 28.4 (OCMe3), 40.1 (C(2)), 52.3
(NCH2), 57.0, 61.7 (C(3), C(a)), 75.0 (C(4)), 79.8 (OCMe3), 126.8,
127.0, 127.7, 127.8, 128.0, 128.3, 128.5, 129.2 (o-Ph, m-Ph, p-Ph),
141.1, 141.7, 145.3 (i-Ph), 174.5 (C(1)); m/z (CI+) 574 ([M + H]+,
32%), 352 (100), 296 (39), 192 (55), 105 (87), 91 (96).


Data for 40: mmax (film) 1714 (C=O); dH (400 MHz, CDCl3) −0.33
(3H, s, SiMeA), −0.02 (3H, s, SiMeB), 0.79 (9H, s, SiCMe3), 1.11
(3H, d, J 7.3 Hz, C(2)Me), 1.17 (3H, d, J 6.9 Hz, C(a)Me), 1.38
(9H, s, OCMe3), 2.79 (1H, app quintet, J 7.2 Hz, C(2)H), 3.63
(1H, app t, J 6.5 Hz, C(3)H), 3.89 (1H, q, J 6.9 Hz, C(a)H), 3.96
(1H, d, J 15.6 Hz, NCHA), 4.09 (1H, d, J 15.6 Hz, NCHB), 4.90
(1H, d, J 6.2 Hz, C(4)H), 7.02–7.37 (15H, m, Ph); dC (100 MHz,
CDCl3) −4.8 (SiMeA), −4.4 (SiMeB), 16.5, 20.4 (C(2)Me, C(a)Me),
18.2 (SiCMe3), 26.0 (SiCMe3), 28.0 (OCMe3), 42.0 (C(2)), 52.4
(NCH2), 60.0, 65.6 (C(3), C(a)), 77.8 (C(4)), 79.5 (OCMe3), 126.5,
126.9, 127.3, 127.9, 128.1, 128.4, 128.7 (o-Ph, m-Ph, p-Ph), 142.4,
144.2, 144.9 (i-Ph), 175.5 (C(1)); m/z (CI+) 574 ([M + H]+, 63%),
352 (100), 296 (44), 192 (83), 105 (46), 91 (84).


X-Ray crystal structure determination for 39


Data were collected using an Enraf–Nonius j-CCD diffractometer
with graphite monochromated MoKa radiation using standard
procedures at 190 K. The structure was solved by direct methods
(SIR92), all non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were added at idealised
positions. The structure was refined using CRYSTALS.29


X-Ray crystal structure data for 39. [C36H51NO3Si]: M =
1147.78, triclinic, space group P1, a = 11.4449(2), b = 11.8000(2),
c = 14.6478(2) Å, V = 1722.68(5) Å3, Z = 2, l = 0.10 mm−1,
colourless block, crystal dimensions = 0.1 × 0.1 × 0.1 mm. A
total of 7805 unique reflections were measured for 5 < h < 27 and
6098 reflections were used in the refinement. The final parameters
were wR2 = 0.082 and R1 = 0.066 [I > 3.0r(I)].


(4R,5S,aS)-4-[N -Benzyl-N -(a-methylbenzyl)amino]-5-phenyl-
tetrahydro-2-furanone 45. Following general procedure 3, TBAF
(868 mg, 2.75 mmol) and anti-31 (280 mg, 0.50 mmol) in
THF (10 mL) gave the crude reaction product. Purification via
sequential flash column chromatography (eluent hexane–EtOAc,
6 : 1) and recrystallisation from hexane–DCM (1 : 1) at −30 ◦C gave
45 as a white crystalline solid (123 mg, 66%, >98% de); C25H25NO2


requires C, 80.8; H, 6.8; N, 3.8; found: C, 80.45; H, 6.8; N, 3.5%;
mp 122–124 ◦C; [a]21


D −124.0 (c 0.6 in CHCl3); mmax (KBr) 1780
(C=O); dH (400 MHz, CDCl3) 1.15 (3H, d, J 7.0 Hz, C(a)Me),
2.05 (2H, dd, J 18.1, 8.6 Hz, C(2)HA), 2.29 (2H, dd, J 18.1, 8.2 Hz,
C(2)HB), 3.73–3.93 (4H, m, C(4)H, C(a)H, NCH2), 5.25 (1H, d,
J 6.9 Hz, C(5)H), 7.15–7.49 (15H, m, Ph); dC (100 MHz, CDCl3)
18.2 (C(a)Me), 29.6 (C(3)), 50.6 (NCH2), 57.4, 62.0 (C(4), C(a)),
84.1 (C(5)), 126.1, 127.6, 127.8, 128.5, 128.8, 129.0 (o-Ph, m-Ph,
p-Ph), 139.0, 139.7, 141.4 (i-Ph), 176.0 (C(2)); m/z (CI+) 372 ([M +
H]+, 89%), 268 (97), 237 (54), 146 (84), 105 (77), 91 (100).


(3R,4R,5S,aS) -3 -Methyl -4- [N -benzyl -N - (a -methylbenzyl) -
amino]-5-phenyl-tetrahydro-2-furanone 50. From 39. Following
general procedure 3, TBAF (678 mg, 2.15 mmol) and 39 (410 mg,
0.72 mmol) in THF (10 mL) gave the crude reaction product.
Purification via flash column chromatography (eluent hexane–
EtOAc, 6 : 1) gave 50 as a colourless oil (235 mg, 85%, >98%
de).


From 40. Following general procedure 3, TBAF (678 mg,
2.15 mmol) and 40 (283 mg, 0.49 mmol) in THF (10 mL)
gave the crude reaction product. Purification via flash column
chromatography (eluent hexane–EtOAc, 6 : 1) gave 50 as a yellow
oil (129 mg, 68%, >98% de).


Data for 50: [a]21
D −42.5 (c 0.55 in CHCl3); C26H27NO2 requires


C, 81.0; H, 7.1; N, 3.6; found: C, 81.05; H, 7.2; N, 3.5%; mp 109–
110 ◦C, mmax (KBr) 1767 (C=O); dH (400 MHz, CDCl3) 1.00 (3H, d,
J 7.1 Hz, C(3)Me), 1.08 (3H, d, J 6.9 Hz, C(a)Me), 2.77 (1H, dq,
J 10.2, 7.1 Hz, C(3)H), 3.45 (1H, dd, J 10.2, 8.4 Hz, C(4)H), 3.86
(1H, d, J 14.6 Hz, NCHA), 3.94 (1H, d, J 14.6 Hz, NCHB), 3.98
(1H, q, J 6.9 Hz, C(a)H), 5.07 (1H, d, J 8.4 Hz, C(5)H), 7.15–7.49
(15H, m, Ph); dC (100 MHz, CDCl3) 14.0, 18.3 (C(3)Me, C(a)Me),
37.8 (C(3)), 50.6 (NCH2), 58.2, 69.9 (C(4), C(a)), 81.9 (C(5)H),
127.3, 127.4, 127.9, 128.3, 128.5, 128.7 (o-Ph, m-Ph, p-Ph), 138.2,
140.2, 143.3 (i-Ph), 177.8 (C(2)); m/z (CI+) 386 ([M + H]+, 100%),
282 (61), 251 (31), 105 (37), 91 (42).
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o-Formyl-substituted b,b-difluorostyrenes readily react with NH2OH·HCl or NH4OAc to afford
3-fluoroisoquinoline derivatives in good yield via (i) the formation of the corresponding oximes or
imines and (ii) subsequent intramolecular replacement of a vinylic fluorine by the sp2 nitrogen of the
iminomethyl group (HON=CH– or HN=CH–). b,b-Difluorostyrenes bearing an o-diazenyl group
(HN=N–), generated by reduction of the corresponding diazonium ions, undergo a similar substitution
to afford 3-fluorinated cinnolines.


Introduction


Isoquinolines and related derivatives including cinnolines are
found in many bioactive natural products. They constitute key
structural components in pharmaceuticals and agrochemicals, as
well as materials such as dyestuffs and liquid crystals.1,2 As a
consequence, their synthesis has been a topic of much research
over the past years.3,4


The introduction of fluorine into the original molecules has
come into wide use as one of the most efficient methods for
modification of their biological activities as well as their physical
and chemical properties. Thus, fluorine-containing isoquinoline
derivatives have attracted considerable attention.5 Despite the
great utility and immense potential of ring-fluorinated isoquino-
line frameworks, both as components and intermediates,6 there
still remain problems in their synthesis.†7–9


In our recent publications, we have reported the construction
of isoquinoline frameworks via the intramolecular substitution
of tosylamidate anions, nitrogen nucleophiles bearing an N–
C single bond (sp3-type nucleophiles), for vinylic fluorines in
ortho-functionalized b,b-difluorostyrenes 1 (Scheme 1).8a This ring
formation is promoted by the unique reactivity of 1,1-difluoro-1-
alkenes toward nucleophilic substitution of their vinylic fluorines
via addition–elimination processes,5c followed by aromatization
via elimination of a sulfinic acid to provide the heteroaromatic
system 2.


On the other hand, nitrogen nucleophiles with an N=Y double
bond (sp2 nucleophiles) would give rise to the direct construction of
heteroaromatic rings.8b Thus, we investigated a replacement of the
vinylic fluorines by nitrogen nucleophiles such as oxime, imine, and
diimide nitrogens to synthesize isoquinoline derivatives. Herein,
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† Classical Balz–Schiemann (fluorodediazotization) and Halex (halogen
exchange) approaches are still extensively used. See ref. 7.


Scheme 1 Construction of isoquinoline frameworks via substitution and
elimination.


we wish to report a facile synthesis of 3-fluorinated isoquinolines
and their N-oxides8 or cinnolines9 starting from o-formyl- or o-
amino-substituted b,b-difluorostyrenes, respectively.


Results and discussion


Synthesis of 3-fluoroisoquinoline N-oxides and
3-fluoroisoquinolines


For the purpose of preparing the starting b,b-difluorostyrenes
4 with an oxime moiety at the ortho position, b,b-difluoro-o-
formylstyrenes 3 were treated with hydroxyamine hydrochloride
(NH2OH·HCl) in the presence of Et3N. Unexpectedly, the reaction
directly produced 3-fluoroquinoline N-oxide 5a in 67% yield,
instead of the expected oxime 4a (Scheme 2). This result suggests
that b,b-difluoro-o-formylstyrene 3a was initially converted into
oxime 4a, which in turn readily underwent the intramolecular


Scheme 2 Construction of isoquinoline frameworks via substitution
from 4.
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vinylic substitution, followed by deprotonation on the oxygen,
leading to the final product, isoquinoline N-oxide 5a.‡


Although this cyclization successfully proceeded, there was a
drawback in the thermal instability of the starting material, b,b-
difluoro-o-formylstyrenes 3. The coupling reaction of an in situ
generated 2,2-difluorovinylborane with o-iodobenzaldehyde10 af-
forded 3a in 84% yield, as determined by 19F NMR, while
the isolated yield was reduced to 62% after silica gel column
chromatography. Then, we tried to combine the coupling reac-
tion and the cyclization without purification of unstable 3, the
process of which could improve the synthesis of 5. After the
generation of difluorovinylboranes from 2,2,2-trifluoroethyl 4-
methylbenzenesulfonate (CF3CH2OTs) and their coupling reac-
tion with o-iodobenzaldehyde, the crude products were treated
with NH2OH·HCl, leading to the isoquinoline N-oxides 5a and
5b (R = n-Bu and sec-Bu) in 71% and 69% yields from the starting
o-iodobenzaldehyde, respectively (Scheme 3).


As further examples of this type of cyclization, we examined
a similar in situ preparation of imine nitrogen nucleophiles
(HN=CH–). When the crude formylstyrenes 3 were treated with
NH4OAc as an ammonia source, dehydration and subsequent
cyclization were smoothly induced to give isoquinolines 6a and
6b (R = n-Bu and sec-Bu) in 70% and 71% yields based on o-
iodobenzaldehyde, respectively (Scheme 3).‡


Scheme 3 Synthesis of 3-fluoroisoquinoline N-oxides 5 and 3-fluoroiso-
quinolines 6.


Reactions of 3-fluoroisoquinoline N-oxides


The remaining fluorines in isoquinoline N-oxides 5 were expected
to be quite reactive toward replacement by nucleophiles via similar
addition–elimination processes, which allow the introduction of
another substituent into the isoquinoline frameworks. Initially, we
attempted the reaction of 5a with oxygen and sulfur nucleophiles.
On treatment of 5a with KOt-Bu or LiSPh as a nucleophile in


‡ The possibility of 6p-electrocyclization in the formation of 5, 6, and 10
cannot be ruled out.


Table 1 Introduction of substituents at the 3-position of 5a


Entry NuM/eq. Solvent Conditions Yield (%) (7)


1 t-BuOK (1.5) THF −78 ◦C, 0.5 h 72 (7a)
2 PhSLi (1.5) THF −78 ◦C to 0 ◦C, 5 h 85 (7b)
3 Pyrrolidine (4.1) Toluene Reflux, 23 h 74 (7c)


THF, the expected substitution of the fluorine proceeded to give
the corresponding isoquinoline N-oxides 7a or 7b bearing an
oxygen or a sulfur functional group at the 3-position (Scheme 4;
Table 1, entries 1 and 2). A nitrogen nucleophile, pyrrolidine, also
brought about a similar substitution under less basic conditions
to yield 7c (Table 1, entry 3). Thus, the reaction of 5a with
nucleophiles occurred regioselectively at the 3-position via ipso-
attack, whereas it is known that isoquinolines are highly reactive
toward nucleophiles at their 1-position.8e


Scheme 4 Introduction of substituents at the 3-position of 5a via
substitution.


In addition, the cycloaddition of 5a was attempted by em-
ploying phenylisocyanate (PhNCO) as a dipolarophile, because
isoquinoline N-oxides are well-known to act as 1,3-dipoles. On
treatment of 5a with PhNCO in DMF, the expected reaction
proceeded with accompanying decarboxylation to give 1-anilino-
3-fluoroisoquinoline 8a. In contrast to the above-mentioned
introduction of a substituent at the 3-position, the amino group
was exclusively introduced at the 1-position (Scheme 5).§11 Thus,
these sequences of processes provide a versatile method for the
synthesis of 3,4-disubstituted and 1,3,4-trisubstituted isoquinoline
derivatives starting from CF3CH2OTs and o-iodobenzaldehyde.


Scheme 5 Introduction of a substituent at the 1-position of 5a via
1,3-dipolar addition.


§Recently, a site-selective (C-1) direct arylation of isoquinoline N-oxides
has been reported, see ref. 11.
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Synthesis of 3-fluorocinnolines


As shown in Scheme 3, the direct construction of isoquinoline
frameworks has been successfully achieved by the intramolecular
substitution of the oxime and imine sp2 nitrogen (HON=CH–
and HN=CH–). Using these tactics, we next investigated the
intramolecular substitution of a diimide sp2 nitrogen (HN=N–),
where the imino carbon was replaced by a nitrogen atom. This
reaction would result in the construction of the cinnoline ring
structure.


o-Amino-b,b-difluorostyrenes 9, prepared from CF3CH2OTs
and o-iodoaniline,12 were treated with isoamyl nitrite (i-AmONO)
for diazotization, and then subsequently reduced with n-
Bu3SnH. The expected intramolecular substitution of the terminal
diazenyl nitrogen (HN=N–) proceeded smoothly, to give 3-
fluorocinnoline 10a in 58% yield.‡ Then we tried several other
reducing reagents, and found that benzenethiol raised the yield of
10a and 10b (R = n-Bu and sec-Bu) to 88% and 87%, respectively
(Scheme 6). In the reaction of 9a, diphenyl disulfide (PhSSPh) was
obtained in 90% yield based on PhSH, which implies that PhSH
definitely acted as a reducing agent.


Scheme 6 Synthesis of 3-fluoroccinnolines 10.


Conclusion


We have accomplished the construction of isoquinoline and
cinnoline frameworks via intramolecular cyclization of b,b-
difluorostyrenes bearing a hydroxyiminomethyl (HON=CH–),
an iminomethyl (HN=CH–) or a diazenyl (HN=N–) group
at the ortho position. The b,b-difluorostyrenes, prepared
from CF3CH2OTs, trialkylboranes and o-formyl- or o-amino-
substituted aryl iodides, readily undergo six-membered ring
closure via dehydration or diazotization under mild conditions
compatible with a variety of functional groups. Thus, this sequence
provides a facile method for the synthesis of selectively ring-
fluorinated nitrogen heterocycles.


Experimental
1H NMR, 13C NMR, and 19F NMR spectra were recorded on a
JEOL JNM-A-500 or a Bruker DRX 500 spectrometer. 1H NMR
chemical shifts (dH) are given in ppm downfield from Me4Si. 13C
NMR chemical shifts (dC) are given in ppm downfield from Me4Si,
relative to chloroform-d (d = 77.0). 19F NMR chemical shifts


(dF) are given in ppm downfield from C6F6. IR spectra were
recorded on a Shimadzu IR-408 spectrometer or a JEOL JIR-
WINSPEC50 spectrometer. Elemental analyses were performed
with a YANAKO MT-6 CHN Corder apparatus. Mass spectra
were taken with a JEOL MS-700M spectrometer.


All reactions were carried out under nitrogen. Tetrahydrofuran
(THF) was distilled from sodium benzophenone ketyl prior to
use. N,N-Dimethylformamide (DMF) was distilled under reduced
pressure from CaH2 and stored over 4Å molecular sieves. Acetoni-
trile (CH3CN) was distilled under reduced pressure from CaH2 and
stored over 3Å molecular sieves. Hexamethylphosphoric triamide
(HMPA) was distilled under reduced pressure from CaH2 and
stored over 4Å molecular sieves. Toluene was distilled and stored
over sodium. Column chromatography and preparative thin layer
chromatography were performed on silica gel (Kanto Chemical
Co. Inc., Silica Gel 60 and Wako Pure Chemical Industries, Ltd.,
B5-F), respectively.


Synthesis of 3-fluoroisoquinoline N-oxides and
3-fluoroisoquinolines


o-(1,1-Difluorohex-1-en-2-yl)benzaldehyde (3a). Butyllithium
(5.0 mL, 1.7 M in hexane, 8.4 mmol) was added to a solution
of CF3CH2OTs (1.0 g, 4.0 mmol) in THF (20 mL) at −78 ◦C over
10 min. The reaction mixture was stirred for 20 min at −78 ◦C,
and then tributylborane (4.4 mL, 1.0 M in THF, 4.4 mmol)
was added at −78 ◦C. After being stirred for 1 h, the reaction
mixture was allowed to warm up to room temperature and
stirred for an additional 3 h. The solution was treated with
HMPA (5.0 mL), triphenylphosphine (30 mg, 0.11 mmol), and
tris(dibenzylideneacetone)dipalladium–chloroform (1 : 1) (29 mg,
0.028 mmol) and stirred for 15 min. To the resulting solution
were added o-iodobenzaldehyde (738 mg, 3.2 mmol) and copper(I)
iodide (757 mg, 4.0 mmol). After the mixture was stirred for 20 min
at room temperature, the reaction was quenched with phosphate
buffer (pH 7). The mixture was filtered through a Celite pad, and
then organic materials were extracted with AcOEt three times.
The combined extracts were washed with brine and dried over
Na2SO4. After removal of the solvent under reduced pressure,
the residue was purified by column chromatography on silica gel
(Et2O–hexane, 1 : 20) to give 3a (441 mg, 62%) as a pale yellow
liquid. 1H NMR (500 MHz, CDCl3) dH 0.86 (3H, t, J = 7.2 Hz),
1.29–1.35 (4H, m), 2.37–2.43 (2H, m), 7.31 (1H, dd, J = 7.6,
0.6 Hz), 7.47 (1H, dd, J = 7.6, 7.6 Hz), 7.61 (1H, ddd, J = 7.6, 7.6,
1.5 Hz), 7.96 (1H, dd, J = 7.6, 1.5 Hz), 10.16 (1H, d, J = 1.5 Hz).
13C NMR (126 MHz, CDCl3) dC 13.6, 22.2, 29.5 (d, JCF = 3 Hz),
29.5, 89.1 (dd, JCF = 24, 17 Hz), 128.3, 128.6, 130.6 (d, JCF = 2 Hz),
133.9, 134.1, 137.3 (d, JCF = 4 Hz), 152.7 (dd, JCF = 290, 287 Hz),
191.1. 19F NMR (470 MHz, CDCl3) dF 70.0 (1F, dt, JFF = 43 Hz,
JFH = 3 Hz), 72.8 (1F, dd, JFF = 43 Hz, JFH = 2 Hz). IR (neat) mmax


2970, 2950, 2890, 1840, 1745, 1705, 1600, 1470, 1465, 1245 cm−1.
MS (EI, 70 eV) m/z 224 (M+, 20%), 205 (44), 131 (100), 91 (44).
HRMS m/z calcd for C13H14F2O 224.1013 (M+); found 224.1000.


4-Butyl-3-fluoroisoquinoline N-oxide (5a). Butyllithium
(1.1 mL, 1.49 M in hexane, 1.7 mmol) was added to a THF
(4.5 mL) solution of CF3CH2OTs (203 mg, 0.80 mmol) at −78 ◦C
over 10 min. The reaction mixture was stirred for 20 min at
−78 ◦C, and then tributylborane (0.88 mL, 1.0 M in THF,
0.88 mmol) was added at −78 ◦C. After being stirred for 1 h, the
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reaction mixture was allowed to warm up to room temperature
and stirred for an additional 3 h. The solution was treated with
HMPA (1.5 mL), triphenylphosphine (17 mg, 0.065 mmol) and
tris(dibenzylideneacetone)dipalladium–chloroform (1 : 1) (25 mg,
0.024 mmol) and stirred for 15 min. To the resulting solution was
added o-iodobenzaldehyde (167 mg, 0.72 mmol) and copper(I)
iodide (153 mg, 0.80 mmol). After the mixture was stirred for
15 min at room temperature, the reaction was quenched with
phosphate buffer (pH 7). The mixture was filtered through a
Celite pad, and then organic materials were extracted with Et2O
three times. The combined extracts were washed with brine and
dried over Na2SO4. After removal of the solvent under reduced
pressure, the residue, crude aldehyde 3a, was dissolved in DMF
(3.0 mL). The resulting mixture was treated with NH2OH·HCl
(160 mg, 0.96 mmol) and Et3N (0.22 mL, 1.8 mmol) and
stirred for 12 h. The reaction was quenched with phosphate
buffer (pH 7), and organic materials were extracted with CHCl3


three times. After removal of the solvent under reduced pressure,
the residue was purified by thin layer chromatography on silica gel
(MeOH–AcOEt, 1 : 20) to give 5a (112 mg, 71%) as a pale yellow
liquid. 1H NMR (500 MHz, CDCl3) dH 0.98 (3H, t, J = 7.5 Hz),
1.47 (2H, tq, J = 7.5, 7.5 Hz), 1.69 (2H, tt, J = 7.5, 7.5 Hz), 3.06
(2H, dt, J = 7.5 Hz, JHF = 2.0 Hz), 7.59 (1H, t, J = 7.8 Hz), 7.66
(1H, t, J = 7.8 Hz), 7.74 (1H, d, J = 7.8 Hz), 7.90 (1H, d, J =
7.8 Hz), 8.75 (1H, d, JHF = 6.4 Hz). 13C NMR (126 MHz, CDCl3)
dC 13.8, 22.6, 24.3, 31.5, 119.0 (d, JCF = 17 Hz), 123.2 (d, JCF =
6 Hz), 125.6 (d, JCF = 2 Hz), 126.1 (d, JCF = 3 Hz), 128.2, 128.2,
129.5, 135.6 (d, JCF = 7 Hz), 153.5 (d, JCF = 252 Hz). 19F NMR
(470 MHz, CDCl3) dF 46.7 (d, JFH = 6 Hz). IR (KBr disk) mmax


1630, 1605, 1500, 1485, 1440, 1390, 1325, 1240, 1190, 1120 cm−1.
MS (EI, 70 eV) m/z 219 (M+, 100%), 160 (72), 149 (47), 101 (17).
Anal. found: C, 71.15; H, 6.43; N, 6.24, calcd for C13H14FNO: C,
71.21; H, 6.44; N, 6.39%.


4-(Butan-2-yl)-3-fluoroisoqunoline N-oxide (5b). Compound
5b was prepared by the method described for 5a using butyl-
lithium (1.1 mL, 1.49 M in hexane, 1.7 mmol), CF3CH2OTs
(203 mg, 0.80 mmol), tri(butan-2-yl)borane (0.88 mL, 1.0 M in
THF, 0.88 mmol), HMPA (1.5 mL), triphenylphosphine (17 mg,
0.065 mmol), tris(dibenzylideneacetone)dipalladium–chloroform
(1 : 1) (25 mg, 0.024 mmol), o-iodobenzaldehyde (167 mg,
0.72 mmol) and copper(I) iodide (153 mg, 0.80 mmol) in THF
(4.5 mL). Then, crude aldehyde 3b was treated with NH2OH·HCl
(160 mg, 0.96 mmol) and Et3N (0.22 mL, 1.8 mmol) in DMF
(3.0 mL). Purification by thin layer chromatography on silica gel
(MeOH–AcOEt, 1 : 20) gave 5b (109 mg, 69%) as a pale yellow
liquid. 1H NMR (500 MHz, CDCl3) dH 0.90 (3H, t, J = 7.2 Hz),
1.48 (3H, dd, J = 7.2Hz, JHF = 1.4 Hz), 1.84–2.04 (2H, m), 3.50
(1H, tq, J = 7.2, 7.2 Hz), 7.58 (1H, dd, J = 7.8, 7.8 Hz), 7.65 (1H,
dd, J = 7.8, 7.8 Hz), 7.74 (1H, d, J = 7.8 Hz), 8.05 (1H, d, J =
7.8 Hz), 8.77 (1H, d, JHF = 6.4 Hz). 13C NMR (126 MHz, CDCl3)
dC 12.7, 18.9 (d, JCF = 4 Hz), 28.2 (d, JCF = 3 Hz), 33.6, 123.2
(d, JCF = 15 Hz), 123.3 (d, JCF = 4 Hz), 125.8 (d, JCF = 2 Hz),
126.2 (d, JCF = 3 Hz), 128.0 (d, JCF = 3 Hz), 129.5, 129.6 (d, JCF =
8 Hz), 135.7 (d, JCF = 8 Hz), 153.9 (d, JCF = 256 Hz). 19F NMR
(470 MHz, CDCl3) dF 50.9 (br s). IR (KBr disk) mmax 2960, 2940,
2870, 1480, 1435, 1315, 1230, 1215, 1190, 1120, 920 cm−1. MS (EI,
70 eV) m/z 219 (M+, 100%), 174 (50), 115 (47). HRMS m/z calcd
for C13H14FNO 219.1059 (M+); found 219.1082.


4-Butyl-3-fluoroisoquinoline (6a). Butyllithium (0.65 mL,
1.62 M in hexane, 1.05 mmol) was added to a THF (2.5 mL)
solution of CF3CH2OTs (127 mg, 0.50 mmol) at −78 ◦C over
10 min. The reaction mixture was stirred for 20 min at −78 ◦C,
and then tributylborane (0.55 mL, 1.0 M in THF, 0.55 mmol)
was added at −78 ◦C. After being stirred for 1 h, the reaction
mixture was allowed to warm up to room temperature and
stirred for an additional 3 h. The solution was treated with
HMPA (0.63 mL), triphenylphosphine (11 mg, 0.040 mmol), and
tris(dibenzylideneacetone)dipalladium–chloroform (1 : 1) (10 mg,
0.010 mmol) and stirred for 15 min. To the resulting solution were
added o-iodobenzaldehyde (104 mg, 0.45 mmol) and copper(I)
iodide (95 mg, 0.50 mmol). After the mixture had been stirred
for 20 min at room temperature, the reaction was quenched
with phosphate buffer (pH 7). The mixture was filtered through
a Celite pad, and then organic materials were extracted with
Et2O three times. The combined extracts were washed with water
and brine, and then dried over MgSO4. After removal of the
solvent under reduced pressure, the residue was dissolved in DMF
(4.5 mL). The resulting mixture was treated with H2O (0.45 mL)
and NH4OAc (173 mg, 2.2 mmol) and then stirred for 1 h at
room temperature. The reaction mixture was diluted with H2O,
and organic materials were extracted with AcOEt three times. The
combined extracts were washed with water and brine, and then
dried over Na2SO4. After removal of the solvent under reduced
pressure, the residue was purified by thin layer chromatography
on silica gel (AcOEt–hexane, 1 : 10, and then benzene–hexane, 2 :
1) to give 6a (64 mg, 70%). 1H NMR (500 MHz, CDCl3) dH 0.97
(3H, t, J = 7.5 Hz), 1.46 (2H, tq, J = 7.5, 7.5 Hz), 1.63–1.71 (2H,
m), 3.03 (2H, dt, J = 7.5 Hz, JHF = 0.9 Hz), 7.52 (1H, ddd, J =
8.0, 8.0 Hz, JHF = 0.8 Hz), 7.71 (1H, dd, J = 8.0, 8.0 Hz), 7.97
(1H, d, J = 8.0 Hz), 7.99 (1H, d, J = 8.0 Hz), 8.80 (1H, s). 13C
NMR (126 MHz, CDCl3) dC 13.9, 22.8, 24.1, 32.1, 115.0 (d, JCF =
30 Hz), 122.9 (d, JCF = 7 Hz), 125.6 (d, JCF = 2 Hz), 127.6 (d,
JCF = 2 Hz), 128.4, 130.7, 138.4 (d, JCF = 6 Hz), 148.6 (d, JCF =
16 Hz), 159.1 (d, JCF = 232 Hz). 19F NMR (470 MHz, CDCl3) dF


79.3 (br s). IR (neat) mmax 2960, 2930, 2870, 1620, 1590, 1440, 1425,
1250, 1220, 750 cm−1. MS (EI, 20 eV) m/z 203 (M+, 67%), 160
(100). Anal. found: C, 76.54; H, 6.95; N, 6.76, calcd for C13H14FN:
C, 76.82; H, 6.94; N, 6.89%.


4-(Butan-2-yl)-3-fluoroisoquinoline (6b). Compound 6b was
prepared by the method described for 6a using butyllithium
(0.65 mL, 1.62 M in hexane, 1.05 mmol), CF3CH2OTs (127 mg,
0.50 mmol), tri(butan-2-yl)butylborane (0.55 mL, 1.0 M in THF,
0.55 mmol), HMPA (0.63 mL), triphenylphosphine (11 mg,
0.040 mmol), tris(dibenzylideneacetone)dipalladium–chloroform
(1 : 1) (10 mg, 0.010 mmol), o-iodobenzaldehyde (104 mg,
0.45 mmol) and copper(I) iodide (95 mg, 0.50 mmol) in THF
(2.5 mL). Then, crude aldehyde 3b was treated with NH4OAc
(173 mg, 2.2 mmol) and H2O (0.22 mL, 1.8 mmol) in DMF
(4.5 mL). Purification by thin layer chromatography on silica
gel (AcOEt–hexane, 1 : 10, and then benzene–AcOEt–hexane 1 :
10 : 10) to give 6b (65 mg, 71%). 1H NMR (500 MHz, CDCl3)
dH 0.86 (3H, t, J = 7.3 Hz), 1.46 (3H, dd, J = 7.3 Hz, JHF =
1.5 Hz), 1.82–2.14 (2H, m), 3.49 (1H, tq, J = 7.3, 7.3 Hz), 7.52
(1H, dd, J = 7.9, 7.9 Hz), 7.70 (1H, dd, J = 7.9, 7.9 Hz), 7.98
(1H, d, J = 7.9 Hz), 8.14 (1H, d, J = 7.9 Hz), 8.81 (1H, s). 13C
NMR (126 MHz, CDCl3) dC 12.8, 19.3 (d, JCF = 3 Hz), 28.5


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3956–3962 | 3959







(d, JCF = 3 Hz), 33.0 (d, JCF = 4 Hz), 119.1 (d, JCF = 26 Hz),
123.1 (d, JCF = 6 Hz), 125.5 (d, JCF = 2 Hz), 127.6 (d, JCF = 2 Hz),
128.5, 130.6, 138.5 (d, JCF = 7 Hz), 148.8 (d, JCF = 17 Hz), 159.3
(d, JCF = 235 Hz). 19F NMR (470 MHz, CDCl3) dF 86.1 (br s). IR
(neat) mmax 2964, 2873, 1623, 1585, 1567, 1500, 1442, 1423, 1380,
1268, 1247, 1153, 933, 752 cm−1. MS (EI, 70 eV) m/z 203 (M+,
37%), 174 (100), 154 (17), 149 (14). Anal. found: C, 76.58; H, 7.00;
N, 6.80, calcd for C13H14FN: C, 76.82; H, 6.94; N, 6.89%.


Reactions of 3-fluoroisoquinoline N-oxides


3-tert-Butoxy-4-butylisoquinoline N-oxide (7a). To a solution
of potassium tert-butoxide (63 mg, 0.56 mmol) in THF (2.5 mL)
was added a solution of 5a (82 mg, 0.37 mmol) in THF (2.0 mL)
at −78 ◦C. After the mixture was stirred for 30 min at −78 ◦C, the
reaction was quenched with H2O–THF. Organic materials were
extracted with AcOEt three times. The combined extracts were
washed with brine and dried over Na2SO4. After removal of the
solvent under reduced pressure, the residue was purified by thin
layer chromatography on silica gel (MeOH–AcOEt, 1 : 20) to give
7a (74 mg, 72%) as colorless crystals. 1H NMR (500 MHz, CDCl3)
dH 0.99 (3H, t, J = 7.5 Hz), 1.49 (2H, tq, J = 7.5, 7.5 Hz), 1.62
(9H, s), 1.61–1.68 (2H, m), 3.07 (2H, t, J = 7.5 Hz), 7.47 (1H,
dd, J = 7.8, 7.8 Hz), 7.54 (1H, ddd, J = 7.8, 7.8, 1.2 Hz), 7.64
(1H, d, J = 7.8 Hz), 7.82 (1H, d, J = 7.8 Hz), 8.67 (1H, s). 13C
NMR (126 MHz, CDCl3) dC 13.9, 23.0, 26.6, 29.1, 31.9, 87.2,
123.5, 125.1, 126.1, 127.2, 127.4, 128.2, 129.6, 135.0, 152.1. IR
(KBr disk) mmax 2960, 2920, 1590, 1465, 1360, 1320, 1230, 1180,
1150, 750 cm−1. MS (EI, 20 eV) m/z 273 (M+, 2%), 217 (100), 201
(15), 158 (12). HRMS m/z calcd for C17H23NO2 273.1729 (M+);
found 273.1752.


4-Butyl-3-phenylthioisoquinoline N-oxide (7b). To a solution
of thiophenol (54 mL, 0.53 mmol) in THF (1.0 mL) was
added butyllithium (0.35 mL, 1.51 M in hexane, 0.53 mmol) at
−78 ◦C. The reaction mixture was stirred for 30 min at −78 ◦C,
and then a solution of 5a (96 mg, 0.44 mmol) in THF (2.0 mL)
was added at −78 ◦C. After being stirred for 3 h, the mixture
was allowed to warm up to 0 ◦C and stirred for an additional 2 h.
The reaction was quenched with phosphate buffer (pH 7). Organic
materials were extracted with MeOH–AcOEt (1 : 20) three times.
The combined extracts were washed with brine and dried over
Na2SO4. After removal of the solvent under reduced pressure, the
residue was purified by thin layer chromatography on silica gel
(MeOH–AcOEt, 1 : 20) to give 7b (115 mg, 85%) as colorless
crystals. 1H NMR (500 MHz, CDCl3) dH 0.97 (3H, t, J = 7.6 Hz),
1.51 (2H, tq, J = 7.6, 7.6 Hz), 1.63 (2H, tt, J = 7.6, 7.6 Hz),
3.43 (2H, t, J = 7.6 Hz), 7.14–7.19 (1H, m), 7.21–7.24 (4H, m),
7.58–7.63 (2H, m), 7.67–7.70 (1H, m), 7.93–7.96 (1H, m), 8.81
(1H, s). 13C NMR (126 MHz, CDCl3) dC 13.8, 23.0, 31.4, 32.8,
124.5, 125.3, 126.5, 127.8, 127.9, 128.8, 129.1, 129.4, 129.6, 134.5,
135.0, 141.8, 144.1. IR (KBr disk) mmax 3050, 2950, 2920, 1580,
1565, 1480, 1320, 1185, 1135, 740 cm−1. MS (EI, 70 eV) m/z 309
(M+, 9%), 292 (100), 250 (75), 174 (75), 115 (22), 77 (12). HRMS
m/z calcd for C19H19NOS 309.1187 (M+); found 309.1216.


4-Butyl-3-(pyrrolidin-1-yl)isoquinoline N-oxide (7c). To a so-
lution of 5a (77 mg, 0.35 mmol) in toluene (2.0 mL) was added
pyrrolidine (0.12 mL, 1.4 mmol) at room temperature. After the
reaction mixture was heated at reflux for 23 h, volatile components


were removed by evaporation under reduced pressure. The residue
was purified by thin layer chromatography on silica gel (MeOH–
AcOEt, 1 : 20) to give 7c (69 mg, 74%) as a pale brown solid.
1H NMR (500 MHz, CDCl3) dH 1.00 (3H, t, J = 7.4 Hz), 1.50
(2H, tq, J = 7.4, 7.4 Hz), 1.59–1.67 (2H, m), 2.06–2.10 (4H, m),
3.11–3.15 (2H, m), 3.35 (4H, br s), 7.48–7.53 (2H, m), 7.64 (1H,
dd, J = 7.3, 1.2 Hz), 7.86 (1H, d, J = 8.5 Hz), 8.67 (1H, s). 13C
NMR (126 MHz, CDCl3) dC 13.9, 23.2, 26.7, 27.9, 33.0, 49.5,
124.2, 125.1, 127.7, 127.8, 128.0, 129.5, 135.3, 135.9, 148.6. IR
(KBr disk) mmax 3286, 2954, 2925, 1473, 1430, 1321, 1226, 1168,
1122, 759 cm−1. MS (EI, 20 eV) m/z 270 (M+, 12%), 254 (100).
HRMS m/z calcd for C17H22N2O 270.1732 (M+); found 270.1764.


4-Butyl-3-fluoro-1-anilinoisoquinoline (8a). To a solution of 5a
(73 mg, 0.32 mmol) in DMF (4.0 mL) was added phenyl isocyanate
(0.074 mL, 0.68 mmol). After the reaction mixture was stirred at
100 ◦C for 21 h, phosphate buffer (pH 7) was added. Organic
materials were extracted with AcOEt three times. The combined
extracts were washed with brine and dried over Na2SO4. After
removal of the solvent under reduced pressure, the residue was
purified by thin layer chromatography on silica gel (AcOEt–
hexane, 1 : 3) to give 8a (55 mg, 57%) as a pale yellow solid.
1H NMR (500 MHz, CDCl3) dH 0.95 (3H, t, J = 7.5 Hz), 1.43
(2H, tq, J = 7.5, 7.5 Hz), 1.61 (2H, tt, J = 7.5, 7.5 Hz), 2.89
(2H, t, J = 7.5 Hz), 7.05 (1H, tt, J = 7.5, 1.1 Hz), 7.15 (1H,
br s), 7.34 (2H, dd, J = 8.6, 7.5 Hz), 7.42 (1H, dd, J = 7.8,
7.8 Hz), 7.64 (1H, dd, J = 7.8, 7.8 Hz), 7.68 (2H, dd, J = 8.6,
1.1 Hz), 7.88 (1H, d, J = 7.8 Hz), 7.89 (1H, d, J = 7.8 Hz). 13C
NMR (126 MHz, CDCl3) dC 14.0, 22.6, 23.6, 32.2, 104.4 (d, JCF =
31 Hz), 117.0 (d, JCF = 2 Hz), 120.0, 122.0, 122.9, 123.9 (d, JCF =
7 Hz), 124.5 (d, JCF = 2 Hz), 129.0, 130.3, 139.7 (d, JCF = 7 Hz),
139.7, 149.8 (d, JCF = 20 Hz), 157.2 (d, JCF = 230 Hz). 19F NMR
(470 MHz, CDCl3) dF 79.4 (br s). IR (neat) mmax 3450, 2950, 2870,
1620, 1540, 1440, 1415, 1340, 1120, 755 cm−1. MS (EI, 70 eV) m/z
294 (M+, 45%), 251 (100), 204 (7), 128 (7), 77 (19). Anal. found: C,
77.22; H, 6.64; N, 9.31, calcd for C19H19FN2: C, 77.52; H, 6.51; N,
9.52%.


Synthesis of 3-fluorocinnolines


o-(1,1-Difluorohex-1-en-2-yl)aniline (9a). Butyllithium
(1.56 mL, 1.63 M in hexane, 2.5 mmol) was added to a solution
of CF3CH2OTs (308 mg, 1.21 mmol) in THF (10 mL) at −78 ◦C
over 10 min. The reaction mixture was stirred for 20 min at
−78 ◦C, and then tributylborane (1.33 mL, 1.0 M in THF,
1.33 mmol) was added at −78 ◦C. After being stirred for 1 h, the
reaction mixture was allowed to warm up to room temperature
and stirred for an additional 3 h. The solution was treated
with HMPA (3.0 mL), triphenylphosphine (25 mg, 0.10 mmol)
and tris(dibenzylideneacetone)dipalladium–chloroform (1 : 1)
(25 mg, 0.024 mmol) and stirred for 15 min. To the solution
was added the magnesium salt [generated from o-iodoaniline
(238 mg, 1.09 mmol) and dibutylmagnesium (2.47 mL, 0.44 M in
Et2O, 1.09 mmol) in THF (3.0 mL) at 0 ◦C] and copper(I) iodide
(230 mg, 1.21 mmol). After the mixture had been stirred for 1 h
at room temperature, the reaction was quenched with phosphate
buffer (pH 7). The mixture was filtered through a Celite pad, and
then organic materials were extracted with AcOEt three times.
The combined extracts were washed with brine and dried over
Na2SO4. After removal of the solvent under reduced pressure,
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the residue was purified by column chromatography on silica gel
(AcOEt–hexane, 1 : 10) to give 9a (176 mg, 77%) as a yellow
liquid. 1H NMR (500 MHz, CDCl3) dH 0.87 (3H, t, J = 7.1 Hz),
1.30–1.35 (4H, m), 2.29 (2H, tdd, J = 7.0 Hz, JHF = 2.3, 2.3 Hz),
3.66 (2H, br s), 6.70–6.77 (2H, m), 7.00 (1H, dd, J = 7.6, 1.5 Hz),
7.12 (1H, ddd, J = 7.6, 7.6, 1.5 Hz). 13C NMR (126 MHz, CDCl3)
dC 13.8, 22.4, 27.7, 29.8 (dd, JCF = 3, 3 Hz), 89.1 (dd, JCF = 22,
17 Hz), 115.6, 118.4, 119.0 (d, JCF = 3 Hz), 128.9, 130.6, (d, JCF =
2 Hz), 144.3, 152.8 (dd, JCF = 290, 288 Hz). 19F NMR (470 MHz,
CDCl3) dF 68.7 (1F, d, JFF = 43 Hz), 72.7 (1F, d, JFF = 43 Hz).
IR (neat) mmax 3475, 3375, 2960, 2930, 2860, 1740, 1620, 1495,
1230 cm−1. MS (EI, 70 eV) m/z 211 (M+, 100%), 168 (59), 148
(43). Anal. found: C, 68.14; H, 7.07, N; 6.52, calcd for C12H15F2N:
C, 68.23; H, 7.16; N, 6.63%.


o-(1,1-Difluoro-3-methylpent-1-en-2-yl)aniline (9b). Com-
pound 9b was prepared by the method described for 9a using
butyllithium (1.56 mL, 1.63 M in hexane, 2.5 mmol), CF3CH2OTs
(308 mg, 1.21 mmol), THF (10 mL), tri(butan-2-yl)borane
(1.33 mL, 1.0 M in THF, 1.33 mmol), HMPA (3.0 mL), triph-
enylphosphine (25 mg, 0.10 mmol), tris(dibenzylideneacetone)-
dipalladium–chloroform (1 : 1) (25 mg, 0.024 mmol), o-iodoaniline
(238 mg, 1.09 mmol), dibutylmagnesium (2.47 mL, 0.44 M in
Et2O, 1.09 mmol), THF (3.0 mL) and copper(I) iodide (230 mg,
1.21 mmol). Purification by thin layer chromatography on silica
gel (AcOEt–hexane, 1 : 5) gave 9b (157 mg, 68%) as a pale yellow
liquid. 1H NMR (500 MHz, (CD3)2SO, 100 ◦C) dH 0.99 (3H, t,
J = 7.3 Hz), 1.03–1.15 (3H, m), 1.31–1.45 (1H, m), 1.54–1.66 (1H,
m), 2.44–2.58 (1H, m), 4.58 (2H, br s), 6.62 (1H, ddd, J = 7.4, 7.4,
1.4 Hz), 6.79 (1H, d, J = 7.4 Hz), 6.92 (1H, d, J = 7.4 Hz), 7.07
(1H, ddd, J = 7.4, 7.4, 1.4 Hz). 13C NMR (126 MHz, (CD3)2SO,
100 ◦C) dC 10.1, 17.2, 26.9, 34.5, 92.4 (dd, JCF = 16, 16 Hz), 114.5,
115.4, 116.1, 127.8, 129.6, 145.8, 151.7 (dd, JCF = 290, 288 Hz).
19F NMR (470 MHz, (CD3)2SO, 100 ◦C) dF 71.2 (1F, br d, JFF =
49 Hz), 74.1 (1F, br d, JFF = 49 Hz). IR (neat) mmax 3390, 2960,
1730, 1615, 1495, 1455, 1300, 1215, 935, 750 cm−1. MS (EI, 70
eV) m/z 211 (M+, 100%), 182 (57), 162 (82). HRMS m/z calcd
for C12H15F2N 211.1173 (M+); found 211.1184.


4-Butyl-3-fluorocinnoline (10a). To a solution of 9a (65 mg,
0.31 mmol) in CH3CN (3.0 mL) were added CF3CO2H (0.045 mL,
0.61 mmol) and i-AmONO (0.081 mL, 0.61 mmol) at 0 ◦C, and the
reaction mixture was stirred for 30 min. The mixture was treated
with thiophenol (0.10 mL, 0.92 mmol) and then stirred for 30 min
at 0 ◦C. The reaction was quenched with phosphate buffer (pH 7),
and organic materials were extracted with AcOEt three times. The
combined extracts were washed with brine and dried over Na2SO4.
After removal of the solvent under reduced pressure, the residue
was purified by thin layer chromatography on silica gel (AcOEt–
hexane 1 : 5) to give 10a (55 mg, 88%) as a yellow liquid. 1H NMR
(500 MHz, CDCl3) dH 0.98 (3H, t, J = 7.6 Hz), 1.47 (2H, tq,
J = 7.6, 7.6 Hz), 1.71 (2H, tt, J = 7.6, 7.6 Hz), 3.09 (2H, t, J =
7.6 Hz), 7.76–7.80 (2H, m), 8.00–8.05 (1H, m), 8.48–8.52 (1H, m).
13C NMR (126 MHz, CDCl3) dC 13.8, 22.8, 23.7, 31.7, 122.0 (d,
JCF = 25 Hz), 122.8 (d, JCF = 7 Hz), 129.2 (d, JCF = 2 Hz), 129.4
(d, JCF = 5 Hz), 130.5, 131.5, 150.5 (d, JCF = 2 Hz), 162.4 (d, JCF =
236 Hz). 19F NMR (470 MHz, CDCl3) dF 67.6 (br s). IR (neat) mmax


2960, 2870, 1620, 1580, 1535, 1440, 1320, 1235, 1135, 1080, 965,
760 cm−1. MS (EI, 70 eV) m/z 204 (M+, 100%), 162 (43), 133 (47).


Anal. found: C, 70.32; H, 6.28; N, 13.34, calcd for C12H13FN2: C,
70.57; H, 6.42; N, 13.72%.


4-(Butan-2-yl)-3-fluorocinnoline (10b). Compound 10b was
prepared by the method described for 10a using CH3CN
(3.0 mL), CF3CO2H (0.053 mL, 0.72 mmol), i-AmONO (0.10 mL,
0.72 mmol), 9b (76 mg, 0.36 mmol) and thiophenol (0.11 mL,
1.1 mmol). Purification by thin layer chromatography on silica gel
(AcOEt–hexane 1 : 5) gave 10b (64 mg, 87%) as a yellow liquid.
1H NMR (500 MHz, CDCl3) dH 0.87 (3H, t, J = 7.2 Hz), 1.49 (3H,
dd, J = 7.2 Hz, JHF = 1.5 Hz), 1.87–2.03 (2H, m), 3.57 (1H, tq, J =
7.2, 7.2 Hz), 7.75–7.80 (2H, m), 8.14–8.20 (1H, m), 8.48–8.54 (1H,
m). 13C NMR (126 MHz, CDCl3) dC 12.7, 18.9 (d, JCF = 3 Hz),
28.2 (d, JCF = 4 Hz), 33.0 (d, JCF = 3 Hz), 122.9 (d, JCF = 6 Hz),
125.8 (d, JCF = 22 Hz), 129.1 (d, JCF = 2 Hz), 129.4 (d, JCF = 7 Hz),
130.7, 131.5, 150.6, 162.4 (d, JCF = 238 Hz). 19F NMR (470 MHz,
CDCl3) dF 74.1 (br s). IR (neat) mmax 2960, 2940, 2860, 1565, 1525,
1435, 1315, 1235, 1130, 760 cm−1. MS (EI, 20 eV) m/z 204 (M+,
100%), 146 (34). Anal. found: C, 70.32; H, 6.54; N, 13.50, calcd
for C12H13FN2: C, 70.57; H, 6.42; N, 13.72%.
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Pericosines A–E 1–5 have been isolated from a strain of Periconia byssoides originally separated from
the sea hare Aplysia kurodai. Among them, pericosines C 3 and E 5 were separated as enantiomeric
mixtures. Their stereostructures, except for compound 1, have been elucidated or identified on the basis
of spectroscopic analyses, including 1D and 2D NMR techniques, and X-ray analysis. In addition,
conformation for all the compounds has been discussed. Compounds 1–3 exhibited significant growth
inhibition against tumour cell lines. Pericosine A 1 also showed significant in vivo tumour inhibitory
activity. In addition, compound 1 inhibited the protein kinase EGFR and topoisomerase II.


Introduction


Marine microorganisms are potentially prolific sources of highly
bioactive secondary metabolites that might represent useful leads
in the development of new pharmaceutical agents. As part of our
ongoing search for new antitumour metabolites from microorgan-
isms inhabiting the marine environment,1–3 we previously reported
that cell-adhesion inhibitors, macrosphelides4,5 and peribysins,6–8


were produced by a strain of Periconia byssoides OUPS-N133
originally separated from the sea hare Aplysia kurodai. Further
investigation for metabolites of this fungal strain has now led
to the isolation of designated pericosines A–E 1–5. Among them,
pericosines A 1, B 2 and D 4 exhibited significant growth inhibition
against the murine P388 cell line. Moreover, pericosine A 1
showed selective growth inhibition against human cancer cell lines,
and significant in vivo tumour inhibitory activity against mice
inoculated intraperitoneally with P388 leukemia cells. In addition,
pericosine A 1 was demonstrated to inhibit the protein kinase
EGFR and topoisomerase II. We report herein detailed study
of their isolation, relative stereostructures, conformation and
biological activities. The relative stereostructures of pericosines
A 1 and B 2 have been briefly reported by us in a preliminary
form,9 and it has been recently reported by Usami et al.,10 part of
our research group, that the proposed structure 6 for pericosine A9


is incorrect and should be revised as 1 on the basis of the synthesis
of the enantiomer of 1.


Results and discussion


The fungal strain was cultured at 27 ◦C for 4 weeks in a medium
containing 1% malt extract, 1% glucose and 0.05% peptone in
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artificial seawater adjusted to pH 7.5. The AcOEt extract of the
culture filtrate was purified by bioassay (P388 cell line)-guided
fractionation employing a combination of Sephadex LH-20 and
silica gel column chromatography procedures as well as reversed-
phase HPLC to afford pericosines A–E 1–5.


Pericosine D (4) has the molecular formula C8H11ClO5 estab-
lished by the [M + H]+ peak of 4 in HREIMS and the ratio of
relative intensity of isotope peaks (MH+ : [MH + 2]+ = ca. 3 : 1)
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Table 1 1H and 13C NMR spectral data of pericosine D 4 in acetone-d6


Position d 1Ha J/Hz 1H–1H COSY NOE d 13C HMBCc


1 — — — — — 129.06 (q)b —
2 6.90 d 2.5 (3) 3 3 144.78 (t) 1, 3, 4, 6, 7
3 4.46 ddd 8.5 (4), 6.2 (3-OH), 2.5 (2) 2, 4, 3-OH 2, 4 69.79 (t) 1, 2, 4, 5
4 3.99 ddd 8.5 (3), 6.0 (4-OH), 2.6 (5) 3, 5, 4-OH 3, 5 71.10 (t) 2, 5, 6
5 4.21 dt 3.1 (5-OH), 2.6 (4, 6) 4, 6, 5-OH 4, 6 75.19 (t) 1, 4, 6
6 4.83 dd 2.6 (5), 1.1 (3) 5 5 56.02 (t) 1, 2, 4, 7
7 — — — — — 165.86 (q) —
8 3.77 s — — — 52.38 (p) 7
3-OH 4.57 d 6.2 (3) 3 — — — —
4-OH 4.33 d 6.0 (4) 4 — — — —
5-OH 4.83 d 3.1 (5) 5 — — — —


a 1H chemical shift values (d ppm from SiMe4) followed by multiplicity and then the coupling constants (J/Hz). Figures in parentheses indicate the proton
coupling with that position. b Letters, p, s, t and q, in parentheses indicate respectively primary, secondary, tertiary and quaternary carbons, assigned by
DEPT. c Long range 1H–13C correlations from H to C.


in EIMS. Its IR spectrum exhibited bands at 3332, 1720 and
1635 cm−1, characteristic of a hydroxy group, an ester and a double
bond. A close inspection of the 1H and 13C NMR spectra of 4
(Table 1) by DEPT and 1H–13C COSY experiments revealed the
presence of three hydroxymethines (C-3, C-4 and C-5), one sp3-
methine linked to a chlorine atom (C-6), one trisubstituted double
bond (C-1 and C-2) and one methoxycarbonyl group (C-7 and C-
8). The 1H–1H COSY analysis of 4 led to a partial structural unit
as shown by bold-faced lines in Fig. 1, which was supported by
HMBC correlations (Table 1). The connection of this unit and
the remaining functional groups was determined on the basis of
the key HMBC correlations summarized in Fig. 1, and the planar
structure of 4 was thus elucidated.


Fig. 1 Selected 1H–1H COSY and HMBC correlations in pericosine D 4.


The relative stereochemistry and conformation for 4 was
established by a combination of observed coupling constants and
NOESY experiments in the 3,4-cis-acetonide 4a derived from 4.
Acetonide 4a showed NOE correlations from the protons of one
side of the isopropylidene methyl group (dH 1.42 ppm) to both
H-3 and H-4 and from the other side of the methyl protons (dH


1.50 ppm) to H-5, and coupling constants of J3,4 7.1 Hz and J4,5


8.5 Hz (Table 2). This evidence implied that pseudoaxial H-4 is
arranged cis to pseudoequatorial H-3, and trans to pseudoaxial
H-5. Furthermore, an NOE correlation between H-5 and H-6 and
a small value of the coupling constant (J5,6 3.7 Hz) between H-5
and H-6 suggested that H-5 is oriented cis to pseudoequatorial
H-6. This consideration implied that acetonide 4a in CDCl3 exists
in a half-chair conformation (Fig. 2), in which C-5 is above the
plane of the olefinic system (C6–C1–C2–C3) and C-4 is below it.
In addition to NOEs for H-3/H-4 and H-5/H-6, pericosine D 4
showed NOE for H-4/H-5 (Table 1), which was not observed in
acetonide 4a. Furthermore, a small value of the coupling constant
(J4,5 2.6 Hz) between H-4 and H-5 was observed in compound 4.
This evidence implied that pericosine D 4 in acetone-d6 exists in a


Fig. 2 Observed NOEs and conformation for pericosine D 4 and its
acetonide 4a.


half-chair conformation (Fig. 2), in which C-5 is below the plane
of the olefinic system and C-4 is above it. This above-summarized
evidence led to relative stereostructure 4 for pericosine D.


Pericosine B 2 was assigned the molecular formula C9H14O6 as
deduced from the [M + H]+ peak of 2 in HREIMS. The general
spectral features of compound 2 closely resembled those of 4
except that the chlorine atom in 4 was replaced by a methoxyl
group [dH 3.59 (H-9), dC 61.24 (C-9); dH 4.26 (H-6), dC 76.72 (C-
6) ppm] (Table 3) in 2. The planar structure of 2 was confirmed by
analysis of 1H–1H COSY and HMBC correlations (H-2/H-3, H-
3/H-4, H-4/H-5, H-5/H-6, H-9/C-6, H-8/C-7, H-2/C-7, H-6/C-
7, and H-5/C-1; Table 3). The 3,4-cis-acetonide 2a derived from 2
showed NOEs from the protons of one side of the isopropylidene
methyl group (dH 1.38 ppm) to both H-3 and H-4 and from H-
5 to H-3, H-4 and H-6, and coupling constants of J3,4 5.7 Hz,
J4,5 3.2 Hz and J5,6 4.1 Hz (Table 2). In addition to an NOE
correlation between H-3 and H-5, the observation of a W -type
long-range coupling (0.9 Hz) between H-4 and H-6 implied that
acetonide 2a in CDCl3 exists in a half-chair conformation (Fig. 3)
with H-3 and H-5 in a co-pseudoaxial arrangement and with H-
4 and H-6 in a co-pseudoequatorial arrangement, in which C-5
is below the plane of the olefinic system (C6–C1–C2–C3) and C-4
is above it. Pericosine B 2 showed similar NOEs and coupling
constants to those of 2a, including an NOE between H-3 and
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H-5, and a W -type long-range coupling (1.1 Hz) between H-4
and H-6 (Table 3). The coupling constants of H-3/H-4, H-4/H-
5 and H-5/H-6 in 2 were respectively observed as 2.8, 2.0 and
4.1 Hz in acetone-d6 with a drop of D2O. This finding indicated
that compound 2 in acetone-d6 exists in the same conformation as
that of acetonide 2a (Fig. 3). The above-summarized evidence
led to relative stereostructure 2 with an all cis-configuration
for pericosine B. The total synthesis of 2 was accomplished by
Donohoe et al.11 after our preliminary report,9 and proved that
the absolute configuration of 2 is 3S,4S,5S,6R.


Fig. 3 Conformation for pericosines A 1, C 3 and their acetonides 1a–3b.


Pericosine C 3 has the same molecular formula as pericosine
B 2 as deduced from HREIMS. The general features of its 1H
and 13C NMR spectra closely resembled those of 2 except that
the signals for H-5, H-9, C-3, C-6 and C-9 in 3 revealed a
chemical shift difference relative to those of 2 (Tables 3 and 4).
1H–1H COSY and HMBC correlations (H-9/C-6, H-6/C-7, H-
2/C-7, H-6/C-2 and H-5/C-1) suggested that compound 3 has
the same planar structure as 2 and is the stereoisomer of 2.
Treatment of compound 3 with 2,2-dimethoxypropane (0.5 ml)
and pyridinium p-toluenesulfonate (PPTS) gave two kinds of
acetonides, 3,4-cis-acetonide 3a and 4,5-cis-acetonide 3b, of which
the cis-configuration was deduced from observation of NOE
correlations from the protons of one side of the isopropylidene
methyl group [dH 1.43 (3a) or dH 1.35 (3b) ppm] to both H-3 and
H-4 or to both H-4 and H-5 (Table 5). This result implied that all
the protons at the positions 3–5 in 3, 3a and 3b are oriented cis and
consequently compound 3 is the stereoisomer of 2 at position 6.
NOE correlations and a small value of the coupling constant (J5,6


2.3–4.8 Hz) between H-5 and H-6 in 3, 3a and 3b (Tables 4 and 5)
showed that these compounds in solution (CDCl3 or acetone-d6)
exist in a half-chair conformation (Fig. 3), in which C-5 is above
the plane of the olefinic system (C6–C1–C2–C3) and C-4 is below
it. NMR spectral data of compound 3 and its acetonides 3a and
3b were in agreement with those of the epimer of pericosine B 2
and the derivatives which have already been synthesized by us,12


whereas the specific optical rotation of the natural product 3 and
the synthetic compound 7 was different and was found to be −4.8
and +35.1 deg cm3 g−1 dm−1, respectively. This result suggested
that the natural pericosine C is a mixture of two enantiomers as
described below for pericosine E 5 and contains more enantiomer
3 than synthetic compound 7.


Pericosine A 1 was shown to have the same molecular formula
as pericosine D 4 by HREIMS. The general features of its 1H and
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Table 3 1H and 13C NMR spectral data of pericosine B 2 in acetone-d


Position d 1Ha J/Hz 1H–1H COSY NOE d 13C HMBCa


1 — — — — — 130.23 (q)a —
2 6.72 dd 2.8 (3), 1.1 (6) 3 3 141.72 (t) 1, 6, 7
3 4.16 br s — 2, 4 2, 4, 5 69.27 (t) 2, 4, 5
4 3.93 br s — 3, 5 3, 5 69.73 (t) 2, 6
5 3.86 br s — 4, 6 3, 4, 6 72.48 (t) 1, 3, 4, 6
6 4.26 dt 4.5 (5), 1.1 (2, 4) 5 5, 9 76.72 (t) 1, 2, 5, 7
7 — — — — — 166.61 (q) —
8 3.77 s — — — 51.91 (p) 7
9 3.59 s — — 6 61.24 (p) —
3-OH 2.62 br s — — — — — —
4-OH 1.46 br s — — — — — —
5-OH 1.52 br s — — — — — —


a As in Table 1.


Table 4 1H and 13C NMR spectral data of pericosines A 1 and C 3 in acetone-d6


1 3


Position d 1Ha J/Hz NOE d 13C d 1Ha J/Hz NOE d 13C


1 — — — — 130.28 (q)a — — — — 131.15 (q)a


2 6.93 d 4.0 (3) 3 141.89 (t) 6.76 d 3.9 (3) 3 140.08 (t)
3 4.41 br t 4.0 (2, 4) 2, 4 66.96 (t) 4.25 t 3.9 (2, 4) 2, 4 67.13 (t)
4 4.10 dd 4.0 (3), 2.0 (5) 3, 5 68.64 (t) 3.89 dd 3.9 (3), 2.1 (5) 3, 5 69.83 (t)
5 4.13 dd 4.5 (6), 2.0 (4) 4 75.42 (t) 3.98 dd 4.8 (6), 2.1 (4) 4, 6, 9 72.85 (t)
6 4.90 dd 4.5 (5), 0.9 (3) — 57.69 (t) 4.19 d 4.8 (5) 5, 9 78.81 (t)
7 — — — — 168.18 (q) — — — — 167.22 (q)
8 3.79 s — — 52.88 (p) 3.75 s — — 51.64 (p)
9 — — — — — — 3.48 s — 5, 6 59.01 (p)
3-OH n.d. — — — — — 4.20 br s — — — —
4-OH n.d. — — — — — 4.22 br s — — — —
5-OH n.d. — — — — — 4.57 br s — — — —


a As in Table 1.


Table 5 1H NMR spectral data of pericosine C acetonides 3a and 3b in CDCl3


3a 3b


Position d 1Ha J/Hz NOE d 1Ha J/Hz NOE


1 — — — — — — — —
2 7.06 d 3.0 (3) 3 7.13 q 1.8 (3, 4, 6) 3
3 4.66 dd 7.0 (4), 3.0 (2) 2, 4, CH3


b 4.50 ddd 10.8 (OH), 5.0 (4), 1.8 (2) 2, 4
4 4.53 dd 7.0 (3), 4.2 (5) 3, 5, CH3


b 4.65 dd 7.1 (5), 5.0 (3), 1.8 (2) 3, 5, CH3
b


5 4.19 td 4.2 (4, 6), 2.7 (OH) 4, 6, 9, 5-OH 4.61 dd 7.1 (4), 2.3 (6) 4, 6, CH3
b


6 4.47 d 4.2 (5) 5, 9 4.47 dd 2.3 (5), 1.8 (2) 5, 9
7 — — — — — — — —
8 3.80 s — — 3.80 s — —
9 3.46 s — 5, 6 3.29 s — 6
3-OH — — — 2.68 br d 10.8 (3) — —
4-OH — — — — — — — —
5-OH 2.35 d 2.7 (5) 5 — — — —
CH3


b 1.43 s — 3, 4 1.35 s — 4, 5
CH3


c 1.50 s — — 1.29 s — —


a As in Table 1. b Methyl group of acetonide. c Methyl group of acetonide.


13C NMR spectra closely resembled those of 4 except that the
signals for H-4, C-2–C-4 and C-7 revealed a chemical shift
difference relative to those of 4 (Tables 1 and 4). Analysis of
1H–1H COSY and HMBC correlations (H-2/C-7, H-2/C-6, H-
6/C-7, H-4/C-2 and H-5/C-1) for 1 suggested that compound 1
is the stereoisomer of 4. The stereochemistry of 1 was previously
reported as 6 on the basis of NMR spectral analysis (NOEs and


coupling constants) in the 3,4-acetonide of 1 in the preliminary
form.9 After the report we found that the 3,4-acetonide of 1
was not trans as previously reported, but cis. Furthermore,
it was considered that reinvestigation by spectral analysis was
difficult and synthesis was effective for determination of the
stereochemistry of 1. Recently, Usami and Ueda, part of our
research group, has accomplished the synthesis of compound
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Table 6 1H and 13C NMR spectral data of pericosine E 5 in acetone-d6


Position d 1Ha J/Hz 1H–1H COSY NOE d 13C HMBCa


1 — — — — — 129.23 (q)a —
2 7.01 d 3.9 (3) 3 3 143.17 (t) 1, 3, 4, 6, 7
3 4.25 br s — 2, 4 2 65.57 (t) 1, 2, 5
4 4.22 br s — 3, 5, 4-OH 5 66.75 (t) 2, 3, 5, 6
5 4.36 m — 4, 6 4, 6, 6′ 85.52 (t) 1, 4, 6, 6′


6 5.24 d 3.0 (5) 5 5, 6′ 53.06 (t) 1, 2, 4, 7
7 — — — — — 166.09 (q) —
8 3.79 s — — — 52.44 (p) 7
3-OH n.d. — — — — — — —
4-OH 5.37 br s — 4 — — — 4
1′ — — — — — 129.91 (q) —
2′ 6.74 t 1.8 (3′, 4′) 3′ 3′ 143.50 (t) 1′, 3′, 7′


3′ 4.26 br s — 2′, 4′ 2′, 4′, 5′ 69.22 (t) 2′, 4′, 5′


4′ 4.07 br s — 3′, 5′, 4′-OH 3′, 5′ 72.42 (t) 2′, 5′, 6′


5′ 3.76 br s — 4′, 6′, 5′-OH 3′, 4′, 6′ 70.43 (t) 1′, 3′, 4′


6′ 4.53 d 4.1 (5′) 5′ 5, 6, 5′ 77.07 (t) 5, 1′, 4′, 7′


7′ — — — — — 166.87 (q) —
8′ 3.79 s — — — 52.48 (p) 7′


3′-OH n.d. — — — — — — —
4′-OH 4.23 br s — 4′ — — — —
5′-OH 5.64 br s — 5′ — — — 5′, 6′


a As in Table 1.


6 with the proposed structure13 followed by the enantiomer of
natural pericosine A 1,10 and the report showed that the proposed
structure 6 for pericosine A was incorrect and should be revised as
1 with a 3S,4S,5S,6S configuration. The revised stereochemistry
of 1 was consistent with the observed coupling constant and NOE
data of natural pericosine A and its acetonide 1a (Tables 2 and 4),
and the conformation of 1a and 1 was deduced from those data
as follows. The observation of NOEs from H-4 to H-3 and H-5,
and from H-5 to H-6, and the coupling constants (J3,4 7.6 Hz,
J4,5 3.9 Hz and J5,6 3.9 Hz) in acetonide 1a (Table 2) implied that
acetonide 1a in CDCl3 exists in a half-chair conformation (Fig. 3)
with pseudoequatorial H-3, H-5 and H-6, and pseudoaxial H-4, in
which C-5 is above the plane of the olefinic system (C6–C1–C2–C3)
and C-4 is below it. NOEs and coupling constants observed in 1
(Table 4) showed that pericosine A 1 in acetone-d6 exists in the
same conformation as that of acetonide 1a (Fig. 3).


Pericosine E 5 was assigned the molecular formula C16H21ClO10


as deduced from the [M + H]+ peak of 4 in HREIMS. Its UV
and IR spectra exhibited the absorption bands similar to those
of the above-mentioned pericosines. A close inspection of the 1H
and 13C NMR spectra of 5 (Table 6) by DEPT and 1H–13C COSY
experiments revealed the presence of five hydroxymethines (C-3,
C-4, C-3′, C-4′ and C-5′), two oxygen-bearing sp3-methines (C-
5 and C-6′), one sp3-methine (C-6) linked to a chlorine atom,
two trisubstituted double bonds (C-1, C-2, C-1′ and C-2′) and
two methoxycarbonyl groups (C-7 and C-8, and C7′ and C8′),
implying that 5 is a dimer of molecules like the pericosines
mentioned above. The 1H–1H COSY analysis of 5 led to a partial
structural unit as shown by bold-faced lines in Fig. 4, which was
supported by HMBC correlations (Table 6). The connection of
this unit and the remaining functional groups was determined
on the basis of the key HMBC correlations (Fig. 4), and the
HMBC correlation (H-5/C-6) revealed that C-5 and C-6′ were
connected by an ether linkage. Thus the planar structure of 5 was
elucidated. The observation of an NOE between H-5′ and H-3′ in
5 (Table 6) suggested that the cyclohexene ring (C-1′–C-6′) with


Fig. 4 Selected 1H–1H COSY and HMBC correlations in pericosine E 5.


three hydroxyl groups in 5 exists in a half-chair conformation with
H-3′ and H-5′ in a co-pseudoaxial arrangement, in which C-5 is
below the plane of the olefinic system (C6–C1–C2–C3) and C-4 is
above it. NOEs from H-5′ to H-4′ and H-6′, and a small value of
the coupling constant (J5′ ,6′ 4.1 Hz) between H-5′ and H-6′ implied
that H-5′ is oriented cis to H-4′ and H-6′ in a co-pseudoequatorial
arrangement. In addition, an NOE between H-6′ and H-5 showed
H-6′ to be oriented on the same side as H-5. On the other hand,
a small value of the coupling constant (J5,6 3.0 Hz) between H-5
and H-6, and NOEs from H-6 to H-5 and H-6′ were observed in
the cyclohexene ring (C-1–C-6) with chlorine, implying that H-6
is oriented cis to H-5. However, no appropriate data were found
for determination of a conformation of the cyclohexene ring and
the configurations of C-3 and C-4.


In order to determine the unsolved configuration and confor-
mation of 5, an X-ray crystal structure analysis was carried out for
a single crystal of 5 (obtained by recrystallization from MeOH).
The result allowed assignment of the relative configuration of
all the asymmetric centers and the conformation of 5 (Fig. 5).
The crystal data in the X-ray analysis showed the crystal of 5
to be a racemate. In fact, a specific optical rotation was not
observed in the crystal of 5. The first purification employing
silica gel column chromatography as well as reversed-phase HPLC
afforded compound 5 as an oil, which was pure in spectral
characteristics and HPLC analysis, and showed a specific optical
rotation ([a]D −31.5). When this oil was left at room temperature
in MeOH, compound 5 was obtained as plates, showing NMR
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Fig. 5 X-Ray crystal structure for pericosine E 5 with displacement
ellipsoids at the 40% probability level.


spectra identical to the oily material. This result suggested that
compound 5 was obtained as an enantiomeric mixture. Since
a racemate generally crystallizes more readily compared to an
optical active compound, it was considered that a racemate of
compound 5 was separated as plates in this experiment. Kitagawa
and co-workers14 have reported similar results on natural products
that are found as enantiomeric mixtures. Furthermore, we have
reported that trichodenone A, with cancer cell growth inhibition,
was separated as an enantiomeric mixture from a strain of
Trichoderma harzianum OUPS-N115 which was isolated from
the sponge Halichondria okadai.15 Pericosine E 5 and above-
mentioned pericosine C 3 in this experiment are such examples.


The cancer cell growth inhibitory properties of compounds 1–
5 were examined using the murine P388 lymphocytic leukemia
cell line and a disease-oriented panel of human cancer cell lines
(HCC panel) in the Japanese Foundation for Cancer Research.16


Pericosines A 1, B 2 and D 4 exhibited significant growth inhibition
(ED50 0.1, 4.0 and 3.0 lg cm−3, respectively) against the murine
P388 cell line, whereas pericosines C 3 and E 5 were inactive (ED50


10.5 and 15.5 lg cm−3, respectively). Among them, pericosines
A 1 and E 5 were evaluated for growth inhibition against 38
and 39 human cancer cell lines, respectively. Their mean values
(MG-MID) of log GI50 over all cell lines tested were moderate
(−4.82 and −4.01, respectively, Table 7). However, the delta and
range values of 1 were 2.45 and 2.66, respectively (effective value:
delta ≥0.5 as well as range ≥1.0), disclosing that this compound
showed selective growth inhibition. Namely, pericosine A 1 showed
remarkable growth inhibition against HBC-5 (log GI50 −5.22) and
SNB-75 (log GI50 −7.27) cell lines. Furthermore, pericosine A 1
showed significant in vivo tumour inhibitory activity. Mice were
inoculated intraperitoneally (i.p.) with P388 leukemia cells on day
0, and administered i.p. with 25 mg kg−1 of 1 on days 1 and 5. The
median survival days of non-treated mice and 1-treated mice were
10.7 and 13.0, respectively, suggesting antitumour activity of this
compound.


Moreover, inhibitory activities of pericosine A 1 against five
protein kinases17–19 and human topoisomerases were examined.
Compound 1 was demonstrated to inhibit the protein kinase
EGFR at a concentration of 100 lg ml−1 by 40–70%, and to inhibit
topoisomerase II with IC50 value of 100–300 mM.


Table 7 Growth inhibition of pericosines A 1 and E 5 against a panel of
human cancer cell lines


Log GI50/Ma


Origin of cancer Cell line 1 5


Breast HBC-4 −4.76 −4.00
BSY-1 −4.75 −4.00
HBC-5 −5.22 −4.00
MCF-7 −4.66 −4.06
MDA-MB-
231


−4.74 −4.00


Central nervous system U-251 −4.76 −4.00
SF-268 −4.72 −4.00
SF-295 −4.62 −4.00
SF-539 −4.71 −4.00
SNB-75 −7.27 −4.17
SNB-78 −4.71 −4.00


Colon HCC2998 −4.75 −4.00
KM-12 −4.73 −4.00
HT-29 −4.70 −4.00
WiDr −4.64 —
HCT-15 −4.77 −4.00
HCT-116 −4.75 −4.00


Lung NCI-H23 −4.78 −4.00
NCI-H226 −4.80 −4.00
NCI-H522 −4.95 −4.00
NCI-H460 −4.72 −4.00
A549 −4.61 −4.00
DMS273 −4.68 −4.00
DMS114 −4.82 −4.00


Melanoma LOX-IMVI −4.72 −4.00
Ovary OVCAR-3 −4.85 −4.00


OVCAR-4 −4.68 −4.00
OVCAR-5 −4.79 −4.00
OVCAR-8 −4.78 −4.00
SK-OV-3 −4.76 −4.00


Kidney RXF-631L −4.73 −4.00
ACHN −4.72 −4.00


Stomach St-4 −4.65 −4.00
MKN1 −4.78 −4.00
MKN7 −4.70 −4.00
MKN28 −4.72 −4.00
MKN45 −4.75 −4.00
MKN74 −4.69 −4.00


Prostate DU-145 — −4.00
PC-3 — −4.00


MG-MIDb −4.82 −4.01
Deltac 2.45 0.16
Ranged 2.66 0.17


a Log concentration of compound for inhibition of cell growth at 50%
compared to control. b Mean value of log GI50 over all cell lines tested.
c The difference in log GI50 value of the most sensitive cell and the MG-
MID value. d The difference in log GI50 value of the most sensitive cell and
the least sensitive cell.


Experimental


General procedures


UV spectra were recorded on a Shimadzu spectrophotometer and
IR spectra on a Perkin Elmer FT-IR spectrometer 1720X. NMR
spectra were recorded at 27 ◦C on Varian UNITY INOVA-500
and MERCURY spectrometers with tetramethylsilane (TMS) as
an internal reference. EIMS was determined using a Hitachi M-
4000H mass spectrometer. ORD and CD spectra were recorded
on a JASCO J-820 polarimeter. Liquid chromatography over
silica gel (mesh 230–400) was performed under medium pressure.
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HPLC was run on a Waters ALC-200 instrument equipped with
a differential refractometer (R 401) and Shim-pack PREP-ODS
(25 cm × 20 mm i. d.). Analytical TLC was performed on
precoated Merck aluminium sheets (DC-Alufolien Kieselgel 60
F254, 0.2 mm) with the solvent system CH2Cl2–MeOH (9 : 1), and
compounds were viewed under UV lamp and sprayed with 10%
H2SO4 followed by heating.


Biological materials. The fungal strain (OUPS-N133) was
separated from the sea hare Aplysia kurodai and identified as
Periconia byssoides as reported previously.5 A voucher specimen
of P. byssoides has been deposited at the National Institute of
Technology and Evaluation.


Culturing and isolation of metabolites. The fungal strain was
grown in a liquid medium (90 dm3) containing 1% malt extract, 1%
glucose and 0.05% peptone in artificial seawater adjusted to pH 7.5
for four weeks at 27 ◦C. The culture was filtered under suction
and the mycelia collected were extracted thrice with MeOH. The
combined extracts were evaporated in vacuo to give a mixture
of crude metabolites (21.5 g), the CH2Cl2–MeOH (1 : 1) soluble
fraction of which was inactive against the P388 cell line. The
culture filtrate was extracted thrice with AcOEt. The combined
extracts were evaporated in vacuo to afford a mixture of crude
metabolites (5.7 g, ED50 4.3 lg cm−3). The AcOEt extract was
passed through Sephadex LH-20 using CH2Cl2–MeOH (1 : 1)
as eluent. The second fraction (3.5 g), in which the activity was
concentrated, was chromatographed on a silica gel column with
a CH2Cl2–MeOH gradient as eluent. The MeOH–CH2Cl2 (1 : 9)
eluates were collected as 2 active fractions [Fr. 1 (532.8 mg) and
Fr. 2 (253.7 mg)] against the P388 cell line. Fr. 1 was purified by
HPLC using MeOH–H2O (4 : 6) as eluent to afford 1 (105.7 mg), 2
(10.7 mg), 3 (6.6 mg), and 4 (5.2 mg). Fr. 2 was purified by HPLC
using MeOH–H2O (35 : 65) as eluent to afford 1 (72.6 mg) and 5
(17.6 mg).


Pericosine A 1. Obtained as plates (MeOH), mp 95–
97 ◦C, [a]D +57.0 (c 3.16 in EtOH); kmax (EtOH)/nm 217
(log e/dm3 mol−1 cm−1 3.90); mmax (KBr)/cm−1 3353 (OH), 1720
(ester) and 1651 (C=C); m/z (EI) 223 ([M + H]+, 1.8%), 187
(MH+ − HCl, 3.6) and 126 ([C7H9O4]+, 100) [m/z (HREI) found:
[M + H]+, 223.0364. C8H12ClO5 requires 223.0363]; CD k (c 1.40 ×
10−3 mol dm−3 in EtOH)/nm 289 (De 0), 248 (−0.59), 238 (0) and
227 (+1.75). 1H and 13C NMR data are listed in Table 4.


Pericosine B 2. Obtained as an oil, [a]D +22.3 (c 0.82 in
EtOH); kmax (EtOH)/nm 218 (log e/dm3 mol−1 cm−1 3.85); mmax


(liquid)/cm−1 3327 (OH), 1720 (ester) and 1635 (C=C); m/z
(EI) 219 ([M + H]+, 0.3%), 187 (MH+ − MeOH, 1.7) and
126 ([C7H9O4]+, 100) [m/z (HREI) found: [M + H]+, 219.0867.
C9H15O6 requires 219.0853]; CD k (c 3.75 × 10−3 mol dm−3 in
EtOH)/nm 345 (De 0), 266 (−0.1), 258 (0) and 240 (+1.07). 1H
and 13C NMR data are listed in Table 3.


Pericosine C 3. Obtained as an oil, [a]D −4.8 (c 0.17 in
EtOH); kmax (EtOH)/nm 217 (log e/dm3 mol−1 cm−1 3.53); mmax


(liquid)/cm−1 3330 (OH), 1721 (ester) and 1635 (C=C); m/z
(EI) 219 ([M + H]+, 1.2%), 187 (MH+ − MeOH, 3.7) and
126 ([C7H9O4]+, 100) [m/z (HREI) found: [M + H]+, 219.0867.
C9H15O6 requires 219.0854]; CD k (c 7.5 × 10−4 mol dm−3 in


EtOH)/nm 274 (De 0), 248 (+0.21), 237 (0) and 240 (−0.89). 1H
and 13C NMR data are listed in Table 4.


Pericosine D 4. Obtained as oil, [a]D +1.9 (c 1.05 in EtOH); kmax


(EtOH)/nm 216 (log e/dm3 mol−1 cm−1 4.11); mmax (liquid)/cm−1


3332 (OH), 1720 (ester) and 1635 (C=C); m/z (EI) 223 ([M +
H]+, 0.6%), 187 (MH+ − HCl, 2.4) and 126 ([C7H9O4]+, 100) [m/z
(HREI) found: [M + H]+, 223.0365. C8H12ClO5 requires 223.0363];
CD k (c 9.00 × 10−4 mol dm−3 in EtOH)/nm 283 (De 0), 258
(+0.74), 250 (0) and 232 (−5.06). 1H and 13C NMR data are listed
in Table 1.


Pericosine E 5. Obtained as oil, [a]D −31.5 (c 0.43 in EtOH), by
chromatography procedures, and as plates, mp 213–215 ◦C, [a]D 0,
by crystallization of oily material (5) in MeOH. Oily and crystalline
materials showed the same spectral data. kmax (EtOH)/nm 214
(log e/dm3 mol−1 cm−1 4.03); mmax (liquid)/cm−1 3326 (OH), 1721
(ester) and 1638 (C=C); m/z (EI) 409 ([M + H]+, 1.1%), 390 (M+ −
H2O, 1.0), 354 (M+ − H2O − HCl, 6.3) and 139 ([C8H10O4]+, 100)
[m/z (HREI) found: [M + H]+, 409.0904. C16H22ClO10 requires
409.0900]; CD k (c 3.56 × 10−4 mol dm−3 in EtOH)/nm 283 (De 0)
and 244 (+5.36). 1H and 13C NMR data are listed in Table 6.


Acetonide 1a of pericosine A 1. To a solution of pericosine A
1 (5.5 mg) in CH2Cl2 (1.2 ml) was added 2,2-dimethoxypropane
(0.5 ml) and pyridinium p-toluenesulfonate (PPTS) (1.9 mg), and
the reaction mixture was stirred at room temperature for 1 h.
The mixture was concentrated to dryness under reduced pressure,
and the residue was purified by HPLC using MeOH–H2O (7 :
3) as eluent to afford acetonide 1a (3.8 mg) as a pale yellow oil.
EIMS: m/z 263 ([M + H]+, 2.3%), HREIMS: m/z 263.0688 [M +
H]+ (calcd for C11H16ClO5: 263.0682). 1H NMR data are listed in
Table 2.


Acetonide 2a of pericosine B 2. Using the same procedure as
above with compound 1, a solution of pericosine B 2 (2.1 mg) in
CH2Cl2 (1.0 ml) was treated with 2,2-dimethoxypropane (0.5 ml)
and PPTS (1.1 mg), and purified by HPLC [MeOH–H2O (7 : 3)]
to afford acetonide 2a (1.7 mg) as a pale yellow oil. EIMS: m/z
259 ([M + H]+, 2.8%), HREIMS: m/z 259.1176 [M + H]+ (calcd
for C12H19O6: 259.1179). 1H NMR data are listed in Table 2.


Acetonides 3a and 3b of pericosine C 3. Using the same
procedure as above with compound 1, a solution of 3 (5.7 mg) in
CH2Cl2 (1.5 ml) was treated with 2,2-dimethoxypropane (1.0 ml)
and PPTS (1.9 mg), and purified by HPLC [MeOH–H2O (6 : 4)] to
afford acetonides 3a (1.8 mg) and 3b (2.1 mg) as pale yellow oils.


3a: EIMS: m/z 258 ([M]+, 1.7%). HREIMS: m/z 258.1105 [M]+


(calcd for C12H18O6: 258.1098). 3b: EIMS: m/z 258 ([M]+, 1.5%).
HREIMS: m/z 258.1104 [M]+ (calcd for C12H18O6: 258.1098). 1H
NMR data of 3a and 3b are listed in Table 5.


Acetonide 4a of pericosine D 4. Using the same procedure as
above with compound 1, a solution of pericosine D 4 (3.3 mg) in
CH2Cl2 (0.5 ml) was treated with 2, 2-dimethoxypropane (0.4 ml)
and PPTS (1.6 mg), and purified by HPLC [MeOH–H2O (7 : 3)]
to afford acetonide 4a (2.7 mg) as a pale yellow oil. EIMS: m/z
263 ([M + H]+, 1.5%), HREIMS: m/z 263.0685 [M + H]+ (calcd
for C11H16ClO5: 263.0682). 1H NMR data are listed in Table 2.


X-Ray crystallography of pericosine E 5. Pericosine E 5 was
crystallized from a MeOH solution by the vapor diffusion
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method. Crystal data: C16H21ClO10, M = 408.78, triclinic, P1̄,
a = 9.516(10) Å, b = 16.66(2) Å, c = 6.226(4) Å, a = 98.72(9)◦,
b = 105.35(7)◦, c = 98.7(1)◦, V = 922(2) Å3, Z = 2, Dx =
1.473 g cm−3, F(000) = 428, l (Cu-Ka) = 2.328 mm−1. Data
collection was performed by Rigaku AFC5R using graphite-
monochromated radiation Cu-Ka (k = 1.5418 Å). A total of 2907
reflections were collected until 2h = 120.4◦ (Rint = 0.1335). The
crystal structure was solved by direct methods using SHELXS-
97.20 The structure was refined by the full matrix least-squares
method on F 2 using SHELXL-97.21 For the structure refinements,
non-hydrogen atoms were refined with anisotropic temperature
factors. Hydrogen atoms were calculated on the geometrically
ideal positions and fitted the electron density map by the riding
method, and were included in the calculation of structure factors
with isotropic temperature factors. At the final stage, R1 = 0.1030,
wR2 = 0.2516 [I > 2r(I)] and S = 1.101 were obtained.
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The reactions of ethyl Y-phenyl chloro (1) and chlorothio (2) phosphates with X-anilines in acetonitrile
at 55.0 ◦C are studied kinetically and theoretically. Kinetic results yield the primary kinetic isotope
effects (kH/kD = 1.07–1.80 and 1.06–1.27 for 1 and 2, respectively) with deuterated aniline (XC6H4ND2)
nucleophiles, and the cross-interaction constants qXY = −0.60 and −0.28 for 1 and 2, respectively. A
concerted mechanism involving a partial frontside attack through a hydrogen-bonded, four-center-type
transition state is proposed. The large qX (qnuc = −3.1 to −3.4) and bX (bnuc = 1.1–1.2) values seem to be
characteristic of the anilinolysis of phosphates and thiophosphates with the Cl leaving group. Because
of the relatively large size of the aniline nucleophile, the degree of steric hindrance could be the decisive
factor that determines the direction of the nucleophilic attack to the phosphate and thiophosphate
substrates with the relatively small-sized Cl leaving group.


Introduction


Organophosphate and thiophosphate compounds have useful
biological activities as insecticides, herbicides, acaricides, fungi-
cides, bactericides, microbicides, nematocides and plant growth
regulators.1 So phosphoryl transfers from phosphates and thio-
phosphates are an important class of reaction and a considerable
amount of work has been done to elucidate the mechanism.2


In our preceding papers,3 we reported several phosphoryl and
thiophosphoryl transfer reactions. Anilinolyses of aryl phenyl
chlorophosphates (3),3a 4-chlorophenyl aryl chlorophosphates
(3′),3b aryl phenyl chlorothiophosphates (4),3c and 4-chlorophenyl
aryl chlorothiophosphates (4′)3c were studied kinetically in ace-
tonitrile at 55.0 ◦C. Continuing our studies of the anilinolyses of
phosphates and thiophosphates, we have carried out kinetic studies
of the reactions of ethyl Y-phenyl chloro (1) and chlorothio (2)
phosphates with X-anilines in acetonitrile at 55.0 ◦C to clarify the
anilinolysis mechanism and stereochemistry by comparing the re-
activity, the sign and magnitude of the cross-interaction constants,
the steric effects, the activation parameters, and finally the kinetic
isotope effects, kH/kD, with those obtained in the previous work.3a–c


To support the steric effects on the stereochemistry of the studied
phosphoryl and thiophosphoryl transfer reactions, the rotation
barriers of phenyl, phenoxy, and/or ethyl groups of unsubstituted


Department of Chemistry, Inha University, Incheon, 402-751, Korea. E-mail:
hwlee@inha.ac.kr; Fax: +82-32-873-9333; Tel: +82-32-860-7681
† Electronic supplementary information (ESI) available: Synthesis of
substrates, product analysis with the analytical and spectroscopic data
for all compounds. Detailed data of the kH/kD values of the anilinolysis
of 1 and 2 in acetonitrile at 55.0 ◦C. Detailed data of the activation
parameters, DH‡ and DS‡, of the anilinolysis of 1, 2, 4, and 4′. Theoretical
calculations containing the Cartesian coordinates and absolute energies
[B3LYP/6-311+G(d,p) level] of optimized structures of ethyl phenyl
chlorophosphate (1), ethyl phenyl chlorothiophosphate (2), 4-nitrophenyl
diphenylphosphinate (5), 4-nitrophenyl methylphenylphosphinate (6), and
4-nitrophenyl dimethylphosphinate (7). Calculated (RHF/6-31G* level)
rotation barriers of ethyl (and/or), phenyl and/or phenoxy in 1, 2, 3,
and 4. Bond angles of 1, 2, 3, 4, 5, 6, 7, 9f, 10f, 9b, and 10b. See DOI:
10.1039/b713167d


1, 2, 3, and/or 4 are calculated theoretically using the RHF/6-
31G* level of theory.


Results and discussion


The pseudo-first-order rate constants observed (kobsd) for all
reactions obeyed eqn (1) with negligible k0 (≈0) in acetonitrile.
The clean second-order rate constants, k2, were obtained as the
slope of the plot of kobsd against aniline concentration.


kobsd = k0 + k2[An] (1)


Second-order rate constants, k2, for the reactions of ethyl Y-
phenyl chloro (1) and chlorothio (2) phosphates with X-anilines
in acetonitrile at 55.0 ◦C are summarized in Table 1 together with
selectivity parameters, qX, bX, qY, and qXY. The rate increases with
a more electron-withdrawing substituent Y in the substrate and
with a more electron-donating substituent X in the nucleophile
which is consistent with a typical nucleophilic substitution reaction
with negative charge development at the reaction center P in the
transition state (TS).


The reaction rate of 1 is 7.1 times faster than that of 2, while the
rate of 3 (and 3′) is 8.8 (and 8.1) times faster than that of 4 (and
4′) when Y = H.3a–c Gorenstein and coworkers showed that the
hydrolysis of triethyl phosphate [(EtO)3P=O] in 0.6 M NaOH, 55%
dioxane–45% D2O at 31 ◦C is 12.4 times faster than that of triethyl
phosphorothionate [(EtO)3P=S].6 Raushel and Hong reported
that the hydrolysis of diethyl aryl phosphates [(EtO)2P(O)OPh]
in 1.0 M KOH is approximately an order of magnitude faster
than that of thiophosphotriesters [(EtO)2P(S)OPh].7 The P=O
substrates are generally more reactive than their P=S counterparts
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Table 1 Second-order rate constants (k2 × 104/M−1 s−1) and selectivity parametersa of the aminolysis of ethyl Y-phenyl chloro (1) and chlorothio (2)
phosphates with X-anilines in acetonitrile at 55.0 ◦C


Y


Substrate X 4-CH3O 4-CH3 H 3-CH3O 4-Cl qY
d


1 4-CH3O 113 139 182 246 328 0.90
4-CH3 46.0 57.0 70.4 82.4 121 0.77
H 15.4 16.2 20.0 25.8 37.4 0.75
4-Cl 2.60 3.00 3.60 4.80 6.00 0.72
3-Cl 1.20 1.40 1.60 1.70 2.00 0.41
−qX


b 3.09 3.13 3.21 3.29 3.40 qXY
e = −0.60


bX
c 1.09 1.10 1.13 1.16 1.20


Y


Substrate X 4-CH3O 4-CH3 H 4-Cl 4-CN qY
h


2 4-CH3O 16.7 17.1 25.9 53.7 112 0.95
4-CH3 6.57 7.92 8.99 14.5 44.7 0.89
H 2.39 2.53 2.80 5.31 13.9 0.86
4-Cl 0.320 0.333 0.410 1.10 1.55 0.82
3-Cl 0.173 0.182 0.240 0.298 0.853 0.74
−qX


f 3.14 3.18 3.21 3.32 3.40 qXY
i = −0.28


bX
g 1.10 1.12 1.13 1.17 1.19


a The r values were taken from ref. 4. The pKa values were taken from ref. 5. b Correlation coefficients (r) were better than 0.998. c r ≥ 0.996. d r ≥ 0.962.
e r = 0.996. f r ≥ 0.991. g r ≥ 0.990. h r ≥ 0.955. i r = 0.990.


for several reasons, the so-called “thio effect”, which is mainly
the electronegativity difference between O and S, favoring O
over S.2i,8


The phenoxy group (rI = 0.40) has a stronger electron-
withdrawing ability than the ethoxy group (rI = 0.28).9 Solely
considering the difference of inductive effects between the phenoxy
and ethoxy group, the positive charge of the reaction center P in
1 (and 2) would be smaller than that in 3 (and 4). If the rate is
proportional to the positive charge on the reaction center P, the
rate ratios of kP=O(1)/kP=O(3) < 1 and kP=S(2)/kP=S(4) < 1 should be


obtained. To the contrary, rate ratios of kP=O(1)/kP=O(3) = 2.2 and
kP=S(2)/kP=S(4) = 2.8 are obtained experimentally. Fig. 1 shows the
natural bond order (NBO) charges on the reaction center P, 2.233
(1), 2.230 (3); 1.687 (2), 1.661 (4). The NBO charges of the reaction
center P are not consistent with expectations for the inductive
effects and do not explain the obtained rate ratios explicitly.


Let us define ‘the degree of distortion’ of 1, 2, 3, and 4 from the
regular tetrahedral structure, as eqn. (2),


Dd = ∑
|hc − hi|/hi = ∑


|hc − 109.5|/109.5 (2)


Fig. 1 The B3LYP/6-311+G(d,p)10 geometries and NBO charges of 1, 2, 3,3a and 43c with Y = H. The relative rates are for unsubstituted aniline at
55.0 ◦C.
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where Dd is the degree of distortion,
∑


means the sum of all of six
bond angles, hc is the calculated bond angle using the B3LYP/6-
311+G(d,p) level,10 and hi is the ideal bond angle (109.5◦) of a
regular tetrahedral structure. The Dd values of 1, 2, 3, and 4 are
0.38, 0.45, 0.40, and 0.48, respectively. Due to the larger size of
P=S sulfur compared to that of P=O oxygen, the distortion of
P=S substrates (2 and 4) is larger than that of P=O substrates (1
and 3), and due to the larger size of phenoxy ligand compared to
that of ethoxy ligand, 3 (and 1) is more distorted than 4 (and 2).
The detailed bond angles of 1, 2, 3, and 4 are summarized in the
ESI.


We have previously proposed a backside nucleophilic attack
concerted mechanism with a late, product-like TS for the anilinol-
ysis of 3 in acetonitrile on the basis of the large qX (and bX),
the especially large negative cross-interaction constant (qXY =
−1.31), and the small value of the secondary inverse kinetic
isotope effects (KIEs), kH/kD = 0.61–0.87, with deuterated aniline
nucleophiles (XC6H4ND2).3a In contrast, a concerted mechanism
involving a partial participation of a frontside nucleophilic attack
through a hydrogen-bonded, four-center type TS was proposed
for the anilinolysis of 4 and 4′ in acetonitrile for several reasons,
mainly the primary KIEs, kH/kD = 1.11–1.33 and 1.10–1.46 for
4 and 4′, respectively.3c The KIEs with deuterated anilines in the
present work are summarized in Table 2 (detailed data is available
in the ESI). As observed in the anilinolysis of 4 and 4′,3c the
kH/kD values of 1 (1.07–1.80) and 2 (1.06–1.27) all show primary
normal KIEs, indicating that the partial deprotonation of the
aniline nucleophile occurs in the rate-limiting step by hydrogen
bonding. A concerted mechanism involving a partial frontside
nucleophilic attack through a hydrogen-bonded, four-center-type
TS I accompanied by a backside nucleophilic attack with a trigonal
bipyramidal pentacoordinate (TBP-5C) TS II is proposed in the
present work, for the same reasons as in the anilinolysis of 4
and 4′.3c


The observed KIEs in Table 2 would be the sum of (i) the
primary normal KIE, kH/kD > 1, because of the partial de-
protonation of one of the two N–H(D) bonds in the TS I for
a frontside attack, (ii) the secondary inverse KIE, kH/kD < 1,
because of the steric hindrance that increases the out-of-plane
bending vibrational frequencies of the other N–H(D) bond in TS
I for a frontside attack, (iii) the secondary inverse KIE, kH/kD < 1,
because of the steric congestion that increases the vibrational


frequencies of both of the N–H(D) bonds in TS II for a back-side
attack, (iv) lowering the kH/kD value because of the nonlinear and
unsymmetrical structure of N · · · H(D) · · · Cl in TS I and finally
(v) lowering the kH/kD value because of heavy atom (N and Cl)
contribution to the reaction-coordinate motion.11 Thus, the real
primary KIE due to the hydrogen bond between the hydrogen of
the N–H(D) moiety and the Cl leaving group should be greater
than the observed value.


Buncel and his coworkers reported that the ethanolyses of 4-
NO2PhOP(=O)(Ph)2 (5), 4-NO2PhOP(=O)(Ph)(Me) (6) and 4-
NO2PhOP(=O)(Me)2 (7) give relative rates of 1 : 69 : 235.12 As
shown in Fig. 2, the NBO charges of the reaction center P atom,
2.117 (5), 2.096 (6), and 2.072 (7), are consistent with expectations
for the electronic influence of the ligands, Ph (rI = 0.12) and Me
(rI = −0.01) groups.9 The plot of


∑
rI of two ligands, Ph + Ph


(5), Ph + Me (6), and Me + Me (7), against the NBO charges
on P atom of three phosphinates gives the slope of 5.77 with
correlation coefficient, r = 0.999. However, the relative rates of the
phosphinates are not in accord with expectations for the electronic
influence of the ligands, implying the decisive role of steric effects
on the reaction rates over the inductive effects of the ligands as
discussed by Buncel and his coworkers.12


All three substrates have distorted tetrahedral conformations.
The degrees of distortion, defined as eqn (2), of 5, 6, and 7 are
Dd = 0.28, 0.34, and 0.32, respectively, but less than those of 1–4
(Dd = 0.38–0.48). In the case of 5, three large ligands, two Ph and
4-nitrophenoxy, introduce the smallest distortion among the three
substrates. The bond angles of 5, 6, and 7 are available in the ESI.


Considerably large steric effects on the ethanolysis (with free
ethoxide) of the phosphinates can be rationalized by the backside
nucleophilic attack towards the 4-NO2PhO leaving group since the
large steric effects on the reaction rates cannot be substantiated
by the frontside nucleophilic attack, whether by apical(Nu)–
equatorial(Lg) or eq(Nu)–ap(Lg) position in the TBP-5C TS. The
aminolysis of diphenyl chlorophosphinate [ClP(=O)(Ph)2); 8] with
X-anilines in acetonitrile at 55.0 ◦C gives primary normal KIEs,
kH/kD = 1.42–1.82 > 1, implying major participation of the
frontside nucleophilic attack with hydrogen bonding in the TS,
such as TS I.3c,d,13 The differences between the two reaction systems
of 5 and 8 are the nucleophiles (relatively smaller ethanol in 5
compared to aniline in 8) and the leaving groups (considerably
larger 4-NO2PhO in 5 compared to Cl in 8). These results
suggest that the direction of nucleophilic attack in phosphoryl
and thiophosphoryl reactions depends on both nucleophile and
leaving group.


The stereochemistry of the studied phosphoryl and thiophos-
phoryl transfer reactions can be rationalized by the steric effects as
follows: (i) In the case of 5, the rotations of the two bulky phenyl
rings may be sterically hindered by each other, so that backside
nucleophilic attack in the ethanolysis of 5 could be possible.


Table 2 Kinetic isotope effects, kH/kD, values of the aminolysis of ethyl Y-phenyl chloro (1) and chlorothio (2) phosphates with deuterated X-anilines
in acetonitrile at 55.0 ◦C


X 4-CH3O H 4-Cl


Y 4-CH3O H 4-Cl 4-CH3 H 4-Cl 4-CH3 H 4-Cl
1 1.09 1.19 1.22 1.10 1.28 1.80 1.07 1.10 1.25
2 1.06 1.14 1.27 1.09 1.12 1.17 1.08 1.11 1.23
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Fig. 2 The B3LYP/6-311+G(d,p)10 geometries and NBO charges of 5, 6, and 7. The relative rates are for the ethanolysis at 25.0 ◦C.


At a glance, this suggestion is not in accord with the proposed
mechanism of the backside attack in 3 (and 3′). The phenyl rings
are directly bonded to the reaction center P atom in 5 while the
intervening oxygen atoms are located between the reaction center
P and two phenyl rings in 3 (and 3′). The intervening oxygen atom
may render enough backside space towards the leaving group to
permit backside nucleophilic attack, but the steric hindrance is so
large that very small secondary inverse KIEs, kH/kD = 0.61–0.87
(in 3) and 0.64–0.87 (3′), are obtained.3a,b (ii) It is well known that
the methyl group rotation is too fast to distinguish the NMR 1H
peaks of CH3. The ethyl group of 1 and 2 would rotate very fast14


and a backside attack would be sterically inhibited resulting in a
partial frontside attack, so that primary normal KIEs, kH/kD =
1.07–1.80 (in 1) and 1.06–1.27 (in 2), are obtained. (iii) Without
considering phenyl ring (or phenoxy) rotation, the ground state
(GS) structure of 4 shows that one of the phenyl groups could
interrupt the backside attack compared to the GS of 3, that is, the
parallel phenyl group to P–Cl bond in 4 (Fig. 1) occupies sterically
hindered space in the direction of a backside attack, resulting in
a partial frontside attack. However, taking into account phenyl
ring rotation,15 the degree of steric hindrance to the backside
attack seems to be the same in both 3 and 4. But primary normal
KIEs, kH/kD = 1.11–1.33 (in 4) and 1.10–1.46 (in 4′), are observed
in contrast to the small secondary inverse KIEs in 3 (and 3′).
The NBO charges on the reaction center P are 2.230 in 3 and
1.661 in 4 (unsubstituted one) in the GS from the B3LYP/6-
311+G(d,p)10 level, mainly due to the electronegativity difference
between O and S (Fig. 1).3c Considering the positive charge
difference and assuming the similar steric hindrance between 3 and
4, the backside attack in the reaction of 4 would be much slower
than that of 3. Therefore, we suggest that the smaller positive
charge of the reaction center P in 4 compared to that in 3 would
result in the partial participation of the frontside attack in the


anilinolysis of 4 (and 4′), contrary to the backside attack in 3
(and 3′).


These results suggest that the degree of steric hindrance could
be the decisive factor that determines the stereochemistry of
the studied phosphoryl and thiophosphoryl transfer reactions,
especially when the nucleophile is relatively large, such as aniline,
and the leaving group is relatively small, such as Cl.


In the case of the frontside nucleophilic attack, the nucleophile
and leaving group should be located adjacent to each other in
order to form the hydrogen bond between the N–H(D) moiety
and the Cl leaving group. Two possible TS structures for the
frontside attack would be ap(Nu)–eq(Lg) or eq(Nu)–ap(Lg) in
the TBP-5C. However, the MO theoretical calculation [CPCM-
MP2/6-31+G(d) level] of the model reactions of dimethyl chloro
(9) and chlorothio (10) phosphates with ammonia in acetonitrile
shows that the TS structure for the frontside attack has a very
distorted TBP-5C, which is even hard to call TBP-5C.3c As shown
in Fig. 3, in 9f (frontside attack), when we adopt the ap(Nu)–
eq(Lg) TS, the bond angle of two apical positions is 145.1◦, while
when adopting the eq(Nu)–ap(Lg) TS, the bond angle of two
apical positions is 135.4◦, far from the ideal bond angle 180◦. In
the case of 10f, angles of 142.0◦ and 136.5◦, also far from 180◦,
are given for ap(Nu)–eq(Lg) and eq(Nu)–ap(Lg) TS, respectively.
The differences between ap(Nu)–eq(Lg) and eq(Nu)–ap(Lg) TS
are only 9.6◦ and 5.5◦ for 9f and 10f, respectively. In the case of
backside attack, the bond angles of two apical positions are 174.0◦


and 168.9◦, not far from 180◦, for 9b and 10b, respectively.
Let us define again the degree of distortion, Dd, from the ideal


TBP-5C TS as eqn (3).


Dd = ∑
[|hc − hi|/hi]e,e +


∑
[|hc − hi|/hi]a,e = ∑


[|hc


− 120|/120]e,e +
∑


[|hc − 90|/90]a,e (3)
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Fig. 3 TS structures and bond angles optimized at the CPCM-MP2/6-31+G(d) level of theory for the reactions of (9f) 9 (frontside attack), (10f) 10
(frontside attack), (9b) 9 (backside attack), and (10b) 10 (backside attack) with ammonia in acetonitrile.3c


The first term on the right side is the sum of the bond angle de-
viations from the ideal bond angle of 120◦ for the three equatorial
ligands (subscript e,e) and the second term is the sum of six bond
angle deviations from the ideal bond angle of 90◦ between apical
and equatorial ligands (subscript a,e). In the case of 9f and 10f,
we choose the two apical ligands that have the largest bond angle.
The degrees of distortion for 9f, 10f, 9b, and 10b are Dd = 0.97,
1.03, 0.64, and 0.68, respectively. These results show that the P=S
system has a larger Dd value compared to the P=O system and that
the degree of distortion of a frontside attack is considerably larger
than that of a backside attack from the ideal TBP-5C TS. These
calculated results of the model reactions strongly suggest that the
conformation of the TS structure of the frontside nucleophilic
attack must be very distorted, which is even hard to call TBP-5C
since the ligands of the studied substrates are considerably larger
than those of the model compounds. The detailed bond angles of
9f, 10f, 9b, and 10b are summarized in the ESI.


Now the rate ratios of k(1)/k(3) ≈ 2–4 (P=O systems) and
k(2)/k(4) ≈ 2–7 (P=S systems) can be substantiated by the steric
effects over the electronic effects of the ligands. The faster rate of 2
with ethoxy and phenoxy ligands compared to that of 4 with two
phenoxy ligands can be explained by steric effects since the two
reactions proceed by the same partial participation of frontside
attack; thus less steric hindrance results in faster rate. However,
the faster rate of 1 compared to that of 3 due to less steric hindrance
is not adequate since the aniline attacks backside in the anilinolysis
of 3, while the aniline attacks frontside and backside towards the
Cl leaving group in the anilinolysis of 1. For the backside attack
in the reaction of 3, the steric hindrance in the bond formation
should be so large that the reaction rate would be retarded. In the


reactions of 1, the rate of the backside attack would be retarded
due to the large steric hindrance and the rate of the frontside
attack would be comparable with the backside attack. As a result,
the contribution of a frontside attack in 1 with less steric hindrance
leads to k(1)/k(3) ≈ 2–4.


As shown in Table 3, the large Hammett qX (qnuc = −3.1 to −4.6)
and Brønsted bX (bnuc = 1.1–1.7) values of the anilinolysis of the
studied reaction systems (1–4′) suggest extensive bond formation
in the TS. These values are considerably larger than those
of other nucleophilic substitution reactions of phosphate and
thiophosphate systems in which the reactions proceed by a con-
certed mechanism: reaction (bX = bnuc); pyridinium-N-phospho-
nate with pyridines (0.53);16a 3-methoxy pyridino-N-phosphate


Table 3 Summary of k2 (×104/M−1 s−1), selectivity parameters, activation
parameters, and kH/kD values of the anilinolysis of (EtO)(YPhO)P(O)Cl
(1), (EtO)(YPhO)P(S)Cl (2), (PhO)(YPhO)P(O)Cl (3), (4-ClPhO)(YPhO)-
P(O)Cl (3′), (PhO)(YPhO)P(S)Cl (4), and (4-ClPhO)(YPhO)P(S)Cl (4′) in
Acetonitrile at 55.0 ◦C


1 2 3a 3′b 4c 4′c


k2
d 20.0 2.80 8.91 12.0 1.01 1.48


−qX 3.1–3.4 3.2–3.4 3.4–4.6 4.0–4.2 3.8–4.0 3.5–3.9
bX 1.1–1.2 1.1–1.2 1.1–1.7 1.4–1.5 1.3–1.4 1.2–1.4
qY 0.4–0.9 0.8–1.0 0.2–0.9 0.1–0.3 0.7–0.9 0.5–0.9
−qXY 0.60 0.28 1.31 0.31 0.22 0.50
DH‡e 2–8g ∼5g 2–10 2–3 7–13g 4–11g


−DS‡ f 47–64g 54–64g 43–65 60–68 32–54g 48–61g


kH/kD 1.1–1.8 1.1–1.3 0.6–0.9 0.6–0.9 1.1–1.3 1.1–1.5


a Ref. 3a. b Ref. 3b. c Ref. 3c. d For X = Y = H. e kcal mol−1. f cal mol−1 K−1.
g Detailed data is available in the ESI.
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with pyridines (0.17);16b isoquinolino-N-phosphonate with
pyridines (0.15);16c phosphorylated 3-methoxypyridine with
pyridines (0.17)16d and primary amines (0.19);16d phosphorylated
4-morpholinopyridine with pyridines (0.22),16d primary amines
(0.28)16d and quinuclidines (−0.01);16e 4-nitrophenyl phosphate
with quinuclidines (−0.05);16e 2,4-dinitrophenyl phosphate with
quinuclidines (−0.10);16e phosphorylated pyridine with quinu-
clidines (−0.10)16e (negative bnuc values are ascribed to des-
olvation of quinuclidines before nucleophilic attack) and an-
ionic oxygens (0.3);16f acetyl phosphate dianion with pyridines
(0.10);16f 4-nitrophenyl diphenyl phosphate with phenolate an-
ions (0.53);16g 2,4-dinitrophenyl diphenyl phosphate with phe-
nolate anions (0.12);16h O,O-dimethyl O-(3-methyl-4-nitrophenyl)
phosphorothioate with anionic oxygens (0.49; linear part
with phenoxides);16i 2-aryloxy-2-oxo-1,3,2-dioxaphosphorinans
(aryl = 2,4-dinitrophenyl) with pyridines (0.61)16j and oxyanions
(0.32, 0.37, 0.42, 0.48, aryl = 2,4-dinitrophenyl, 4-acetyl-2-nitro-
phenyl, 4-chloro-2-nitrophenyl and 4-nitrophenyl, respectively);16j


2,4-dinitrophenyl methyl phosphate monoanion with oxyanions
(0.31),16k pyridines (0.31)16k and primary amines (0.31);16k bis
2,4-dinitrophenyl phosphate monoanion with pyridines (0.54);16l


hydrolysis of phosphorylethanolamine with intramolecular nu-
cleophilic amine participation (0.7),16m aryl phenyl chloro-
phosphate with pyridines (0.16–0.18);3e aryl bis(4-methoxy-
phenyl) phosphate with pyridines (biphasic; 0.09–0.14 for stronger
nucleophiles and 0.22–0.39 for weaker nucleophiles);3f and aryl
phenyl isothiocyanophosphate with pyridines (1.13–1.28).3g For
the studied phosphoryl and thiophosphoryl transfer reactions,
the large qX (−3.1 to −4.6) and bX (1.1–1.7) values seem to be
characteristic of the anilinolysis of phosphates and thiophosphates
with the Cl leaving group.


The qY values of the anilinolysis of the studied substrates in
Table 3 have similar magnitudes except 3′ with its smaller value
of qY = 0.1–0.3 because of the electron shunt toward the electron
acceptor equatorial ligand (4-ClPhO) in the TS.3b


Fig. 4 shows the plots of qX vs. rY and qY vs. rX for the anilinolysis
of 1 and 2 with good linearities. The negative qXY values (−0.60 and
−0.28 for 1 and 2, respectively) imply rate-limiting nucleophilic
bond formation. A more electron-withdrawing substituent (∂rY >


0) in the substrate leads to a greater degree of bond formation
(∂qX < 0 or |∂qX| > 0), resulting in qXY = ∂qX/∂rY < 0, and a
stronger nucleophile (∂rX < 0) leads to greater negative charge
development at the reaction center (∂qY > 0) because of greater


bond formation, resulting in qXY = ∂qY/∂rX < 0. The negative sign
of qXY is in agreement with the proposed concerted mechanism.17


log(kXY/kHH) = qXrX + qYrY + qXYrXrY (2a)


qXY = ∂qX/∂rY = ∂qY/∂rX (2b)


The magnitude of the qXY value is inversely proportional to the
distance between X and Y,17 i.e., a larger magnitude of the qXY value
results from a greater degree of bond formation. The magnitude
of qXY in the P=O system is greater than that in the P=S system:
|qXY (1)| = 0.60 > |qXY (2)| = 0.28 and |qXY (3)| = 1.31 > |qXY


(4)| = 0.22. The smaller magnitude of qXY (3′) than that of qXY (4′)
was explained by the electron shunt toward the equatorial ligand
(4-ClPhO) in the TS of 3′.3b On the basis of the magnitudes of
qXY, the degree of bond formation in the TS would be 3 > 1 >


2 ≥ 4 despite the comparable magnitudes of qX (and bX) of 1, 2,
3, and 4. These experimental qX (and bX) values demonstrate that
the magnitudes of qX (and bX) alone cannot provide conclusive
evidence for the degree of bond formation in the TS.


The activation parameters (DH‡ and DS‡) of all substrates, 1–4′,
in Table 3 have comparable magnitudes. The small DH‡ values
and large negative DS‡ values are characteristic of a relatively late
TS with a large degree of bond formation and breaking. Since
the Cl leaving group is a strong nucleofuge, a large degree of bond
breaking will not require a lot of energy and a large degree of bond
formation will provide partial bond energy in the TS, resulting in
small positive DH‡ values. The large negative DS‡ values may result
from a large degree of bond breaking and also steric hindrance in
the bond formation of aniline.


Experimental section


Materials


The starting materials, ethyl dichlorophosphate (for 1), ethyl
dichlorothiophosphate (for 2), phenols and triethylamine were
G.R. grade and were used without further purification. The other
materials are the same as previously described.3c


Kinetic procedure


The second-order rate constants (k2) and pseudo-first-order rate
constants, kobsd, were determined as previously described3a–c with


Fig. 4 The plots of qX vs. rY and qY vs. rX of the reactions of substrates, 1 and 2, with X-anilines in acetonitrile at 55.0 ◦C.
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a large excess of anilines: [aniline] = 0.1–0.3 M; [substrate] = 5 ×
10−3 and 1 × 10−3 M for 1 and 2, respectively.


Conclusions


Partial participation of a frontside attack concerted mechanism
through a hydrogen-bonded four-center-type TS I, as well as in
the anilinolysis of 4 and 4′,3c is proposed for the aminolysis of
ethyl phenyl chloro (1) and chlorothio (2) phosphates with anilines
in acetonitrile at 55.0 ◦C. This proposal is on the basis of (i) the
negative qXY value, qXY (1) = −0.60 and qXY (2) = −0.28, (ii) the
primary kinetic isotope effects, kH/kD (1) = 1.07–1.80 and kH/kD


(2) = 1.06–1.27, (iii) steric inhibition of backside nucleophilic
attack, supported by the theoretical calculation results, and
(iv) small DH‡ with large negative DS‡ values.
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N-Terminal blocked tryptophan derivatives like melatonin or tryptophan residues in peptides are easily
nitrosated at the nitrogen atom of the indole ring to give the corresponding N-nitrosotryptophan
derivatives. This article provides a comprehensive view of the synthesis, chemical properties, and
detection methods of this class of N-nitroso compounds of potential importance in biological systems.


Introduction


In 1901 Hopkins and Cole1 were the first to isolate tryptophan,
the structure of which was established in 1908 by Ellinger and
Flamand.2 Although several other amino acids had been described
before, tryptophan was the first one that was demonstrated to be
indispensible.3,4 Tryptophan is probably the indole derivative most
widely distributed in nature. It is converted into many compounds
of important biological significance, e.g. neurohormones (sero-
tonin and melatonin), the phytohormone indoleacetic acid, some
pigments found in the eyes of insects, and a variety of alkaloids.5


In chemical systems, N-terminal blocked tryptophan derivatives
like N-acetyltryptophan (but not tryptophan itself) can be easily
nitrosated at the nitrogen atom of the indole ring even at
physiological pH values.6 This capability is very similar to the
nitrosation of cysteine and its derivatives to give the corresponding
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S-nitrosothiols.7 It is currently often proposed that the nitrosation
of cysteine residues in proteins should be an important posttrans-
lational modification event in signal transduction mechanisms as
well as in the storage and transport of nitric oxide.8–10 Since N2O3


reacts at physiological pH with N-terminal blocked tryptophan
derivatives as fast as with cysteine residues,6 N-nitrosotryptophan
residues must also be expected to be produced endogenously. It has
been demonstrated in experimental systems that pharmacological
effects of N-nitrosotryptophan compounds like vasorelaxation
and platelet inhibiting activity are comparable to the ones induced
by S-nitrosocysteine derivatives.11 In contrast to S-nitrosothiols,
N-nitrosotryptophan derivatives react spontaneously with various
biologically important molecules at physiological pH. During
such reactions nitric oxide is often released. The strongly un-
derestimated capability to release nitric oxide suggests that N-
nitrosotryptophan derivatives act as special nitric oxide storage
compounds. Generally, the understanding of the biological impact
of a certain compound or class of compounds can only be
developed when its basic chemistry is well understood, when
reproducible protocols for its synthesis exist, and when sensitive
and versatile detection procedures are available. In order to address
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these issues for N-nitrosotryptophan derivatives, we studied their
reactions with biologically important molecules intensively. The
present findings are summarized in this report.


Preparation of N-nitrosotryptophan compounds


The traditional synthetic route to N-terminal blocked N-
nitrosotryptophan derivatives is the reaction between tryptophan
derivatives and nitrite in acidic media.12 At acidic conditions
(pH ≤ 3), nitrite is expected to yield an electrophilic nitrosating
intermediate (NO+, or its equivalent, e.g., H2NO2


+, N2O3)7 which
attacks the five-membered ring of the indole moiety. In indoles
with the 3-position unsubstituted, nitrosation takes place very
rapidly at C-3 and the thus formed C-nitroso compound tautomer-
izes quickly (where possible) to the oxime form.13 In 3-substituted
tryptophan derivatives the corresponding N-nitroso compounds
are produced almost quantitatively to give mixtures of the Z-
and E-conformers with respect to the N–N=O group (ca. 35%
and 65%, respectively), as proven by 15N NMR spectrometry.6,14–16


The discrimination of the conformers by 15N NMR at room
temperature in solution is possible because the rotational barrier of
the N–NO bond is relatively high (high level quantum mechanical
calculations performed at the CBS-Q3 level of theory predict
a barrier of 17.7 kcal mol−1 in aqueous solution (calculations
not shown) which is about 62% of the N–NO bond dissociation
energy17). Detailed protocols for the preparation of both N-acetyl-
N-nitrosotryptophan (NANT) and N-nitrosomelatonin are given
in the literature.13,15,18


Some ambiguities exist about the precise mechanism of the
nitrosation process. From chemical experience one would expect
that electrophilic nitrosating intermediates directly attack the
nitrogen atom of the indole ring (eqn (1)):


(Eqn 1)


Somewhat surprisingly, however, with consideration of the
molecular structure of 3-substituted indoles, it has been concluded
that the most nucleophilic center of the molecule is the C-3
position,19,20 because in 18 M sulfuric acid protonation occurs at
this position.21 Therefore, it was proposed that N-terminal blocked
tryptophan derivatives were initially nitrosated at the C-3 position
and that the final N-nitroso product is formed via an internal
transfer of the NO+ function.19,20 In contrast to this proposal,
Hinman and Whipple21 noted that hydrogen–deuterium exchange
of the indole NH (via intermediate NHD+) is strongly accelerated
already in 20 lM D2SO4, i.e., at a proton concentration that does
not lead to protonation at the C-3 position. This fact strongly
suggests that the C-3 position does not represent the primary
nucleophilic center. In line with this observation, DFT calculations
for N-acetyltryptophan predict that the largest fraction of negative
charge on the indole ring (Mulliken, electrostatic, and natural
charge) is located at the N-1 position (Table 1).


Table 1 Calculated charges of the heavy atoms of the indole ring in N-
acetyltryptophan


Chargea


Position Mulliken Electrostatic Natural


N-1 −0.704 −0.459 −0.559
C-2 −0.017 −0.083 −0.026
C-3 0.070 −0.116 −0.121
C-4 −0.212 −0.219 −0.222
C-5 −0.140 −0.167 −0.258
C-6 −0.152 −0.085 −0.242
C-7 −0.164 −0.326 −0.265
C-7a 0.318 0.270 0.158
C-3a 0.075 0.092 −0.088


a N-Acetyltryptophan was optimized at the B3LYP/6-31G(d) level of
theory. Charges were calculated at this level by using the Spartan 06
software package.


Thus, for the nitrosation process (eqn (1)) there is no need to
assume another nucleophilic center for primary attack other than
the secondary nitrogen atom of the indole ring itself.


Interestingly, N-terminal blocked tryptophan derivatives can
also be smoothly nitrosated at physiological pH values. For
this, three nitrosating entities have been suggested. The first
nitrosating species is N2O3. Recently, two groups reported in-
dependently that melatonin is nitrosated by nitric oxide under
aerobic conditions.22,23 The titles of these studies, “Nitrosation
of melatonin by nitric oxide”22 and “Scavenging of NO by
melatonin”,23 respectively, appeared to be somewhat misleading
with respect to the nitrosating entity because N-terminal blocked
tryptophan derivatives do not react with nitric oxide in the
strict absence of oxygen.24 However, two well-known N2O3-
scavengers, morpholine and piperazine,7 which do not react
with N-nitrosotryptophan compounds, are highly effective in
inhibiting such nitric oxide-dependent nitrosations of N-terminal
blocked tryptophan derivatives,6 clearly indicating that under
the conditions employed by the two cited papers, N2O3 is the
actual nitrosating species. From competition experiments with
morpholine, rate constants of 4.4 × 107 M−1 s−1 and 9.2 ×
107 M−1 s−1 were evaluated for the N2O3-mediated nitrosation of
N-acetyltryptophan and melatonin, respectively.6


The second compound able to nitrosate N-terminal blocked
tryptophan derivatives at physiological pH is peroxynitrite.18,22,25,26


This reaction does not seem to have a decisive impact under physi-
ological situations because in comparison to N2O3-generating sys-
tems peroxynitrite levels are very low in the (ubiquitous) presence
of carbon dioxide.18,27 Recently, we28 confirmed a hypothesis of
Williams29 that the peroxynitrite-induced nitrosation of various
compounds proceeds via N2O4, which is somewhat less effective as
an electrophilic, amine-nitrosating agent than N2O3.30 In addition,
peroxynitrite nitrates melatonin at various positions (N-1, C-4
and C-6).31 However, nitration at positions C-4 and C-6, but
not at N-1, proceeds via radical (NO2) pathways.32 Thus, the
low efficiency of peroxynitrite to nitrosate N-terminal blocked
tryptophan derivatives can be satisfactorily explained with its
nitrating capabilities.


The third nitrogen–oxygen species capable of producing
N-nitrosotryptophan compounds is nitroxyl (HNO/3NO−).25,33


Mechanistic details of this nitrosation process are so far not fully
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understood because of the highly complex chemistry of nitroxyl.
Evidence has been found that depending on the actual reaction
conditions, a variety of reactive intermediates, such as HO•, •NO,
O2


•−, ONOO−, and HN2O2
•, may be produced from nitroxyl.34–36


Basic chemistry of N-nitrosotryptophan derivatives


In aqueous solution, N-nitrosotryptophan derivatives can ni-
trosate (“transnitrosation”) a variety of nucleophiles (Y−/YH),
such as water,37 halides,37 pseudo-halides,37 aliphatic alcohols,7,38


nucleotides,39 activated phenols,40,41 catechols,42 vitamin C,6 hydro-
gen peroxide,43 thiols,16 and primary aromatic amines18 (but not
aliphatic secondary ones)6 at virtually all pH values (0–14) to yield
the parent tryptophan derivative and a nitroso compound (YNO).
The simplest transnitrosation, i.e., the exchange of the NO+


function between two N-terminal blocked tryptophan derivatives,
proceeds even at physiological pH and in non-aqueous solution.15


The hydrolysis reaction (YH = H2O) of N-nitrosotryptophan
derivatives at pH 1–7 is a proton-catalyzed process (eqn (2a)).37


(Eqn 2a)


The pH-rate profile of this denitrosation reflects two proton-
catalyzed reactions, from which the one dominating in the pH
range 4–7 is associated with a halide/pseudohalide nucleophilic
catalysis.37 Although there is no doubt that eqn (2a) is basically
correct, it fails to describe the action of some nucleophiles which
have been found to denitrosate N-nitrosotryptophan derivatives
effectively at alkaline pH values. Thus, besides the two proton-
catalyzed denitrosation pathways there must be a third, un-
catalyzed one in which N-nitrosotryptophan derivatives act as
electrophilic nitrosating agents, resulting in heterolytic N–NO
bond fission (eqn (2b)).


(Eqn 2b)


In accord, it has been shown that various biologically important
molecules, for instance, thiols, phenols, and some vitamins, in
part react via eqn (2b).16,24,40–42 Since the thus formed nitroso
compounds YNO are often very short-lived (preferably because of
rapid hydrolysis) and, therefore, may easily escape detection, the
relevance of eqn (2b) might be questioned. In fact, de Biase et al.44


proposed that all processes which finally lead to denitrosation
of N-nitrosotryptophan-derivatives, even the hydrolysis reaction,
should proceed via initial homolysis of the N–NO bond. However,
this assumption cannot be correct, because the aminyl radicals
which are initial products of N–NO homolysis are highly unlikely
to yield the corresponding amine in stoichiometric amounts in
the presence of molecular oxygen. Further, the N–NO bond
dissociation energy (28.7 kcal mol−1)17 is too high for a significant
contribution of a rate-determining, spontaneous dissociation at


ambient temperature. Noticeably, from reaction of NANT with
thiols, hydrogen peroxide anion, or melatonin, the corresponding
nitroso compounds, i.e., S-nitrosothiols, peroxynitrite, and N-
nitrosomelatonin, respectively, could be identified by 15N-NMR
spectrometry.15,16,43 These observations clearly support a direct
reaction as outlined in eqn (2b).


Since the chemical properties of YNO are strongly dependent
on the nucleophile part (Y), a variety of products can be generated
from N-nitrosotryptophan derivatives, depending on the pH
value. For example, at pH 4–7 NANT nitrosates halides to
yield N-acetyltryptophan and the corresponding nitrosyl halides
according to eqn (2a).37 The latter intermediates readily hydrolyze
to give nitrous acid (pKa(HNO2) = 3.1)45 and the parent halide
ion.7 Thus, in the presence of halides and pseudohalides NANT
operates as a clean source for nitrite. A completely different
situation is encountered when NANT is reacted with Trolox, a
water soluble vitamin E derivative, at pH 7.4–11. In this case the
product YNO, an aryl nitrite, is a short-lived species that does
not readily hydrolyze but undergoes rapid homolytic dissociation
to yield quantitatively nitric oxide and the corresponding Trolox
radical. The latter subsequently dismutates (disproportionates) to
Trolox and to the related quinone. As no other products were
formed in this reaction, NANT now operates as a clean source of
nitric oxide. To generalize these observations, homolytic cleavage
of the transnitrosation product YNO to produce nitric oxide must
always be expected in cases where a stabilized Y• radical will be
formed (eqn (3)).


(Eqn 3)


However, the foregoing examples in which the products were
generated stoichiometrically are specific cases. More often sig-
nificantly lower yields of such products are found because the
transnitrosation product YNO may react with the educt, as is the
case with thiols,16 or the formed YNO decomposes by various
competitive pathways, as is the case with vitamin C,24 or the N-
nitrosotryptophan derivative can trap the intermediate reactant
radical, as is the case with catechols and vitamin C.24,42 The
most complex situation is encountered when a radical precursor
like peroxynitrite46 is the initial product, as is the case in the
NANT–H2O2 reaction.43 Other products from reactions of N-
nitrosotryptophan derivatives are listed in Table 2.


Quantitative determination of N-nitrosotryptophan
derivatives


Several procedures have been developed for the determination of
N-nitrosotryptophan derivatives. In the absence of residues having
similar UV–Vis absorptions, the maximums of the electronic
absorption around 340 nm (e335 = 6100 M−1 cm−1 for NANT12 and
N-nitrosotryptophan residues in proteins,6 e346 = 7070 M−1 cm−1


for N-nitrosomelatonin23) have been used to determine concen-
trations of N-nitrosotryptophan and its derivatives. The moderate
extinction coefficients allow the detection of 5–100 lM N-nitroso
compound in a standard 1 cm cuvette.
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Table 2 Products from reaction of N-nitrosotryptophan derivatives with nucleophiles


Reaction YNO intermediate Products (yields) Recommended for detection Reference


NANT + water Nitrous acid Nitrite (100%) No 37
NANT + halide Nitrosyl halide Nitrite (100%) No 37
NANT + RaliphaticOH Alkylnitrite Alkylnitrite (n.d.)a No 7,38
NANT + serotonin Arylnitrite Nitric oxide (100%)b No 40
NOMela + serotonin Arylnitrite Nitric oxide (100%)b No 40
NANT + vitamin C Alkylnitrite Nitric oxide (60%), nitroxyl (13%) No 6
NANT + catechols Arylnitrite Various products No 42
NANT + H2O2 Peroxynitrite Hydroxyl radical, nitrogen dioxide,


nitrate, nitrite (pH dependent)
No 43


NANT + Thiol S-Nitrosothiol S-Nitrosothiol (pH dependent)c No 16
NANT + R2


aliphaticNH None None No 6
NANT + RaromaticNH2


d Primary aromatic nitrosamines Triazole (55%), deamination (13%) Yes, Yes 18
NANT + N2H4 N-Nitroso-hydrazine N2, NH3, N2O (n.d.) No This work
NANT + MNBDH N-Nitroso-hydrazine derivative MNBDA (80%) Yes This work
NOWe + MNBDH N-Nitroso-hydrazine derivative MNBDA (80%) Yes This work
NANT + Trolox Arylnitrite Nitric oxide (100%) Yes 41
NOWe + Trolox Arylnitrite Nitric oxide (100%) Yes 41


a n.d. = not determined. b This yield can only be observed at the beginning of the reaction. c The yield is decreased by a reaction of the educt with the
final product. d RaromaticNH2 = aminophenyl fluorescein and 4,5-diaminofluorescein. e NOW = N-nitrosotryptophan residues in proteins.


In the presence of compounds which absorb in the same wave-
length range, similar levels can be detected by separating the N-
nitrosotryptophan compounds by capillary zone electrophoresis.15


Somewhat lower detection limits can be achieved (around 1 lM)
when the separation process is performed with HPLC.25,33


The detection limits can be significantly reduced by employing
indirect detection procedures in which the N-nitrosotryptophan
derivatives, but not S-nitrosothiols, react with a suitable com-
pound to produce an easily detectable product. Aromatic amines
can be nitrosated by N-nitrosotryptophan derivatives38 to give
chemically labile aromatic N-nitrosamines.7,47 Accordingly, the
N-nitrosamines of aminophenyl fluorescein (APF) and 4,5-
diaminofluorescein (DAF-2) decay to give the fluorescent dyes
fluorescein and triazolfluorescein (DAF-2T), respectively (eqn (4)
and (5)).


(Eqn 4)


(Eqn 5)


Thus, these aromatic amines can be used as reporter molecules
for N-nitrosotryptophan derivatives.18 Although the fluorescent


dyes were produced in relatively low yields (55% and 13% in the
case of DAF-2 and APF, respectively), the detection limits drop
to 100 nM (DAF-2) and 25 nM (APF), respectively. It should be
noted, however, that at pH 7.4 the pseudo-first order hydrolysis
reaction of N-nitrosotryptophan derivatives at concentrations
lower than 25 nM is faster than any other transnitrosation
reaction.16 This fact limits the quantification of lower levels of
N-nitrosotryptophan residues. Unfortunately, the fluorescence of
DAF-2T and fluorescein is quenched by present proteins to about
50% and 99%, respectively,18 so that N-nitrosotryptophan residues
in proteins cannot be quantified by these methods. In order to
improve the detection procedure, other probe systems are required.
In 1996 the Stedman48 group reported that arylhydrazines react
effectively with nitrous acid, and in 1999 Büldt and Karst49 applied
the nonfluorescent hydrazine derivative N-methyl-4-hydrazino-7-
nitrobenzofurazan (MNBDH) for the quantification of nitrite as
low as 50 nM in acidic solution. The subsequently generated flu-
orescent dye N-methyl-4-amino-7-nitrobenzofurazan (MNBDA)
has a sensitivity limit of 5 nM in non-aqueous solution. A similar
reaction between N-nitrosotryptophan derivatives and hydrazine
compounds, however, has not been reported so far (eqn (6)).


(Eqn 6)


In Fig. 1A it is demonstrated that N-acetyl-15N-nitro-
sotryptophan indeed nitrosates 15N2H4 because expected reaction
products (i.e. 15NH3, 15N2O, 15N2)50 could be detected by 15N NMR
spectrometry.


From this observation it is conceivable that an activated
hydrazine compound should react as well, and, in fact, the
reaction of NANT with MNBDH generated the fluorescent dye
MNBDA with a yield of 80% (Fig. 1B). The major improvement
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Fig. 1 Evidence that N-nitrosotryptophan derivatives can be quan-
tified by using an activated hydrazine derivative. (A) N-Acetyl-15N-
nitrosotryptophan (100 mM) and 15N2H4 (200 mM) were mixed in 100 mM


phosphate buffer at pH 7.4 and 25 ◦C. After 2 h, products were identified
by 15N NMR spectrometry. Solutions of NANT (5–60 lM) (Fig. 1B) or
of N-nitrosotryptophan residues in c-globulin (0–10 lM) (Fig. 1C) in
the presence of N-methyl-4-hydrazino-7-nitrobenzofurazan (MNBDH)
(20 lM) were used in 2 mL phosphate buffer (50 mM, pH 7.4, 37 ◦C,
100 lM EDTA). The concentrations around the detection limit are
additionally shown in the insert in Fig. 1C. After a reaction period of
2 h, ethanol (0.5 mL) was added to each sample and the formation of
the fluorescence dye MNBDA was fluorimetrically determined at kem. =
536 nm (kexc. = 484 nm). The data shown are representative for three
experiments performed independently (Fig. 1A) or are means of three
experiments independently performed in duplicate (Fig. 1B and 1C).


of the MNBDH assay is given by the fact that the fluorescence of
MNBDA is not quenched by proteins (Fig. 1C). The novel assay


has a quantification limit of 250 nM nitrosotryptophan residues in
the c-globulin fraction (insert in Fig. 1C). This is the first example
that N-nitrosotryptophan residues in proteins can be quantified
by means of a relatively economical fluorescence method.
Although N-nitrosotryptophan residues in other proteins may
also be detected, the problem with the hydrolysis reaction still
exists for the MNBDH assay, and the detection limit is much too
high for a useful quantification in biological samples.


As noted above, stoichiometric amounts of nitric oxide are
released from the reaction of Trolox with N-nitrosotryptophan
derivatives.41 The reaction proceeds with low molecular N-
nitrosotryptophan compounds like NANT as well as with N-
nitrosotryptophan residues in proteins. S-Nitrosothiols do not
release any NO under such conditions because the experiments
are performed in the presence of EDTA (which complexes the cat-
alytically active transition metal ions required for decomposition
of S-nitroso compounds). The influence of the always competing
hydrolysis reaction can be reduced by working at pH 11 where
the rate of the hydrolysis reaction is about 8-fold lower than at
pH 7.4. Further, the rate of the reaction is increased at excess
concentrations of Trolox. Since the Trolox-N-nitrosotryptophan
reaction proceeds even under oxygen-free conditions, the liberated
nitric oxide can be quantified by transporting nitric oxide into
the gas phase where it may be detected with the very sensitive
(5 pM) ozone-chemiluminescence method.7 Considering all these
facts, the Trolox assay is expected to reach a detection limit of
about 5 nM for N-nitrosotryptophan compounds and is, therefore,
recommended as a standard detection procedure.


Conclusions


N-Nitrosotryptophan derivatives can be both generated and
denitrosated at physiological pH. Under such conditions, the den-
itrosation process starts with a so-called direct transnitrosation,
i.e., the NO+ function is transferred from the N-nitrostryptophan
derivative to various substrates without the formation of other
intermediates, such as, e.g., N2O3. Since the thus formed substrate-
derived nitroso compound YNO often acts as a spontaneous
nitric oxide releasing entity (for example, with catechols, serotonin,
vitamin E, or vitamin C as substrates) or as a nitric oxide transfer
agent (with, for instance, thiols as substrates), N-terminal blocked
tryptophan derivatives feature all chemical capabilities necessary
for action as an endogenous nitric oxide transporter. So far,
the lack of a reliable detection procedure had prevented the
accurate analysis of endogenous or applied N-nitrosotryptophan
derivatives in biological samples. The methods suggested in this
paper are believed to fill this gap.
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3-Oxo-b-sultams are both b-sultams and b-lactams and are a novel class of time-dependent inhibitors
of elastase. The inhibition involves formation of a covalent enzyme–inhibitor adduct with transient
stability by acylation of the active-site serine resulting from substitution at the carbonyl centre of the
3-oxo-b-sultam, C–N fission, and expulsion of the sulfonamide. The lead compound,
N-benzyl-4,4-dimethyl-3-oxo-b-sultam 1 is a reasonably potent inhibitor against porcine pancreatic
elastase with a second-order rate constant of 768 M−1 s−1 at pH 6, but also possesses high chemical
reactivity with a half-life for hydrolysis of only 6 mins at the same pH in water. Interestingly, the
hydrolysis of 3-oxo-b-sultams occurs at the sulfonyl centre with S–N fission and expulsion of the amide
leaving group, whereas the enzyme reaction occurs at the acyl centre. Increasing selectivity between
these two reactive centres was explored by examining the effect of substituents on the reactivity of
3-oxo-b-sultam towards hydrolysis and enzyme inhibition. The inhibition activity against porcine
pancreatic elastase has a much higher sensitivity to substituent variation than does the rate of alkaline
hydrolysis. A difference of 2000-fold is observed in the second-order rate constants, ki, for inhibition
whereas there is only a 100-fold difference in the second-order rate constants, kOH, for alkaline
hydrolysis within the series. The higher sensitivity of enzyme inhibition to substituents than that of
simple chemical reactivity indicates a significant degree of molecular recognition of the 3-oxo-b-sultams
by the enzyme.


Introduction


Elastase is a proteolytic enzyme that catalyzes the hydrolysis of the
fibrous protein elastin, which comprises an appreciable percentage
of all protein content in tissues such as arteries, ligaments and the
lung. Three distinct types of human elastase have been identified –
human neutrophil elastase (HNE), pancreatic elastase II (PE-
II) and macrophage metalloelastase (MME).1 The imbalance
between HNE and its endogenous inhibitors leads to excessive
elastin proteolysis and destruction of connective tissues in a
number of inflammatory diseases such as pulmonary emphysema,
adult respiratory distress syndrome, chronic bronchitis, chronic
obstructive pulmonary disease and rheumatoid arthritis.1,2 Inhi-
bition of human neutrophil elastase is therefore an important
approach to the treatment of the disease, and the search for
suitable inhibitors has been intense.3 Human neutrophil elastase is
a member of the chymotrypsin family of serine proteases and, as
such, has a rich family of classical inhibitors.4 However, there is a
need for the design of new inhibitors as currently available drugs
have shown only limited effect on the diseases.3 b-Lactams are well-
known as potent inhibitors of some serine enzymes, including the
bacterial penicillin binding proteins (PBPs) and Class A and Class
C b-lactamases.5 b-Lactams have also been structurally modified
to develop active site-directed and mechanism-based inhibitors of
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HNE.4,6,7 We have been interested in developing mechanism-based
inhibitors of HNE and the related, but more readily available,
porcine pancreatic elastase (PPE). PPE is a model enzyme that
shares ca. 40% homology and the catalytic triad consisting of Ser-
195, His-57 and Asp-102 with HNE.8 Among different classes of
inhibitor of elastase, acylating agents such as b-lactams and trans-
fused c-lactones9 that inactivate elastase by formation of an acyl–
enzyme adduct appear to be one of the most promising areas for
the development of successful therapeutic agents.10 We have shown
that b-sultams, the sulfonyl analogues of b-lactams, are a novel
class of effective inhibitors of serine enzymes by sulfonylation
of the active-site serine residue.11,12 We have also shown that 3-
oxo-b-sultams, which are both b-sultams and b-lactams, are a
new class of acylating agents that inactivate the elastase from
porcine pancreas.13 The inhibition involves the formation of an
enzyme–inhibitor adduct with transient stability by acylation of
the active-site serine resulting from substitution at the carbonyl
center of the 3-oxo-b-sultam. The lead compound, N-benzyl-4,4-
dimethyl-3-oxo-b-sultam 1, is a reasonably potent inhibitor against
porcine pancreatic elastase with a second-order rate constant of
768 M−1 s−1 at pH 6. However, the 3-oxo-b-sultam is chemically
too reactive for studies towards therapeutic application – the half-
life for the degradation of the 3-oxo-b-sultam by hydrolysis is
only 6 mins at pH 6 in water. By contrast, increasing the rate of
serine acylation by enhancing the intrinsic chemical reactivity of
the b-lactams has been used as a strategy to design more potent
inhibitors.14


Nucleophilic attack on N-benzyl-4,4-dimethyl-3-oxo-b-sultam
1 could involve either acylation or sulfonylation resulting from
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substitution at the carbonyl centre and expulsion of the sulfon-
amide or from substitution at the sulfonyl centre and expulsion
of the amide, respectively. Interestingly, the hydrolysis of 1 and
its enzyme reaction with elastase occur at different reaction
centres; the enzyme reaction occurs at the acyl centre whereas the
hydrolysis of 3-oxo-b-sultams occurs at the sulfonyl centre 1.13,15


Inhibition of elastase by 1 occurs by acylation of the active-site
serine and so involves C–N fission and expulsion of sulfonamide.13


By contrast, the alkaline hydrolysis of 1 occurs by hydroxide-ion
attack on the sulfonyl centre with S–N fission.15 This is a very
rapid process and occurs with a second-order rate constant, kOH,
value of. ca. 2 × 105 M−1 s−1,15 which is about 106 times greater
than those of most clinically useful b-lactams.16 Highly reactive
inhibitors may decrease the selectivity towards the target enzyme
and reduce bioavailability.


Nucleophilic substitution at acyl centres generally proceeds
through the formation of an unstable tetrahedral intermediate 2
and it is usually assumed that the incoming nucleophile approaches
at approximately the tetrahedral angle to the carbonyl group.17 By
contrast, sulfonyl-transfer reaction involves a transition state or
intermediate with pentacoordinate trigonal bipyramidal geometry
3 and the incoming nucleophile is assumed to take the apical
position.18,19 The two processes, acyl and sulfonyl transfer, are
expected to show different sensitivity to stereochemical and
geometrical properties of the a-substituents and it is of interest to
investigate the balance between the chemical reactivity and enzy-
matic activity of 3-oxo-b-sultams by changing the a-substituents.


In addition to varying the a-substituents, 3-oxo-b-sultams with
different nitrogen leaving groups have been synthesized in order
to study the effect of the leaving group on the reactivity of
these compounds as inhibitors of elastase. We now report that
such modifications can retain inhibitory activity while decreasing
dramatically the reactivity towards hydrolysis by hydroxide-ion.


Results and discussion


Chemistry


3-Oxo-b-sultams were prepared by a common strategy involving
ring closure of the corresponding (chlorosulfonyl)acetyl chloride
with a substituted amine (Scheme 1). The ring-closure step
was monitored conveniently by using IR spectroscopy as the
characteristic C=O IR stretching frequencies of the acyclic
amide and 3-oxo-b-sultam were well-resolved and are 1690 and
1790 cm−1, respectively. That the IR stretching frequency of the


C=O double bond of 3-oxo-b-sultam is much higher than that of
the acyclic amide and higher than the 1730–1760 cm−1 seen with
monocyclic b-lactams indicates more C=O double bond character
and possibly weaker amide resonance due to the competing
electron withdrawal by the adjacent sulfonyl group.20 Although
reduced resonance in b-lactam amides in b-lactam antibiotics such
as penicillins, has often been stated as the reason for their chemical
reactivity and biological susceptibility, it is a fact that, contrary
to expectation, the rate of alkaline hydrolysis of b-lactams is less
than a hundred-fold greater than that of an analogous acyclic
amide.16,21 The second-order rate constant for the hydroxide-ion
catalyzed hydrolysis of N-methyl b-lactam is only 3-fold greater
than that for N,N-dimethyl acetamide.21


Scheme 1


The 3-oxo-b-sultam 1 is both a b-sultam and a b-lactam
with a second-order rate constant for alkaline hydrolysis kOH of
1.83 × 105 dm3 mol−1 s−1 (Table 1) and hydroxide-ion attack
occurs preferentially at the sulfonyl centre with expulsion of a
carboxamide leaving group, as shown by product analysis.15 That
hydroxide-ion attacks the sulfonyl centre in 1 rather than the b-
lactam carbonyl is consistent with the observation that b-sultams
are 102 to 103-fold more reactive than b-lactams towards alkaline
hydrolysis.18 Although attack at the acyl centre may be expected to
expel a better leaving group – the sulfonamide anion – the nature
of the leaving group does not have a large effect on the relative
rates of hydrolysis of imides and similar N-acyl sulfonamides.15


Increasing the steric bulk of the 4-substituent, a to the elec-
trophilic sulfonyl centre, decreases the rate of alkaline hydrolysis
(Table 1). For example, replacing the dimethyl groups by diethyl
decreases the rate 10-fold and the spiro cyclohexyl group is 30-
fold less reactive. It is known that the a-chymotrypsin family of
enzymes has a well-established binding pocket adjacent to the
active serine residue, in the S1 position.22 In the elastase enzymes
this binding pocket is relatively small and has a preference for
small hydrophobic substituents.22,23 The inhibition of elastase by
monocyclic b-lactams has also been improved by the introduction
of alkyl substituents at the 3-position, which are thought to bind
strongly in the S1 subsite of elastase.24,25 We therefore wished to
investigate any differential effects of these substituents on chemical
reactivity and enzyme binding.


A series of 3-oxo-b-sultams with N-a-carboxylate substituents
were prepared and their rates of hydrolysis measured (Table 1).
All of these compounds undergo hydrolysis by hydroxide-ion
attack at the sulfonyl centre to give ring-opened products by
S–N fission reaction. There is no evidence of intramolecular
attack by the carboxylate oxyanion as the rate of the reaction


3994 | Org. Biomol. Chem., 2007, 5, 3993–4000 This journal is © The Royal Society of Chemistry 2007







Table 1 The second-order rate constants for alkaline hydrolysis (kOH) and
the enzyme inhibition (ki) of porcine pancreatic elastase (PPE) at pH 6.0
(0.1 M MES buffer) by 3-oxo-b-sultams in 1% acetonitrile, 1.0 M ionic
strength at 30 ◦C


kOH/M−1 s−1 ki/M−1 s−1 ki : kOH ratio


1 1.83 × 105 768 64


5 1.86 × 104 275 227


6 5.99 × 103 5.85 15


7 3.89 × 104 2.54 1


8 Not determined 5.00 2


9 2.42 × 104 30.1 19


10 3.27 × 104 8.30 4


11 1.74 × 103 0.37 3


occurs at similar rates to those for 3-oxo-b-sultams lacking the a-
carboxylate (Table 1). Introducing a carboxylate on the exocyclic
carbon a to the nitrogen of the amine leaving group of 9 or
11 decreases the chemical reactivity of the 3-oxo-b-sultam by
about 10-fold compared with 1 or 5, respectively (Table 1). This
decrease in chemical reactivity is of the magnitude expected due
to the electrostatic repulsion between the incoming negatively
charged nucleophile and the negative charge on the oxygens of
the dissociated carboxylate.


Inhibition of elastase by 3-oxo-b-sultams


N-Benzyl-4,4-dimethyl-3-oxo-b-sultam 1 is a time-dependent in-
hibitor of porcine pancreatic elastase (PPE). The activity of PPE


was monitored by measuring the rate of the hydrolysis of N-
succinyl-(L-ala)3-p-nitroanilide as substrate at 390 nm using a
molar extinction coefficient change, De390, of 1.24 × 104 M−1 cm−1.
The kinetic analysis was undertaken with the anilide substrate
(0.08 mM) in 0.1 M pH 8.5 TAPS buffer at 30 ◦C in 1.5% methanol
v/v and I = 1.0 M (KCl) in the assay cells. Inhibition was studied
by incubating the N-benzyl-4,4-dimethyl-3-oxo-b-sultam 1 with
PPE together in a buffered solution. Aliquots of the incubation
solution containing enzyme and potential inhibitor were then
removed after an incubation time and assayed for PPE activity
against the anilide substrate in separate assay cells. These assays
showed a time-dependent decrease in enzyme activity, given by the
slope of absorbance at 390 nm (A390) against time plots, and tended
towards zero with increasing time. Incubation of the enzyme
alone under exactly the same conditions but in the absence of
b-sultam gave constant assay slopes throughout the experimental
time frame. The enzyme activity at a given time was measured
by the initial rate of hydrolysis of the substrate and expressed as
a percentage of the initial slope relative to that for full enzyme
activity measured in a control experiment in which there is no
3-oxo-b-sultam present. The decrease of enzyme activity against
time in the inhibition of PPE with 2 × 10−5 and 4 × 10−5 M
of N-benzyl-4,4-dimethyl-3-oxo-b-sultam 1 at pH 6.0 follows an
exponential decay (Fig. 1). The concentration of the enzyme is
much lower than that of the inhibitor at time zero and therefore the
observed rate of inactivation is effectively pseudo-first order and
gives the apparent first-order rate constant, kobs. The values of kobs


show a first order dependence on the concentration of the 3-oxo-b-
sultam indicative of the simple rate laws (eqn (1) and (2)) in which
kobs is the observed pseudo-first-order rate constant for inhibition
in the presence of excess b-sultam, and ki is the corresponding
second-order rate constant for the inhibition. The second-order
rate constant, ki, was given by the slope of the linear plot of kobs


against the concentration of the 3-oxo-b-sultam (Fig. 2).


(1)


(2)


Fig. 1 The decrease of enzyme activity against time in the inhibition of
PPE with 2 × 10−5 (�) and 4 × 10−5 (�) M of N-benzyl-4,4-dimethyl-
3-oxo-b-sultam 1 at pH 6.0, I = 1 M (KCl), 25 ◦C. The solid curves were
the theoretical curve generated by fitting the data to a first-order decay
equation.
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Fig. 2 Plot of observed first-order rate constant, kobs, for the inhibition
of PPE by N-benzyl-4,4-dimethyl-3-oxo-b-sultam 1 against the concentra-
tions of the 3-oxo-b-sultam at pH 6.0, I = 1 M (KCl), 25 ◦C.


With some 3-oxo-b-sultams and at high pH there were prob-
lems with the accurate determination of rate constants for the
inactivation process because of the competing hydrolysis of these
compounds. To correct for this, the results of the inactivations were
normalized with respect to the decreasing b-sultam concentration
using eqn (3) in which [3-oxo-b-sultam]t and [3-oxo-b-sultam]o


are the concentration of the 3-oxo-b-sultam at time = t and that
applied in the reaction, respectively. The concentration of the 3-
oxo-b-sultam at time = t was determined spectrophotometrically
in a separate experiment in which the hydrolysis of the 3-oxo-b-
sultam in the same buffer as that in the inhibition experiment was
followed.


(3)


(i) Acylation or sulfonylation? Inactivation of elastase by
3-oxo-b-sultams occurs with formation of a 1 : 1 complex. Analysis
of solutions of PPE incubated with N-benzyl-4,4-dimethyl-3-
oxo-b-sultam 1 in a 1 : 1 ratio by electrospray ionization-
mass spectrometry (ESI-MS) shows the enzyme bound to one
equivalent of b-sultam (MEI 26 133 ± 1 Da) (98%). The native
enzyme has a mass of 25 892 and therefore a mass difference
of +241 is consistent with the formation of a covalent bond
between the enzyme and b-sultam 1. If inhibition was caused
by the hydrolysis product binding to the enzyme then a mass of
26 148 would be expected. However, ESI-MS does not distinguish
between acylation and sulfonylation of the enzyme. Previously
we have shown by X-ray crystallography that N-acyl b-sultams
inhibit elastase by sulfonylation of the active-site serine residue25


whereas b-lactams inhibit the enzyme by acylation of the same
residue.26 The second-order rate constant, ki, for the inactivation
of PPE by N-benzyl-4,4-dimethyl-3-oxo-b-sultam 1 is 768 M−1 s−1


(Table 1), which is nearly 103 greater than that by N-benzoyl
b-sultam 4 which inhibits elastase by a sulfonylation process.
This large rate difference is indicative of a different mechanism
of inhibition, possibly acylation by attack of the active-site serine
on the b-lactam of 1 giving C–N fission and acylation to form
an acyl enzyme (Scheme 2). This is supported by the recovery
of full enzyme activity when elastase is inactivated by N-benzyl-


4,4-diethyl-3-oxo-b-sultam 5 over a period of days, with a rate
constant of 1.39 × 10−4 s−1 at pH 8.5, whereas the enzyme remains
inactive for at least 4 weeks when inactivated by 4. Interestingly,
the rate of recovery of enzyme activity shows the same sigmoidal
dependence on pH as that for the rate of hydrolysis (kcat/Km)
of the anilide substrate (Fig. 3). Both reactions are critically
dependent on the ionization of a group with a pKa of 6.9. This
observation suggests a common residue for the two processes of
acylation and deacylation because the dependence of kcat/Km on
pH reflects the acylation process, whereas that for recovery of
activity is deacylation (Scheme 2). The much faster rate of enzyme
inactivation by the 3-oxo-b-sultam 1 compared with N-benzoyl
b-sultam 4 together with the recovery of enzyme activity suggests
different mechanisms for the two processes. It thus appears that
inactivation of elastase by the 3-oxo-b-sultam 1 is occurring by
serine attack on the b-lactam centre to form an acyl enzyme
of intermediate stability which is then slowly hydrolyzed in the
conventional manner (Scheme 2).


Fig. 3 The pH dependence of the rate constants for the PPE-cat-
alyzed hydrolysis of N-succinyl-(L-ala)3-p-nitroanilide (kcat/Km, open
circles) and that for the enzyme recovery after inhibited with
N-benzyl-4,4-diethyl-3-oxo-b-sultam 5 (kr, filled circles) at different pHs.
Rate constants were determined in 0.1 M aqueous buffer solution at 30 ◦C
with 1.0 M ionic strength.


(ii) Variation of C-4 substituents. The rate of inhibition of
PPE by N-benzyl-3-oxo-b-sultams shows a large dependence on
the size of the C-4 substituents. The gem-dimethyl group at the
C-4 position of N-benzyl-4,4-dimethyl-3-oxo-b-sultam 1 shows
the largest rate constant, ki, for inhibition and the rate constant
decreases moderately by 3-fold in changing to gem-diethyl 5 and
decreases more significantly by 100-fold on changing to a spiro-
cyclohexyl substituent 6 (Table 1).


One of the major requirements for successful inhibition of
an enzyme by covalent modification is that the rate of the
inactivation must be faster than, or at least competitive with, the
turnover of the natural substrate and the inhibitor itself should
ideally be relatively stable under in vivo conditions. The rate of
inactivation can be considered to be controlled by two important
factors: (i) the intrinsic "chemical" reactivity of the inhibitor and
(ii) the molecular recognition reflected by the binding energy
between the inhibitor and the target enzyme. The acylation process
involves displacement of a leaving group by serine attacking the
carbonyl group of the inhibitor, so changes in chemical reactivity
brought about by substituents is usually considered in terms of
the electrophilic nature of the inhibitor and the leaving group
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Scheme 2


ability (nucleofugacity) of the group displaced. In addition to these
electronic effects, the intrinsic chemical reactivity of a compound
may be modified by steric and strain effects. Although increasing
the intrinsic chemical reactivity may lead to a faster rate of reaction
with the target enzyme, it may also lead to greater hydrolytic and
metabolic instability with consequent little change in selectivity.
One method of indicating this selectivity is to use an ‘enzyme
rate-enhancement factor’ (EREF)27 which is the second-order rate
constant for the inactivation of the enzyme, ki, divided by that for
hydrolysis of the inhibitor catalyzed by hydroxide ion, kOH.


Although the 4,4-dimethyl derivative 1 has the largest rate
constant, ki, for inhibition, changing to 4,4-diethyl groups only
decreases the inhibition activity against PPE by 3-fold but by 10-
fold for chemical reactivity as measured by the rate of alkaline
hydrolysis (Table 1). Consequently the 4,4-diethyl derivative has
the largest EREF ratio of the rate constant for inhibition to that
for alkaline hydrolysis. This suggests that the 4,4-diethyl derivative
has the most favourable binding in the series. The comparison is
complicated by the fact that the enzyme reaction and the chemical
reaction involve different reaction sites on the 3-oxo-b-sultam and
the substituent effect for the hydrolysis at the two reaction centres,
acyl and sulfonyl, may not be the same. Nevertheless, the large
decrease in the rate of inhibition of PPE by N-benzyl-3-oxo-b-
sultams on increasing size of the C-4 substituents agrees with other
results that have suggested the alkyl substituents at C-3 position
of monocyclic b-lactam (which is the equivalent of the C-4 of 3-
oxo-b-sultams) binds to the S1 pocket of the enzyme,24 and for
which a small hydrophobic residue is preferred.22,23 The preference
shown by the C-4 substituents for the enzyme also confirms that
the inhibition by 3-oxo-b-sultams is active-site directed.


(iii) Variation of the amine leaving group. The inhibition
activity is severely affected by the carboxylate group; a 25-fold
decrease of the second-order rate constant, ki, for the inhibition
by 9 compared with 1 is observed (Table 1). The decrease in the
inhibition activity may be the result of a poorer binding of the
dissociated carboxylate in the hydrophobic environment of
the active site of PPE. Esterification of the N-a-carboxylate of the
3-oxo-b-sultams (7 and 9) with benzyl alcohol gave esters which
could not be studied for inhibition because of poor solubility, even
in 15% acetonitrile–water (v/v).


The amine leaving group was further modified by varying the
substituent at the a-carbon. Increasing the length of the alkyl
chain by one methylene unit has little or no effect on the chemical


reactivity of the 3-oxo-b-sultam as 7 and 10 have similar second-
order rate constants, kOH, for their alkaline hydrolysis. Similarly,
a phenyl group does not have any significant effect on chemical
reactivity as shown by the similar second-order rate constants, kOH,
for the alkaline hydrolysis of 7 and 9. However, the second-order
rate constant for inactivation of elastase, ki, varies 12-fold in the
series; changing iso-propyl to iso-butyl increases ki by 4-fold and
changing it to phenyl gives an 12-fold increase in the second-order
rate constant, ki (Table 1). The highest EREF (ki/kOH ratio) in
this series is shown by the phenyl substituted derivative 9. Finally,
incorporating a gem-diethyl group at C-4 and a valine nitrogen
leaving group yield the most chemically stable 3-oxo-b-sultam 11
in the series with a second order rate constant of 1.74 × 103 M−1s−1


for alkaline hydrolysis, which is still highly reactive compared with
a kOH of 10−1 M−1 s−1 for acylating agents of enzymes that are
therapeutically useful.20 However, the inhibition activity of this
compound is also the lowest in the series. The second-order rate
constants, kOH and ki, for 11 are 100- and 2000-fold less reactive,
respectively, than the most reactive 3-oxo-b-sultam 1. The higher
sensitivity of inhibition activity to substituents compared with
that of chemical activity does indicate significant recognition of
the 3-oxo-b-sultams by the enzyme.


In summary, 3-oxo-b-sultams are novel acylating agents that
inactivate elastase with reasonable specificity. These compounds
are unusual in that the enzyme reacts with the acyl centre whereas
the hydrolysis reaction occurs at the sulfonyl centre despite the
fact that b-sultams are about 103-fold more reactive than b-
lactams. Variation of the structure by simple substituents leads
to differences in rates of inactivation of up to 2000-fold. There is
a large differential effect of substituents on the relative reactivities
of hydrolysis and enzyme reaction.


Experimental


Synthesis


Melting points were determined on a Gallenkamp melting point
apparatus and are uncorrected. Infrared measurements were
recorded on a Perkin Elmer 1600 series FT-IR spectrometer.
400 MHz 1H and 67 MHz 13C NMR spectra were determined
on a Bruker Advance 400 MHz spectrometer. 500 MHz 1H and
100 MHz 13C NMR spectra were determined on a Bruker AMX
500 spectrometer. GC–MS were determined on a Varian GC–
MS with a Finnigan MAT ion trap detector. Mass spectrometry
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was performed on a Fisons Quattro VG quadrupole mass spec-
trometer. High resolution mass spectrometry was carried out by
the University of Swansea, courtesy of the EPSRC. Elemental
analyses were carried out at Medac Ltd. Fluka or Merck silica gel
60 was used for all chromatographic separations, with silica gel
60 F254 TLC plates used for initial investigations. Solvents were
purified according to Perrin and Armarego.28 Starting materials
were purchased from Aldrich, Avocado and Lancaster, and were
used without further purification.


Disodium 2-methyl-2-sulfonatopropanoate (S1). Concentrated
H2SO4 (5.22 ml) was added dropwise to isobutyric anhydride
(20 g, 127.0 mmol) and the mixture stirred for 30 minutes at 20–
35 ◦C. The reaction mixture was then gently heated to 90 ◦C and
stirred for approximately 7 hours. To check for the completion of
the reaction: a solution of BaCl2 (1 ml) was added to a sample of
the reaction mixture, if no precipitation appeared then the reaction
was considered complete. The hot reaction mixture was poured
into ice-cold water (50 ml) and extracted with ether (3 × 40 ml).
Ether extracts contain the isobutyric acid from the sulfonation. To
the aqueous phase, a solution of NaOH (6.16 g) in water (20 ml)
was added in small portions to adjust the pH to around pH 8.
The solution was evaporated to dryness using reduced pressure
rotary evaporation at 40 ◦C. The residue was dissolved in hot
water (10 ml) and precipitated by addition of ethanol (50 ml) and
the resulting precipitate was isolated by vacuum filtration. If the
colour of the solution was dark brown–orange, then charcoal was
added to the solution before the addition of the ethanol. A second
crop was isolated by adding ethanol to the mother liquor. The
product isolated (20.1 g, 75%) was carried through to the next step
without any further purification.


2-(Chlorosulfonyl)-2-methylpropanoyl chloride (S2). Disodium
2-methylsulfonatopropionate (S1) (4.88 g, 23 mmol) was added
to thionyl chloride (18.3 ml, 153 mmol) in small portions over
10 minutes at 0 ◦C with stirring, DMF (0.37 ml) was added
dropwise over 2 minutes and the mixture was heated to 70 ◦C. After
gas production was complete the mixture was heated for a further
5 hours at 70 ◦C. Excess thionyl chloride was evaporated under
reduced pressure on a rotary evaporator at 40 ◦C, yielding a pale
yellow residue which was dissolved in ether. The resultant NaCl
was filtered off and the solvent was removed from the filtrate by
reduced pressure rotary evaporation at 30 ◦C to yield a yellow oil
(3.48 g, 74%). IR: mmax (cm−1) (neat) 3003, 1811, 1464, 1368, 1179,
1127. 1H NMR: d (CDCl3): 2.0 (6H, s, 2 x CH3). 13C NMR: d
(CDCl3): 169.29 (C=O), 85.44 (quaternary carbon), 22.07 (CH3).


2-Benzyl-4,4-dimethyl-1,2-thiazetidin-3-one-1,1-dioxide (1). 2-
(Chlorosulfonyl)-2-methylpropionyl chloride (S2) (1 g, 4.9 mmol)
was dissolved in dry ether (200 ml) and the mixture was cooled
to −78 ◦C. A solution of benzylamine (0.53 ml, 4.9 mmol) in
ether (10 ml) was added dropwise over 20 minutes at −78 ◦C
with stirring. The mixture was stirred for 10 minutes before
triethylamine (1.35 ml, 14.7 mmol) in ether (10 ml) was added
dropwise over 10 minutes to the mixture at −78 ◦C. The reaction
mixture was stirred at −78 ◦C for 1 hour and then for 3 hours
at room temperature and the resultant Et3N·HCl salt filtered off.
The solvent was removed by reduced pressure rotary evaporation
at 30 ◦C to yield a creamy white residue which was purified using
column chromatography (30 g silica) (3 : 2 hexane–EtOAc, Rf =


0.56) (0.76 g, 43%), m.p. 63–64 ◦C. IR: mmax (cm−1) (CHCl3) 3020,
1772, 1339, 1216, 1182, 1122. 1H NMR: d (CDCl3): 7.40–7.38
(5H, m, Ph), 4.6 (2H, s, CH2), 1.8 (6H, s, 2 x CH3). 13C NMR:
d (CDCl3): 164.36 (C=O), 133.17 (quaternary carbon), 128.96
(CH (Ph)), 128.52 (CH (Ph)), 128.1 (CH (Ph)), 83.03 (quaternary
carbon), 44.47 (CH2), 18.4 (CH3 × 2).


(DL)-2′ -(4,4-Dimethyl-1,1-dioxido-3-oxo-1,2-thiazetidin-2-yl)
phenylacetic acid (9). Palladium (0.1 g, 10% Pd/C) was added to
dry ethyl acetate (2 ml) and then to a solution of benzyl (DL)-2′-
(4,4-dimethyl-1,1-dioxido-3-oxo-1,2-thiazetidin-2-yl) phenyl ac-
etate (S3) (0.1 g, 0.268 mmol) in dry ethyl acetate (11 ml). The
reaction vessel was flushed with nitrogen for 2 minutes followed
by hydrogen for 1 minute. The solution was hydrogenated at
atmospheric pressure for 2 hours before filtering through celite.
The solvent was removed by reduced pressure rotary evaporation
at 30 ◦C to yield a white solid (74 mg, 98%) m.p. 195–197 ◦C
(decomposes to a dark oil). IR: mmax (cm−1) (CHCl3) 3020, 2956,
1776, 1732, 1354, 1337, 1216, 1181, 1124. 1H NMR: d (CDCl3):
7.47–7.37 (5H, m, Ph), 5.76 (1H, s, CH), 1.62 (3H, s, CH3), 1.58
(3H, s, CH3). 13C NMR: d (CDCl3): 167.98 (C=O), 164.58 (C=O),
134.3 (quaternary carbon), 129.06 (CH (Ph)), 128.84 (CH (Ph)),
128.45 (CH (Ph)), 82.71 (quaternary carbon), 60.15 (CH), 17.8
(CH3), 17.68 (CH3). HREI-MS [M+NH4]+ for C12H13NO5S calc.
301.0853 measured 301.0855.


4-Spiro-cyclohexyl-3-oxo-b-sultam (S17). 1-(Chlorosulfonyl)-
cyclohexane carbonyl chloride (S16) (1 g, 4.33 mmol) was
dissolved in ether (10 ml) and added dropwise over 20 minutes
(VERY SLOWLY) to liquid NH3 (5.3 ml) in ether (10 ml) at
−78 ◦C. The mixture was warmed to room temperature and stirred
until all the solvent had evaporated. The residue was dissolved
using CHCl3 (5 ml) and water (5 ml) at 0–4 ◦C, and the pH of
the solution was adjusted to pH 1 using dilute HCl. The organic
layer was separated and the aqueous layer extracted with CHCl3


(3 × 5 ml). The organic layers were combined and dried over
sodium sulfate, and then the solvent was removed by reduced
pressure rotary evaporation 30 ◦C to give a white solid (0.50 g,
65%) m.p. 61–62 ◦C. IR: mmax (cm−1) 3241, 2946, 2864, 1778, 1452,
1356, 1338, 1215, 1161, 1132, 754. 1H NMR: d (CDCl3): 8.27 (1H,
br s, NH), 2.41 (2H, m, cyclohexyl H), 2.01 (2H, m, cyclohexyl
H), 1.91 (2H, m, cyclohexyl H) 1.71 (1H, m, cyclohexyl H), 1.6
(2H, m, cyclohexyl H), 1.44 (1H, m, cyclohexyl H). 13C NMR: d
(CDCl3): 163.29 (C=O), 86.75 (quaternary carbon), 28.11 (C1/C5


CH2), 24.05 (C3 CH2), 22.62 (C2/C4 CH2). HREI-MS [M–H] for
C7H11NO3S calculated 188.0376 measured 188.0379.


N-Benzyl-4-spiro-cyclohexyl-3-oxo-b-sultam (6). At 0 ◦C un-
der nitrogen, 4-spiro-cyclohexyl-3-oxo-b-sultam (S17) (0.1 g,
0.53 mmol) in anhydrous THF (5 ml) was added to a suspension of
NaH (0.015 g, 0.6 mmol) (pre-washed 2–3 times with petroleum
ether) in DMF (2 ml). The mixture was stirred for 15 minutes
and benzyl bromide (0.09 g, 0.526 mmol) was injected through
a septum dropwise over 5 minutes. The mixture was allowed
to warm-up to room temperature and stirred for 24 hours. The
mixture was then cooled to 0 ◦C, ether (10 ml) was added, the
solution was hydrolyzed with brine, and the pH was adjusted
to 4–5 using dilute HCl. The organic layer was separated and
the aqueous layer was extracted with ether (2 × 10 ml). The
organic layers were combined, washed with saturated brine (2 ×
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10 ml) and dried over Na2SO4. The solvent was removed by rotary
evaporation at 30 ◦C and the resulting pale yellow oil was purified
using column chromatography (silica 3 g) (1 : 8 : 1 ether–hexane–
EtOAc) Rf = 0.58 (0.082 g 53%) m.p. 73–74 ◦C. IR: mmax (cm−1)
(CHCl3) 3020.6, 2944.8, 1768.8, 1335.8, 1215.9, 1168.4, 668. 1H
NMR: d (CDCl3): 7.40–7.36 (5H, m, Ph), 4.6 (2H, s, CH2Ph), 2.37
(2H, m, cyclohexyl H), 1.99 (2H, m, cyclohexyl H), 1.89 (2H, m,
cyclohexyl H) 1.7 (1H, m, cyclohexyl H), 1.59 (2H, m, cyclohexyl
H), 1.42 (1H, m, cyclohexyl H). 13C NMR: d (CDCl3): 163.71
(C=O), 133.4 (quaternary carbon), 128.84 (CH (Ph)), 128.34
(CH (Ph)), 127.97 (CH (Ph)), 87.53 (quaternary carbon), 44.09
(CH2Ph), 27.91 (C1/C5 CH2), 23.99 (C3 CH2), 22.75 (C2/C4 CH2).


Kinetics


Standard UV spectroscopy was carried out on a Cary 1E UV-
visible spectrophotometer (Varian, Australia) equipped with a
twelve-compartment cell block. The instrument was used in
double-beam mode, allowing six reaction cells to be followed in a
single run. The cell block was thermostatted using a peltier system.
Stopped flow experiments used an SX 18 MV Spectrakinetic
monochromator (Applied Photophysics, Leatherhead, England)
equipped with an absorbance photomultiplier. The reagent sy-
ringes were thermostatted with a Grant thermostatted water
circulator. pH-stat experiments were performed on a ABU 91
Autoburette (Radiometer, Copenhagen, Denmark), controlled by
a VIT 90 video titrator. The SAM 90 sample station incorporated
a machined aluminium E2000 sample block rotor thermostatted
by a MGW Lauda M3 water circulator. pH was measured by a
pHG200-8 Glass pH electrode and a REF200 Red Rod reference
electrode (Radiometer). Temperature was monitored by a T101
temperature sensor.


pH measurements were made with either a 40 (Beckman,
Fullerton, USA) or 3020 (Jenway, Dunmow, England) pH meter.
Electrodes were semi-micro Ag/AgCl and calomel (Russell, Fife,
Scotland and Beckman, respectively). A calibration of the pH
meter was carried out at 30 ◦C using pH 7.00 ± 0.01, pH 4.01 ±
0.02 or pH 10.00 ± 0.02 calibration buffers.


ESIMS experiments were carried out on a VG Quattro SQ II
(Micromass, Altrincham, England) and NMR experiments on a
400 MHz instrument (Bruker, Germany).


AnalaR grade reagents and deionized water were used through-
out. Sodium hydroxide solutions were titrated prior to use
against a 1.00 M ± 0.1% hydrochloric acid volumetric reagent
(D.H. Scientific, Huddersfield, England) using phenolphthalein
as an indicator.


Organic solvents were glass-distilled prior to use and stored
under nitrogen. For solution pHs 3 and 11 the pH was controlled
by the use of 0.2 M buffer solutions of formate (pKa


3.75), ethanoate (pKa 4.72), 2-(N-morpholino)ethanesulfonic acid
(MES) (pKa 6.1), 3-(N-morpholino)propanesulfonic acid (MOPS)
(pKa 7.2), N-[tris(hydroxymethyl)methyl]-3-aminopropanesul-
fonic acid (TAPS) (pKa 8.4), 3-(cyclohexylamino)-2-hydroxy-
propane-1-sulfonic acid (CAPSO) (pKa 9.6), and 3-(cyclohexyl-
amino)propane-1-sulfonic acid (CAPS) (pKa 10.4). For general pH
work, buffers were prepared by partial neutralization of solutions
of their sodium salts to the required pH. For the alcoholysis
reactions, buffers were prepared by the addition of 0.25, 0.50
or 0.75 aliquots of 1 M NaOH to solutions of the alcohol. In


all experiments temperatures were maintained at 30 ◦C and ionic
strength at 1.0 M with AnalaR grade KCl unless otherwise stated.
Reaction concentrations were generally within the range 2 ×
10−5 M to 2 × 10−4 M to ensure pseudo-first-order conditions.


Hydroxide ion concentrations were calculated using pKw


(H2O) = 13.883 at 30 ◦C.29 Reactions studied by UV spectropho-
tometry were usually commenced by injections of acetonitrile
or dioxane stock solutions of the substrate (5–50 ll) into the
cells containing pre-incubated buffer (2.5 ml). Final reaction
cells contained 5% acetonitrile or dioxane v/v. The pH of the
reaction cells was measured before and after each kinetic run
at 30 ◦C, kinetic runs experiencing a change >0.05 units were
rejected. Reactant disappearance or product appearance were
followed at absorbance change maxima for individual compounds.
The solubility of compounds was ensured by working within
the linear range of absorbance in corresponding Beer–Lambert
plots. If required, greater than 1% MeCN v/v was used to
aid solubility. Pseudo-first-order rate constants from exponential
plots of absorbance against time or gradients of initial slopes
were obtained using the Enzfitter package (Elsevier Biosoft,
Cambridge, England) or the CaryBio software (Varian). pH-rate
profiles were modelled to theoretical equations using the Scientist
program (V2.02, Micromath Software Ltd, USA).


Reactions studied by stopped flow UV spectrophotometry used
stock solutions prepared at twice the standard UV concentration
in 1 M KCl. Hydroxide solutions, buffer solutions or solutions
of nucleophilic reagents were prepared at twice the required
concentration. The substrate solution and the reaction mixture
were placed in separate syringes and thermostatted at 30 ◦C before
pneumatic injection into the reaction into the reaction cell. Where
applicable, the pH of solutions was measured prior to use. If
greater than 1% acetonitrile v/v was required for solubility, then
organic solvent concentration of all solutions used was fixed at the
required reaction cell amount. The photomultiplier voltage was
set to a maximum on deionized water and absorbance wavelengths
common to the standard UV experiments were used. Pseudo-first-
order rate constants from exponential plots of absorbance against
time were obtained using the supplied fitting software (Applied
Photophysics).


For reactions studied by pH-stat standardized NaOH was
delivered to a stirred sample solution (10 ml) held within the
thermostatted sample station. All reactions were performed under
nitrogen to prevent CO2 absorption. Data were exported to a
Windows PC via an RS232 interface and the terminal program
(Microsoft Corp., USA). Conversion into an appropriate format
was by means of an Excel (Microsoft Corp., USA) Macro
and results were fitted to first-order equations via the Enzfitter
program (Elsevier Software). The titrant used was 0.01–0.1 M
NaOH standardized prior to use by means of phenolphthalein
titration against 1.00 M HCl (volumetric reagent, D.H. Scientific).
Reactions were performed in 1 M KCl, 5% MeCN v/v, with a pH
set point of 6–7. Concentrations of sample were in the range of
1–2 mM with expected titrant added volumes of up to 1.0 ml.


Enzyme-inhibition studies


Assays were performed at 30 ◦C in 0.1 M pH 8.5 TAPS buffer
with I = 1.0 M (KCl). The substrate used was N-suc-(L-Ala)3-
p-nitroanilide and stock solutions were made up in distilled
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methanol. Enzyme activity was monitored by following the
appearance of the p-nitroaniline product at 390 nm. During
inhibition studies a fixed assay substrate concentration of 6.0 ×
10−5 M was used resulting in a constant methanol concentration
of 1.5% v/v. Incubations of enzyme and inhibitor (500 ll) were
carried out at 30 ◦C in 0.04 M buffer, 20% MeCN v/v, 8 × 10−5 M
PPE and up to 5 × 10−3 M b-sultam. These conditions were
created in a separate UV cell containing stock PPE suspension
(200 ll), 0.1 M buffer (200 ll) and inhibitor stock solution in
MeCN or MeCN alone (100 ll). Aliquots of this solution (50 ll)
were assayed for PPE activity at various time intervals by injection
into 0.1 M pH 8.5 TAPS (2.36 ml) containing MeCN (150 ll)
and substrate solution (40 ll). This gave final assay conditions
of 6.0 × 10−5 M substrate, 1.5 × 10−6 M PPE, 6% MeCN v/v
and 1.5% MeOH v/v. In all cases assays of control incubations
were performed at the same time as inhibitor incubations. These
incubations substituted pure MeCN for the b-sultam solution but
then matched the remaining methodology in all respects.
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A C2-symmetric diethyl iPr-bis(oxazoline)–Cu(OAc)2·H2O was found to be an efficient catalyst for
catalyzing an enantioselective Henry reaction between nitromethane and various aldehydes to provide
b-hydroxy nitroalkanes with high chemical yields (up to 95%) and enantiomeric excesses (up to 97%).


Introduction


The Henry1 (nitroaldol) reaction is one of the classical C–C bond
formation reactions in organic synthesis for the formation of
b-hydroxynitroalkanes.2 The diverse range of chemical transfor-
mations of the newly formed b-nitroalkanol functionality such
as reduction, oxidation, dehydration, Nef reaction to carbonyl
compounds,3 or nucleophilic displacement,4 etc. make it a very
useful reaction. The enantioselective addition of nitroalkanes to
carbonyl compounds provides optically active b-nitroalkanols,
which are useful intermediates in the asymmetric synthesis of the
b-receptor agonists (−)-denopamine5 and (−)-arbutamine,5 the
b-blockers (S)-metoprolol,6a (S)-propanolol6b and (S)-pindolol,6c


and pharmacologically important b-amino alcohol derivatives,
such as chloroamphenicol,7a ephedrine,7a sphingosine,7b etc. Due
to its significance in organic syntheses, a variety of chiral catalysts8


have been used in the development of the catalytic enantioselective
variant of this reaction, but successes are limited to a few cases.


Shibasaki et al. were the first to report the asymmetric version
of this reaction using heterobimetallic lanthanide BINOL-based
complexes with high enantioselectivity.9 Trost and co-workers
reported novel dinuclear zinc chiral semi-aza-crown complexes,
which are found to be effective catalysts for inducing high
enantioselectivity in the addition of nitromethane to various
aldehydes.5,10 Several other efficient metal-based catalysts such
as salen–Co complexes,11 chiral bis(oxazoline)–Cu complexes,12–14


and Zn triflate–chiral amino alcohol complexes,15 etc. have also
been developed for this reaction.16 Some of these catalytic systems
have certain limitations such as lower substrate scope (limited to
aromatic or aliphatic aldehydes), low reaction temperatures, the
need for organic bases and 4 Å molecular sieves as additives,
relatively high catalyst loading or use of expensive catalysts such
as indabox or tert-butyl bis(oxazoline). Apart from chiral Lewis
acid catalysts, environmentally friendly chiral Brønsted bases such
as guanidine bases17 and modified Cinchona alkaloids18 have been
reported to promote the direct asymmetric Henry reaction, but
these also lack broader substrate scope. Hence, it is desirable
to put more effort into this area to develop a catalytic system
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that can overcome the limitations associated with the existing
methodologies. In this paper we wish to report some progress
towards achieving this goal.


Results and discussion


Earlier we reported the use of copper complexes of chiral pyridine
2,6-bis(4′-isopropyl-5′,5′-diphenyloxazoline) (ip-pybox-diph) 1b in
enantioselective allylic oxidation of olefins,19 cyclopropanations,20


propargylation of imines21 and Friedel–Crafts alkylation of
indoles.22 Continuing our efforts in this direction, we intended
to evaluate these types of ligands for the enantioselective Henry
reaction. At the outset, complexes of copper acetate with ip-pybox
1a and ip-pybox-diph 1b were investigated for the reaction of
nitromethane and p-nitrobenzaldehyde in methanol. Although the
reaction was complete in 24–36 h with good yields, the product was
racemic (Table 1, entries 1 and 2). As expected, the ligand 1c gave
a similar result (entry 3). Then, we turned our attention towards
other bis(oxazoline) (box) ligands (Fig. 1).23 The 4,5-diphenyl-
substituted box ligands 2a and 2b, which have successfully been
used in our laboratory for the enantioselective Friedel–Crafts
alkylation of indoles22 and the carbonyl-ene reaction,24 gave
disappointing results, as the enantioselectivity was poor (entries 4
and 5). However, the ligands 3 were found to give encouraging
results. A complex of 3 with Cu(OAc)2·H2O was evaluated as


Fig. 1 Chiral ligands.
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Table 1 Enantioselective Henry reaction of p-nitrobenzaldehyde with
nitromethane in the presence of different ligandsa


Entry Ligand Time/h Yield (%)b ee (%)c


1 1a 24 99 0
2 1b 36 98 2
3 1c 72 50 0
4 2a 72 59 11
5 2b 72 92 31
6 3a 24 88 69
7 3b 36 85 71
8 3c 36 87 25
9 3d 36 94 57


10 3e 36 93 72
11 3f 36 92 63
12 3g 36 95 65
13 3h 36 97 42
14 3i 36 60 47d


15 3j 24 91 67
16 4a 72 93 13
17 4b 72 87 28


a Ratio of Cu(OAc)2·H2O, ligand, p-nitrobenzaldehyde and nitromethane
was 0.05 : 0.06 : 1 : 0.1. b Isolated yield after column chromatography.
c The enantiomeric excess was determined by HPLC using a Chiralcel
OD-H column, and the absolute configuration assigned according to the
literature data. d The reaction was not complete after 36 h.


a catalyst (5 mol%) by using p-nitrobenzaldehyde as a model
substrate and 10 equivalents of nitromethane in methanol at
rt. The ligands 3a, 3b, and 3e (entries 6, 7, and 10) gave good
enantioselectivity (69–72% ee). This indicated that diethyl box
ligands with benzyl, phenyl, and isopropyl groups at the C(4)
stereogenic center are more effective than isobutyl and tert-butyl
groups. It was also observed that dimethyl box ligands were
inferior to their diethyl counterparts (Table 1).


From the results of Table 1, the ligand 3e was selected and
evaluated in several solvents for the catalytic enantioselective
Henry reaction between p-nitrobenzaldehyde and nitromethane
(Table 2). It is clear that protic alcoholic solvents are superior to
aprotic solvents. It was found that the enantioselectivity increased
from 72% to 81% as the size of the alcohol was increased;
MeOH < EtOH< nPrOH < iPrOH (Table 2, entries 1–4).25


On further increasing the size to nBuOH, iBuOH and tBuOH,
the enantioselectivity remained the same (Table 2, entries 5–7).
However, the enantioselectivity was enhanced to 85% on using
n-heptanol as a solvent, but the reaction became sluggish (entry
8). It is possible that these alcoholic solvents might coordinate
the copper metal, and this process might be help to enhance the
enantioselectivity. A poor result (entry 9) in terms of chemical and
optical yield by using a non-coordinating solvents such as CH2Cl2


strengthens the above hypothesis.
A series of copper salts and other metal acetates were screened


for the enantioselective Henry reaction by using the chiral ligand 3e
in isopropanol (Table 3). Cu(OAc)2·H2O was found to be the best
metal salt for the reaction (Table 3, entry 1). Although Cu(OTf)2


by itself was inert in initiating the reaction, its combination with
triethylamine as a base did induce the reaction to give a nitroaldol
product with 32% ee (Table 3, entries 2 and 3). Other metal acetates


Table 2 Effect of solvent on the enantioselective Henry reaction


Entry Solvent Time/h Yield (%)a ee (%)


1 MeOH 36 95 72
2 EtOH 24 90 75
3 nPrOH 12 93 79
4 iPrOH 12 89 81
5 nBuOH 12 85 77
6 iBuOH 12 84 79
7 tBuOH 10 88 72
8 Heptanol 48 94 85
9 DCM 120 45 47b


10 DCM + iPrOH 36 70 66c


11 MeCN 36 77 43


a Isolated yield after column chromatography. b The reaction was not
complete after 120 h. c A mixture of DCM and iPrOH (1 : 1) was used.


Table 3 Effect of Lewis acid on the enantioselectivitya


Entry Lewis acid Time/h Yield (%)b ee (%)c


1 Cu(OAc)2·H2O 12 89 81
2 Cu(OTf)2 48 — —
3 Cu(OTf)2 36 70 32d


4 CuCl2 48 5 60e


5 Zn(OAc)2·4H2O 36 85 8f


6 Mg(OAc)2·4H2O 36 84 2


a The ratio of metal salt, ligand, p-nitrobenzaldehyde and nitromethane
was 0.05 : 0.06 : 1 : 0.1. b Isolated yield after column chromatography.
c The enantiomeric excess was determined by HPLC using an Chiralcel
OD-H column. d 5 mol% triethylamine was used. e The reaction rate was
very slow and starting material was recovered. f The R isomer was formed.


such as Zn(OAc)2·4H2O and Mg(OAc)2·4H2O were capable of
providing good yields in reasonable times but the products were
almost racemic (Table 3, entries 5 and 6).


Having failed to enhance the ee beyond 85% in the above
reaction, it occurred to us to vary the bite angle26 in the complex
with the hope of enhancing the enantioselectivity. Thus, several
spiro box ligands 6a–f were synthesized (Scheme 1). By using the
Hyperchem program package, the geometries of the chiral ligands
were energy-minimized at the MM+ level. The computational
modeling of the ground state of the uncomplexed chiral ligand (6,
3a and 3g) was carried out in order to calculate the angle U, which
directly affects the bite angle. The results from Table 4 indicated
that there was no effect of bite angle on enantioselectivity. The
poor enantioselectivity with ligand 7 (Table 4, entry 9) is obvious,
as the five-membered chelate with copper keeps the stereogenic
center away from the reactive metal (Fig. 2).


In order to extend the scope of the reaction, the reaction was
carried on several substrates using the chiral ligand 3e in isopro-
panol (Table 5). A variety of aromatic, heteroaromatic, aliphatic
(branched, unbranched, sterically hindered) and a,b-unsaturated
aldehydes provided nitroaldol products with enantiomeric excesses
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Table 4 Effect of ligand bite angle on the enantioselective Henry reaction


Entry Ligand U/◦ Time/h Yield (%)a ee (%)b


1 6a 115.6 12 97 77
2 6b 112.0 36 95 76
3 6c 107.5 48 96 77
4 6d 106.2 48 93 61
5 6e 107.0 24 85 75
6 6f 111.3 48 96 66
7 3a 107.0 24 98 83
8 3g 108.1 10 92 81
9 7 — 72 81 35


a Isolated yield after column chromatography. b The enantiomeric excess
was determined by HPLC using a Chiralcel OD-H column.


Scheme 1 Synthesis of some other chiral ligands.


Fig. 2 Bite angle and ligand 7.


in the range of 85 to 97% at room temperature. In some cases,
along with the expected nitroaldol product, small amount (5–
10%) of the corresponding elimination product was also detected.
It was observed that the electronic nature and steric hindrance of
the substituents at the aromatic rings does not have much effect
on the enantioselectivity (Table 5, entries 1–9). Heteroaromatic
aldehydes and enals gave nitroaldol product in good yield and
good ee (Table 5, entries 10–13). Under these conditions even
aliphatic aldehydes (branched, unbranched, sterically hindered)
were shown to be good substrates, and these could be transformed
into nitro alcohols in consistently high yields and enantiomeric
excesses (94–97% ee, Table 5, entries 14–18).


The above results have been rationalized by the transition state
model shown in Fig. 3. An aldehyde and nitromethane coordinate
to the copper center in such a way that there is a maximum
activation for the reactive partners. Thus, the oxygen atom of the
nitromethane approaches the metal center from the axial side and
the carbonyl oxygen atom comes from the equatorial side.12,13b In
the favorable transition state model, the nucleophilic carbon of the


Table 5 Enantioselective Henry reaction of various aldehydes with
nitromethanea


Entry R Product Time/h Yield (%)b ee (%)c


1 Ph 8a 96 72 95
2 2-NO2C6H4 8b 12 95 92
3 4-ClC6H4 8c 96 81 91
4 4-FC6H4 8d 48 79 91
5 4-MeC6H4 8e 120 81 90
6 3-MeC6H4 8f 72 79 91
7 2-MeOC6H4 8g 48 76 85
8 3,5-MeOC6H3 8h 72 81 87
9 2-Naphthyl 8i 48 80 86


10 2-Thienyl 8j 48 71 87
11 PhCH=CH 8k 72 75 88
12 4-NO2C6H4CH=CH 8l 24 82 88
13 2-NO2C6H4CH=CH 8m 24 79 91
14 PhCH2CH2 8n 96 90 97
15 iPr 8o 144 85 94
16 nBu 8p 144 83 95
17 Cyclohexyl 8q 120 88 97
18 3-Pentyl 8r 120 82 94


a Ratio of Cu(OAc)2·H2O, ligand 3e, aldehyde and nitromethane was 0.05 :
0.06 : 1 : 0.1. b Isolated yield after column chromatography. c Enantiomeric
excess was determined by HPLC using Chiralcel OD-H and Chiralpak
AD-H columns.


Fig. 3 Proposed transition state models for the enantioselective Henry
reaction.


nitronate ion, formed in situ by the deprotonation of nitromethane
with an acetate ion, approaches the aldehyde from the Si face to
give S isomer as the major product. Re face attack is unfavored
due to a severe non-bonding interaction between the aromatic
group or long chain of the corresponding aldehyde with isopropyl
substituents of the chiral bis(oxazoline) ligand.


Conclusions


In conclusion, the complex of the diethyl iPr-bis(oxazoline) 3e
and Cu(OAc)2·H2O was found to be an efficient catalyst for the
catalytic enantioselective Henry reaction at ambient temperature.
It showed a broad substrate applicability, giving products in high
chemical and optical yields. The drawback of the method is that
it is limited to aldehydes. The stereochemical outcome has been
explained with the help of a transition state model.
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Experimental


General methods


1H and 13C NMR spectra were recorded on a JEOL JNM-LA
400 MHz spectrometer. Chemical shifts are expressed in ppm
downfield from TMS as an internal standard, and coupling
constants are reported in Hz. Routine monitoring of reactions
were performed by TLC, using 0.2 mm Kieselgel 60 F254 precoated
aluminium sheets, commercially available from Merck. Visualiza-
tion was done by fluorescence quenching at 254 nm, exposure
to iodine vapor, and/or 2,4-dinitrophenylhydrazine solution. All
the column chromatographic separations were done using silica
gel (Acme, 60–120 mesh). HPLC was performed on a Daicel
chiral column (0.46 cm internal diameter × 25 cm length).
Petroleum ether used was of boiling range 60–80 ◦C. Reactions
that needed anhydrous conditions were run under an atmosphere
of nitrogen or argon using flame-dried glassware. The organic
extracts were dried over anhydrous sodium sulfate. Evaporation of
solvents was performed at reduced pressure. L-Phenylalaninol,28 L-
isoleucinol28 and diacids27 were prepared using literature proce-
dures. Diethylmalonyl chloride was used as received from Aldrich.
Diethylmalonate, mesyl chloride and triethylamine were distilled
before use. CH2Cl2 and acetonitrile were distilled from CaH2.


General procedure for the synthesis of catalysts (Scheme 1)


General procedure for synthesis of acid chlorides. To ice-cold
thionyl chloride (50.4 mmol, 8 eq.) the carboxylic acid2 (6.3 mmol,
1 eq.) was added portionwise over 5–10 minutes, with evolution
of gas. After complete addition of carboxylic acid, the ice bath
was removed and the reaction mixture was heated to reflux for 3–
8 hours. Excess thionyl chloride was distilled through short neck
distillation assembly. The acid chloride formed was used without
further purification.


General procedure for synthesis of amido alcohols. To a stirred
solution of the corresponding (S)-amino alcohol (8.64 mmol) and
Et3N (2.41 mL, 17.4 mmol) in CH2Cl2 (30 mL) was added dropwise
a solution corresponding acid chloride (4.34 mmol) in 5 mL of
CH2Cl2 at 0 ◦C, and the mixture was stirred for 12 h (0 ◦C to
rt). The reaction mixture was diluted with CH2Cl2 (20 mL) and
washed with 1 N HCl, and the aqueous layer was extracted with
CH2Cl2 (20 mL). The combined organic extracts were washed with
saturated aqueous NaHCO3, water, and brine. The organic layer
was dried over anhydrous Na2SO4, and the solvent was evaporated
in vacuo. Crude amido alcohol was used for the next step without
further purification.


General procedure for cyclization of amido alcohols to bis-
(oxazolines). Freshly distilled methanesulfonyl chloride (746 lL,
10 mmol) was added dropwise to a solution of amido al-
cohol (5 mmol), triethylamine (2.66 mL, 20 mmol), and 4-
(dimethylamino)pyridine (58.6 mg, 0.5 mmol) in CH2Cl2 (70 mL)
at 0 ◦C over a period of approximately 10 min under nitrogen. The
reaction mixture was warmed to room temperature and stirred
for 12 hours. After completion of the reaction, saturated aqueous
ammonium chloride solution was added and stirred for another
10 min at room temperature. The organic layer was extracted with
CH2Cl2 and washed with saturated aqueous Na2HCO3 solution.
The combined organic layers were dried over anhydrous Na2SO4,


and the solvent was evaporated in vacuo to afford crude product,
which was purified by column chromatography.


(S,4S,4′S)-2,2′-(Pentane-3,3-diyl)-bis(4-sec-butyl-4,5-dihydro-
oxazole) (3f). The compound was purified by silica gel column
chromatography using EtOAc–pet ether. It was obtained in a
maximum of 78% yield as a colorless oil. [a]25


D −89.2 (c 1.73,
CHCl3). IR mmax/cm−1 (film) 2963, 2934, 2877, 1737, 1659, 1460,
1381, 1221, 1131, 1105, 985; 1H NMR (CDCl3, 400 MHz) d 0.79–
0.85 (m, 12H), 0.91 (t, J = 7.6 Hz, 6H), 1.13–1.20 (m, 2H), 1.41–
1.48 (m, 2H) 1.63–1.66 (m, 2H), 1.92–2.06 (m, 4H), 3.94 (t, J =
7.1 Hz, 2H), 4.08–4.19 (m, 4H); 13C NMR (CDCl3, 100 MHz) d 8.2,
11.7, 13.8, 25.0, 26.2, 38.5, 46.5, 68.7, 70.2, 167.1; HRMS (ES+):
Exact mass calcd for C19H34N2O2 [M + H]+, 323.2699, Found
323.2695.


(4S,4′S)-2,2′-(Cyclopropane-1,1-diyl)-bis(4-benzyl-4,5-dihydro-
oxazole) (6a). The compound was purified by silica gel column
chromatography using EtOAc–pet ether. It was obtained in a
maximum of 73% yield as a colorless oil. [a]25


D −21.9 (c 1.42,
CHCl3). IR mmax/cm−1 (film) 3026, 2923, 1662, 1369, 1168, 1108,
979; 1H NMR (CDCl3, 400 MHz) d 1.32–1.41 (m, 4H), 2.65 (dd,
J = 13.6, 8.6 Hz, 2H), 3.10 (dd, J = 13.6, 4.9 Hz, 2H), 4.02 (t, J =
7.6 Hz, 2H), 4.20 (t, J = 8.6 Hz, 2H), 4.36–4.44 (m, 2H), 7.17–
7.31 (m, 10H); 13C NMR (CDCl3, 100 MHz) d 15.4, 18.2, 29.6,
41.3, 67.0, 71.9, 126.4, 128.4, 129.3, 137.7, 165.8; HRMS (ES+):
Exact mass calcd for C23H24N2O2 [M + H]+, 361.1916, Found
361.1913.


(4S,4′S)-2,2′ -(Cyclobutane-1,1-diyl)-bis(4-benzyl-4,5-dihydro-
oxazole) (6b). The compound was purified by silica gel column
chromatography using EtOAc–pet ether. It was obtained in a
maximum of 78% yield as a colorless oil. [a]25


D −21.2 (c 1.12,
CHCl3). IR mmax/cm−1 (film) 3027, 2951, 1657, 1452, 1353, 1120,
971; 1H NMR (CDCl3, 400 MHz) d 1.97–2.08 (m, 2H), 2.43–
2.49 (m, 1H), 2.59–2.65 (m, 1H), 2.70 (dd, J = 13.7, 8.6 Hz,
2H), 3.12 (dd, J = 13.7, 4.9 Hz, 2H), 4.04 (dd, J = 8.5, 7.1 Hz,
2H), 4.22 (t, J = 8.5 Hz, 2H), 4.41–4.49 (m, 2H), 7.18–7.31 (m,
10H);13C NMR (CDCl3, 100 MHz) d 16.5, 30.0, 41.3, 41.9, 67.0,
72.2, 126.4, 128.4, 129.4, 137.6, 168.0; HRMS (ES+): Exact mass
calcd for C24H26N2O2 [M + H]+, 375.2073, Found 375.2075.


(4S,4′S)-2,2′-(Cyclopentane-1,1-diyl)-bis(4-benzyl-4,5-dihydro-
oxazole) (6c). The compound was purified by silica gel column
chromatography using EtOAc–pet ether. It was obtained in a
maximum of 81% yield as a colorless oil. [a]25


D −15.4 (c 1.45,
CHCl3). IR mmax/cm−1 (film) 3060, 3026, 2957, 1656, 1495, 1452,
1350, 1237, 1156, 998, 751; 1H NMR (CDCl3, 400 MHz) d 1.65–
1.77 (m, 4H), 2.04–2.11 (m, 2H), 2.25–2.31 (m, 2H), 2.65 (dd, J =
13.7, 8.6 Hz, 2H), 3.08 (dd, J = 13.9, 4.9 Hz, 2H), 4.01 (dd, J =
8.6, 7.1 Hz, 2H), 4.18 (t, J = 8.8 Hz, 2H), 4.37–4.44 (m, 2H),
7.18–7.30 (m, 10H);13C NMR (CDCl3, 100 MHz) d 25.0, 35.3,
41.3, 49.0, 66.9, 72.0, 126.4, 128.4, 129.4, 137.7, 168.8; HRMS
(ES+): Exact mass calcd for C25H28N2O2 [M + H]+, 389.2229,
Found 389.2229.


(4S,4′S)-2,2′-(Cyclohexane-1,1-diyl)-bis(4-benzyl-4,5-dihydro-
oxazole) (6d). The compound was purified by silica gel column
chromatography using EtOAc–pet ether. It was obtained in a
maximum of 80% yield as a colorless oil. [a]25


D −13.6 (c 3.78,
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CHCl3). IR mmax/cm−1 (film) 3026, 2934, 2855, 1654, 1495, 1451,
1348, 1228, 1127, 980; 1H NMR (CDCl3, 400 MHz) d 1.45 (bs,
4H), 1.62 (bs, 2H), 1.92–2.07 (m, 4H), 2.64 (dd, J = 13.6, 8.5 Hz,
2H), 3.11 (dd, J = 13.7, 4.6 Hz, 2H), 3.99 (dd, J = 8.5, 7.1 Hz,
2H), 4.14 (t, J = 8.6 Hz, 2H), 4.38–4.46 (m, 2H), 7.19–7.30 (m,
10H); 13C NMR (CDCl3, 100 MHz) d 22.5, 25.4, 32.4, 41.4, 43.1,
67.2, 71.5, 126.4, 128.4, 129.4, 137.8, 168.2; HRMS (ES+): Exact
mass calcd for C26H30N2O2 [M + H]+, 403.2385, Found 403.2383.


(4S,4′S )-2,2′ -(2,3-Dihydro-1H -indene-2,2-diyl)-bis(4-benzyl-
4,5-dihydrooxazole) (6e). The compound was purified by silica
gel column chromatography using EtOAc–pet ether. It was
obtained in a maximum of 51% yield as a colorless oil. [a]25


D +2.8
(c 1.75, CHCl3). IR mmax/cm−1 (film) 3026, 2923, 1658, 1492, 1454,
1352, 1233, 1155, 1029, 965; 1H NMR (CDCl3, 400 MHz) d 2.64
(dd, J = 13.7, 8.0 Hz, 2H), 2.98 (dd, J = 13.7, 4.9 Hz, 2H), 3.47
(d, J = 16.1 Hz, 2H), 3.70 (d, J = 16.4 Hz, 2H), 4.02 (dd, J =
8.6, 6.8 Hz, 2H), 4.20 (t, J = 8.8 Hz, 2H), 4.36–4.43 (m, 2H)
7.08–7.26 (m, 14H);13C NMR (CDCl3, 100 MHz) d 41.1, 41.5,
48.8, 66.9, 72.2, 124.2, 126.3, 126.6, 128.3, 129.4, 137.4, 140.4,
168.0; HRMS (ES+): Exact mass calcd for C29H28N2O2 [M + H]+,
437.2229, Found 437.2227.


(4S,4′S)-2,2′ -(1,3-Diphenylpropane-2,2-diyl)-bis(4-benzyl-4,5-
dihydrooxazole) (6f). The compound was purified by silica gel
column chromatography using EtOAc–pet ether. It was obtained
in a maximum of 75% yield as a colorless oil. [a]25


D −18.4 (c 1.35,
CHCl3). IR mmax/cm−1 (film) 3027, 2927, 1656, 1452, 1176, 1082,
1031, 961; 1H NMR (CDCl3, 400 MHz) d 2.32 (dd, J = 13.6,
9.3 Hz, 2H), 2.99 (d, J = 13.6, 5.4 Hz, 2H), 3.37 (s, 4H), 3.89 (t,
J = 8.6 Hz, 2H), 4.13 (t, J = 9.3 Hz, 2H), 4.28–4.36 (m, 2H) 7.11–
7.32 (m, 20H); 13C NMR (CDCl3, 100 MHz) d 39.3, 41.5, 48.2,
67.3, 71.9, 126.4, 126.8, 128.0, 128.5, 129.1, 130.5, 136.8, 138.0,
166.7; HRMS (ES+): Exact mass calcd for C35H34N2O2 [M + H]+,
515.2698, Found 515.2697.


General procedure for the enantioselective Henry reaction


To a oven-dried 5 mL round-bottomed flask a solution of
appropriate ligand (0.06 mmol) and Cu(OAc)2·H2O (10.0 mg,
0.05 mmol) in the appropriate solvent (2 mL) was stirred for
2 h at room temperature. To the resulting clear blue solution
nitromethane (10 mmol) and the aldehyde (1 mmol) were added.
The reaction mixture was left at room temperature until the
reaction was complete (disappearance of aldehyde by TLC),
during which time the color of the solution changed to green.
After evaporation of the solvent, the residue was purified by
column chromatography on silica gel (EtOAc–pet ether) to afford
the nitroaldol product.
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Ab initio and DFT calculations reveal that oxyacyl radicals add to imines and electron-rich olefins
through simultaneous SOMO–p*, SOMO–p and p*–HOMO interactions between the radical and the
radicalophile. At the BHandHLYP/aug-cc-pVDZ level, energy barriers of 20.3 and 22.0 kJ mol−1 are
calculated for the attack of methoxycarbonyl radical at the carbon and nitrogen ends of methanimine,
respectively. In comparison, barriers of 22.0 and 8.6 kJ mol−1 are calculated at BHandHLYP/aug-
cc-pVDZ for reaction of methoxycarbonyl radical at the 1- and 2-positions in aminoethylene,
respectively. Natural bond orbital (NBO) analysis at the BHandHLYP/6-311G** level of theory reveals
that SOMO–p*, SOMO–p and p*–LP interactions are worth 111, 394 and 55 kJ mol−1 respectively in
the transition state (8) for reaction of oxyacyl radical at the nitrogen end of methanimine; similar
interactions are observed for the chemistry involving aminoethylene. These multi-component
interactions are responsible for the unusual motion vectors associated with the transition states
involved in these reactions.


Introduction


Methods of generating carbon-centred radicals from alcohols are
important tools for the synthetic chemist.1 Some time ago, we
demonstrated that aryltelluroformates 1 are photochemically and
thermally labile and are effective precursors of oxyacyl radicals
2 that, depending on reaction conditions, can decarboxylate to
afford alkyl radicals (Scheme 1) or can be trapped with reagents
such as diphenyl diselenide or through cyclization to afford novel
heterocycles such as 3 (Scheme 2).2 Aryltelluroformates, therefore,
provide an alternative method for the deoxygenation of alcohols
that can be useful in systems where more traditional precursors
such as xanthates3 undergo competitive ionic rearrangement.4


Scheme 1
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† Electronic supplementary information (ESI) available: Optimised geome-
tries (Gaussian archive entries) of structures 7–10 at all levels of theory used
in this study. UHF/6-311G** calculated energy barriers DE1‡–DE4


‡ for
reactions depicted in Schemes 4 and 5. GaussView generated animations
of the transition state vectors in 7, 8, 9 (R = NH2) and 10 (R = NH2) as
Audio Video Interleave (AVI) files. See DOI: 10.1039/b714324a


Scheme 2


Oxyacyl radicals are intermediates that can also be used during
the preparation of lactones and related compounds, however their
synthetic use has not been exploited to any great extent. Some
examples of the synthetic utility of oxyacyl radicals are shown in
Scheme 2.2,5,6


Xanthates can be used to generate both acyl and oxyacyl
radicals, with the addition of these radicals to olefins yielding
species such as ketones and esters. The S-alkoxycarbonyl xanthate
4, upon photolysis, affords xanthate 5 through a process involving
5-exo cyclisation of an oxyacyl radical. Upon treatment of 5 with
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), racemic cinnamolide
was isolated.5


Unlike their tellurium counterparts, selenoformates react under
standard radical conditions to afford oxyacyl radicals that have
been used for a variety of synthetic purposes including the
synthesis of lactones such as 6.6


Recently, we reported that acyl radicals can masquerade as
electrophiles through multi-component orbital interactions and
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that these interactions are responsible for the unexpected se-
lectivity often observed for reactions involving these radicals.7,8


For example, acyl radicals are N-philic;8,9 that is they prefer to
cyclize at the nitrogen end of imine p-systems irrespective of
Beckwith–Houk10 considerations (Scheme 3). This selectivity can
be explained through consideration of multi-component orbital
interactions (Scheme 3).11


Scheme 3


With our continuing interest in oxyacyl radicals and multi-
component orbital interactions in radical chemistry, we chose
to explore by computational techniques whether or not similar
interactions exist for chemistry involving oxyacyl radicals. We now
report that, like their acyl counterparts, these radicals also exhibit
multi-component orbital interactions when confronted by imines
and electron-rich olefins.


Results and discussion


Reaction of methoxycarbonyl radical with methanimine


We began this investigation by examining the reaction of methoxy-
carbonyl radical with methanimine, as representative examples of
the key reacting components. As previous benchmark studies had
established that BHandHLYP is a reliable method for the study of
acyl and related radical chemistry,7,12 we chose to primarily use this
method in this study. Searching of the C3H6NO2 potential energy
surface located structures 7 and 8 as the lowest energy transition
states for reaction of methoxycarbonyl radical at the carbon and
nitrogen ends of the C=N bond in methanimine, respectively
(Scheme 4), and are displayed in Fig. 1, along with important
geometrical features. Motion arrows associated with the transition
state vector in each case are included and give insight into the


Scheme 4


Fig. 1 Key calculated structural parameters for transition states 7 (left)
and 8 (right).


attack trajectory of methoxycarbonyl radical during addition to
the imine.‡ In particular, transition state 8 displays similar rocking
motion§ (m = 464i cm−1, BHandHLYP/6-311G**) to its acetyl
counterpart.7


Transition state separations are observed to be smaller for
attack at the carbon end of the imine bond, with transition
state 7 predicted to have separations between about 1.97–1.99 Å,
compared to transition state 8 with separations of 2.21–2.23 Å, and
are very similar to those calculated for the analogous transition
states involving acetyl radical.7


Activation energy data (Scheme 4, DE1
‡–DE4


‡) calculated at
various levels of theory are listed in Table 1 and reveal that
at the BHandHLYP/aug-cc-pVDZ level of theory, addition to
the carbon end of the p-bond (transition state 7), has a DE1


‡


‡ Animations of the transition state imaginary frequency are conveniently
visualised using the GaussView software that complements Gaussian
03.14 BHandHLYP/6-311G** generated animations of the transition state
vectors in 7, 8, 9 (R = NH2) and 10 (R = NH2) are available in the ESI†
as Audio Video Interleave (AVI) files.
§When the transition state vector is animated using software such as
GaussView.


Table 1 Calculated energy barriersa for the forward (DE1
‡, DE3


‡) and reverse (DE2
‡, DE4


‡) reactions of methoxycarbonyl radical with methanimine and
imaginary frequencies (m)b of transition states 7 and 8 (Scheme 4)


7 8


Method DE1
‡ DE1


‡ + ZPE DE2
‡ DE2


‡ + ZPE m DE3
‡ DE3


‡ + ZPE DE4
‡ DE4


‡ + ZPE m


BHandHLYP/6-311G** 21.8 25.5 147.4 141.0 385i 19.7 23.7 204.4 197.5 464i
BHandHLYP/cc-pVDZ 20.1 23.7 152.9 146.1 373i 17.3 21.4 206.1 198.7 453i
BHandLYP/aug-cc-pVDZ 20.3 24.1 149.4 143.1 363i 22.0 26.1 204.7 198.8 433i


a Energies in kJ mol−1. b Frequencies in cm−1.
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calculated to be 20.3 kJ mol−1. This energy is only marginally
lower than that of its rival (transition state 8), with a DE3


‡


calculated to be 25.0 kJ mol−1, indicating a slight preference
for addition to the carbon end of the imine. To the best of our
knowledge, there are no reports of either inter- or intramolecular
oxyacyl addition reactions with imines to compare our calculated
results with. However, our data can be compared with calculated
activation energies of 20 and 25 kJ mol−1 for the analogous
reactions involving acetyl radicals at the same level of theory,7


and 32 and 50 kJ mol−1 for methyl radical addition at the
carbon and nitrogen ends of methanimine respectively using
G2//MP2(full)/6-311G*.13 Clearly, methoxycarbonyl radical has
a significantly greater preference for addition to nitrogen than
does methyl radical and this preference can be understood through
application of natural bond orbital (NBO) analysis (vide infra).


Table 1 also shows that the calculated energy barriers for the
reverse reactions (Scheme 4, DE2


‡, DE4
‡) are substantially different


for fragmentation at the two ends of the carbon–nitrogen bond,
with preference for fragmentation through transition state 7 to be
consistently of lower energy. At the BHandHLYP/aug-cc-pVDZ
level of theory these energy barriers are calculated to be 149.4 and
204.7 kJ mol−1 for transition states 7 and 8 respectively. Clearly
there is substantial preference for the forward reaction in both
cases, however the energy barrier is also significantly lower for
fragmentation of the product radical through transition state 7
when compared to 8 and this is a reflection on the relative stabilities
of nitrogen versus carbon-centered radicals.


Representative orbital energy interaction diagrams for transi-
tion states 7 and 8 are shown in Fig. 2 and natural bond orbital
(NBO) analysis at the BHandHLYP/6-311G** level of theory
was carried out for these two structures. In the case of addition
to the carbon end of the imine (transition state 7), this analysis
reveals interactions between the unpaired methoxycarbonyl rad-
ical (SOMO) and the imine p and p* orbitals (Fig. 2, left). The
SOMO–p* interaction, calculated to be worth 130 kJ mol−1, is
evident in the a spin-set, with the SOMO–p interaction evident in
the b spin-set and calculated to contribute 137 kJ mol−1 (Fig. 2,
7a, 7b). The nitrogen lone pair (calculated to be the HOMO)
is orientated in such a manner as to make itself unavailable for
bonding, and therefore does not contribute to the developing
bonding interactions when methoxycarbonyl radical attacks the
carbon end of methanimine. With the SOMO–p* interaction
similar in energy to the SOMO–p interaction, we can conclude


Fig. 2 Representative energy diagrams for orbital interactions involved
in the homolytic addition of methoxycarbonyl radical to methanimine via
transition states 7 (left) and 8 (right).


that in its reaction at the carbon end of the imine methoxycarbonyl
radical acts as an ambiphilic radical.¶ Visualisation of the Kohn–
Sham orbitals generated at the same level of theory depict the
overlap of the two reacting units in transition state 7 (Fig. 3, left).


Fig. 3 BHandHLYP/6-311G** calculated Kohn–Sham orbitals involved
in transition states 7 (left) and 8 (right).


In comparison, NBO analysis for attack of methoxycarbonyl
radical at the nitrogen end of the imine reveals a SOMO–
p* interaction worth 111 kJ mol−1 in the a spin-set (Fig. 2,
8a). However, unlike attack at the carbon end of the imine, a
strong interaction between the unpaired methoxycarbonyl radical
(SOMO) and the lone pair on the nitrogen (imine HOMO) is
observed in the b spin-set. The latter interaction is calculated to be
approximately four times larger than the SOMO–p* interaction
(394 kJ mol−1, Fig. 2, 8b). Consequently, these data suggest
that methoxycarbonyl radical is acting predominantly as an
electrophilic radical in its reaction with the imine at the nitrogen
end of the p-bond. Of significance is the calculation of a third
strong interaction involving the nitrogen lone pair and the p*
orbital of the carbonyl p-system. This secondary interaction is
apparent in both the a and b spin-sets, is worth 55 kJ mol−1,
and is responsible for the unusual transition state motion vectors
in transition state 8 (Fig. 2, 8c). Inspection of the Kohn–Sham
orbital associated with this interaction reveals these secondary
interactions complement the primary radical interactions and exist
in order to derive maximum energy gain from the available orbitals
(Fig. 3, right).


¶The term “ambiphilic radical” was first coined by Beranek and Fischer16


to describe radicals that exhibit rate enhancements in addition reactions
to both electron-rich and electron-poor alkenes. From a frontier MO
perspective, the SOMO–p and SOMO–p* interactions in the reaction
transition state are similar for these radicals. For examples, see ref. 1.
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Table 2 Calculated energy barriersa for the forward (DE1
‡, DE3


‡) and reverse (DE2
‡, DE4


‡) reactions of methoxycarbonyl radical with ethylene,
aminoethylene and 3,3,3-trifluoropropene and imaginary frequencies (m)b of transition states 9 and 10 (Scheme 5)


9 10


R = H DE1
‡ DE1


‡ + ZPE DE2
‡ DE2


‡ + ZPE m DE3
‡ DE3


‡ + ZPE DE4
‡ DE4


‡ + ZPE m


BHandHLYP/6-311G** 20.6 23.1 145.5 139.5 364i — — — — —
BHandHLYP/cc-pVDZ 18.7 21.2 150.5 144.5 347i — — — — —
BHandLYP/aug-cc-pVDZ 19.4 22.2 149.2 143.4 345i — — — — —
R = NH2


BHandHLYP/6-311G** 7.5 11.7 144.0 136.0 349i 20.1 22.6 121.9 115.4 442i
BHandHLYP/cc-pVDZ 6.7 10.7 149.5 141.7 345i 17.4 19.8 126.1 119.7 419i
BHandLYP/aug-cc-pVDZ 8.6 12.6 147.7 139.8 305i 22.0 24.6 124.7 118.3 420i
R = CF3


BHandHLYP/6-311G** 14.1 16.1 150.0 144.1 308i 25.5 26.8 137.3 131.7 336i
BHandHLYP/cc-pVDZ 12.5 14.4 154.8 148.9 302i 23.1 24.4 141.1 135.6 326i
BHandLYP/aug-cc-pVDZ 15.8 17.8 154.1 148.1 293i 28.1 29.7 140.3 134.8 328i


a Energies in kJ mol−1. b Frequencies in cm−1.


Reactions of methoxycarbonyl radical with alkenes


In order to further probe the electron demand in reactions
involving oxyacyl radicals, we next turned our attention to the
reaction of oxyacyl radical with ethylene and substituted alkenes
of varying electron demand that include aminoethylene and 3,3,3-
trifluoropropene (Scheme 5). Searching of the relevant potential
energy surfaces located transition state structures 9 and 10 for
the addition to the two ends of the alkene. The calculated energy
barriers for the forward (DE1


‡, DE3
‡) and reverse (DE2


‡, DE4
‡)


reactions (Scheme 5) and (imaginary) transition state vibrational
frequencies are listed in Table 2, while Fig. 4 displays the optimized
structures for 9 and 10 together with selected geometric data.


Scheme 5


Inspection of Table 2 reveals that at the BHandHLYP/aug-cc-
pVDZ level of theory the energy barriers for the forward and
reverse reactions involving ethylene are 19.4 and 149.2 kJ mol−1


respectively. Clearly there is substantial preference for the reaction
leading to the product in this case. The motion arrows associated
with transition state 9 (R = H) (Fig. 4) reveal no unusual transition
state motion, and this is perhaps not unexpected.


However, with an electron-donating group present, as in the case
of aminoethylene (R = NH2), we begin to observe the “rocking”
motion that we saw for 8.§ Table 2 reveals that the calculated
activation energies for the forward addition reaction (Scheme 5,
DE1


‡) are consistently lower for attack at the carbon remote from
the substituent (transition state 9) at the various levels of theory
employed in this study. At the BHandHLYP/aug-cc-pVDZ level of


Fig. 4 Key calculated structural parameters for transition states 9 (left)
and 10 (right).


theory, addition to this end of the p bond, with DE1
‡ calculated to


be 8.6 kJ mol−1, is approximately 15 kJ mol−1 lower than that of its
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counterpart (DE3
‡) indicating a clear preference in the distribution


of products.
Inclusion of the electron-withdrawing substituent (R = CF3),


while revealing a similar energy trend (Table 2), is not associated
with a transition state with unusual motion vectors (Fig. 4).
It should be noted that compared to ethylene, both donating
and withdrawing groups reduce the energy barrier for attack
at the carbon remote from the substituent, suggesting that
methoxycarbonyl radical has ambiphilic tendencies.


A representative orbital energy interaction diagram for tran-
sition states 9 and 10 is shown in Fig. 5 and NBO analyses
were performed at the BHandHLYP/6-311G** level of theory
on these structures. Inspection of the NBO data reveals inter-
actions between the oxyacyl radical (SOMO) and the alkene p-
system (Fig. 5), as well as, in the case of aminoethylene, further
interactions. For the reaction involving ethylene, the SOMO–p*


Fig. 5 Representative energy diagram for orbital interactions involved in
the homolytic addition of methoxycarbonyl radical to ethylene, aminoethy-
lene and 3,3,3-trifluoropropene via transition states 9 and 10.


interaction, calculated to be worth 91.3 kJ mol−1, is apparent
in the a spin-set, with a contribution of 170 kJ mol−1 in the b
spin-set from the SOMO–p interaction (Fig. 6). Methoxycarbonyl
radical is therefore predicted to be substantially electrophilic in its
reaction with ethylene. Visualisation of the Kohn–Sham orbitals
generated at the BHandHLYP/6-311G** level of theory allows us
to observe the “traditional” transition state for homolytic addition
to a p-system (Fig. 6). The conformation assumed in the transition
state allows optimum overlap between the radical SOMO and the
alkene p-bond.


Fig. 6 BHandHLYP/6-311G** calculated Kohn–Sham orbitals involved
in transition state 9 (R = H).


NBO analyses for transition states involving aminoethylene
(R = NH2) also reveal interactions between the unpaired oxyacyl
radical (SOMO) and the alkene p and p* orbitals (Fig. 7). In
the case of addition to the carbon remote from the amine group
(transition state 9), the SOMO–p* interaction, calculated to be
worth 68.6 kJ mol−1, is evident in the a spin-set (Fig. 7, 9a, R =
NH2), with the SOMO–p interaction evident in the b spin-set and
calculated to contribute 240 kJ mol−1 (Fig. 7, 9b, R = NH2). A


Fig. 7 BHandHLYP/6-311G** calculated Kohn–Sham orbitals involved in transition states 9 and 10, R = NH2, CF3.
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third interaction between the p* orbital of the carbonyl p-system
and the alkene p-orbital, calculated to be worth 31.1 kJ mol−1


is observed in both the a and b spin-sets, and is responsible for
the slight rocking motion in transition state 9 (Fig. 7, 9c, R =
NH2). The same trend is observed for oxyacyl radical addition to
the carbon adjacent to the substituent. The SOMO–p interaction
evident in the b spin-set is once again calculated to be larger than
the SOMO–p* interaction apparent in the a spin-set (312 kJ mol−1


vs. 144 kJ mol−1). Here, the third interaction (p*–HOMO) is once
again observed, calculated to contribute 17.1 kJ mol−1 (Fig. 7, 10c,
R = NH2). In both instances methoxycarbonyl radical is observed
to act predominantly as an electrophilic radical in its reaction with
aminoethylene.


NBO analysis of the dominant interactions in the transition
states involved in the addition of methoxycarbonyl radical to
3,3,3-trifluoropropene reveals a larger contribution from the
radical SOMO interaction than in the previous examples. At
the BHandHLYP/6-311G** level of theory the transition state
SOMO–p* interaction (9a = 124 kJ mol−1, 10a = 129 kJ mol−1)
observed in the a spin-set is calculated to be larger than the
SOMO–p interaction observed in the b spin-set (Fig. 7) in the
case of transition state 9, but not in the case of transition state 10
(9b = 116 kJ mol−1, 10b = 157 kJ mol−1).


Conclusions


This computational study has shown that oxyacyl radicals add to
imines and electron-rich olefins through simultaneous SOMO–p*,
SOMO–p and p*–HOMO interactions between the radical and the
radicalophile. These multi-component interactions are responsible
for the unusual motion vectors associated with the transition
states involved in these reactions. Natural bond orbital analyses
on the transition states involved in this study provide quantitative
information relating to these multi-component interactions. These
data also reveal that methoxycarbonyl radical reacts mostly as an
electrophilic radical; indeed, comparison with available data for
similar reactions involving acetyl radical7 suggests that oxyacyl
radicals are more electrophilic in character than corresponding
acyl radicals in their reactions with imines and alkenes.


Computational chemistry


Ab initio and DFT molecular orbital calculations were carried out
on Dell PowerEdge 400SC and TX7/i9510 Itanium 2 computers
using the Gaussian 03 program.14 Geometry optimizations were
performed using standard gradient techniques using restricted
and unrestricted methods for closed- and open-shell systems
respectively. In every case, standard basis sets were used. All
ground and transition states were verified by vibrational frequency
analysis. Values of <s2> never exceeded 0.82 before annihilation of
quartet contamination (except for some UHF calculations). Zero-


point vibrational energy (ZPE) corrections have been applied in all
cases. Natural bond orbital (NBO) analyses were carried out using
NBO 5.015 linked through the Gaussian 03 program. Optimized
geometries and energies for all transition state structures in this
study (Gaussian archive entries) are available as part of the ESI.†
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Glycosynthases are active-site mutants of glycoside hydrolases that catalyse glycosyl transfer using
suitable activated donor substrates without competing product hydrolysis (S. M. Hancock,
M. D. Vaughan and S. G. Withers, Curr. Opin. Chem. Biol., 2006, 10, 509–519). Site-directed
mutagenesis of the catalytic nucleophile, Glu-85, of a Populus tremula x tremuloides xyloglucan
endo-transglycosylase (PttXET16-34, EC 2.4.1.207) into alanine, glycine, and serine yielded enzymes
with glycosynthase activity. Product analysis indicated that PttXET16-34 E85A in particular was able
to catalyse regio- and stereospecific homo- and hetero-condensations of a-xylogluco-oligosaccharyl
fluoride donors XXXGaF and XLLGaF to produce xyloglucans with regular sidechain substitution
patterns. This substrate promiscuity contrasts that of the Humicola insolens Cel7B E197A
glycosynthase, which was not able to polymerise the di-galactosylated substrate XLLGaF. The
production of the PttXET16-34 E85A xyloglucosynthase thus expands the repertoire of
glycosynthases to include those capable of synthesising structurally homogenenous xyloglucans
for applications.


Introduction


Xyloglucans comprise an important family of plant polysac-
charides built upon a b(1→4)-glucan backbone with regular
a(1→6)-xylose substitution. Xyloglucans are wide-spread among
higher plants, where they act as seed storage polysaccharides1,2


or vital cellulose cross-linking agents in the cell wall.3 Although
xyloglucans are phylogenetically diverse, with members possessing
a variety of backbone branching patterns, those containing the
XXXG repeating motif are among the most common4–6 (where
“X” represents a-D-Xylp-(1→6)-b-D-Glcp-(1→4) and “G” repre-
sents b-D-Glcp-(1→4) in the common nomenclature7). The xylose
residues are regiospecifically extended with b-D-Galp-(1→2) or
a-L-Fuc-(1→2)-b-D-Galp-(1→2) units to produce “L” and “F”
substructures, respectively (Fig. 1). The widely used xyloglucan
from tamarind (Tamarindus indica) seeds is comprised of XXXG
(1), XXLG (2), XLXG (3), and XLLG (4) motifs, while dicot
primary wall xyloglucans are distinguished by the presence of
fucosylated XXFG (5) and XLFG motifs (6).5
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Fig. 1 Structure of XXXG-based xyloglucan, xylogluco-oligosaccha-
rides, and a-xylogluco-oligosaccharyl fluoride substrates.


The microheterogeneity of xyloglucans presents difficulties for
the use of the natural polysaccharide in detailed kinetic studies of
xyloglucan-active enzymes, e.g. endo-xyloglucanses (EC 3.2.1.150
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and EC 3.2.1.151) and xyloglucan endo-transglycosylases (XET,
EC 2.4.1.207),8–11 as well as in molecular studies of the structurally
important xyloglucan–cellulose interaction.12–14 Previous work has
demonstrated that Withers’ glycosynthase technology15 can be
harnessed for the efficient synthesis of a library of differentially xy-
losylated xylogluco-oligosaccharides for the mechanistic analysis
of an XET from hybrid aspen.9


In the classic incarnation,15 a glycosynthase is a retaining b-
glycoside hydrolase in which the catalytic nucleophile is converted
by site-directed mutagenesis to a non-nucleophilic amino acid. The
resulting protein is therefore rendered incapable of performing
its normal catalytic function. However, when admixed with a
suitable a-glycosyl fluoride, which mimics the covalent glycosyl-
enzyme intermediate of the natural reaction, the glycosynthase
can catalyse glycosyl transfer to acceptor substrates. Advantages
include a reduction in the number of steps required to produce
target oligosaccharides (versus traditional synthesis), the use
of easily manipulated enzymes and comparatively inexpensive
glycosyl donor substrates (in contrast to glycosyl transferases and
UDP-sugars), and high yields (versus glycoside hydrolases em-
ployed for kinetically-controlled transglycosylation). Numerous
glycosynthases producing a diversity of oligosaccharides have been
generated from both exo- and endo-acting glycoside hydrolases.16,17


Glycosynthases derived from the retaining endo-b-glucanase
from Humicola insolens, HiCel7B, have been extensively used
to produce oligosaccharides for enzyme structure–function
studies18–22 and for the synthesis of flavonoid glycosides.23 Recently,
the synthetic capacity of the HiCel7B E197A glycosynthase
variant has been extended to the synthesis of natural non-
galactosylated xylogluco-oligosaccharides and analogs.9,11,24 Al-
though HiCel7B E197A can use the a-glycosyl fluoride of XXXG
(1), viz. XXXGaF (7), as a donor substrate,11 this glycosynthase is
surprisingly not able to catalyse the polymerisation of XLLGaF
(8) at practically useful rates. To overcome this limitation and
further expand the repertoire of glycosynthases to the production
of galactosylated xyloglucans and xylogluco-oligosaccharides,
we have produced three new glycosynthase variants from a
hybrid aspen (Populus tremula x tremuloides) xyloglucan endo-
transglycosylase.25,26 Thus, mutation of the PttXET16-34 catalytic
nucleophile, Glu-85, to Gly, Ser, and Ala generated glycosynthases
with varying abilities to oligomerise both XXXGaF (7) and
XLLGaF (8). We believe this is the first report of a glycosyn-
thase that is capable of producing homogenously galactosylated
xyloglucan fragments.


Results and discussion


Wild-type PttXET16-34 (formerly PttXET16A25,26) is a transgly-
cosylase that cleaves xyloglucan oligo- or polysaccharide donors
at internal unbranched Glc residues (“G”,7 Fig. 1) and transfers
glycosyl units onto the non-reducing end of xyloglucan oligo- or
polysaccharide acceptors.8,9,11 Despite a high transglycosylation-
to-hydrolysis ratio, the wild-type enzyme cannot be harnessed for
kinetically controlled glycoside synthesis using aryl b-xylogluco-
oligosaccharides27–30 because such substrates fail to act as donor
substrates.9,25 To explore whether PttXET16-34 could be converted
into a xyloglucan glycosynthase with complimentary activity
to that of the well-studied HiCel7B E197A,9,11,24 the catalytic


nucleophile of PttXET16-34, Glu-85, was replaced by alanine,
glycine and serine.§ In each case, proteins with no detectable
wild-type activity were produced. However, kinetic and product
analysis indicated that all three mutants were able to catalyse
the regio- and stereospecific condensation of the a-xyloglucosyl
fluoride donor substrates XXXGaF and XLLGaF to produce
homogenous xyloglucans.


Glycosynthase activity on XXXGaF (7)


An initial screen of activity, measuring fluoride ion release
from the homo-condensation of XXXGaF (7), indicated that the
PttXET16-34 E85A, E85G, and E85S glycosynthase mutants
exhibited similar pH–rate dependencies which, like that of the
wild-type enzyme,11,26 have maxima at pH 5.0–5.5 and drop
sharply below pH 5 (Fig. 2). At pH 5, PttXET16-34 E85A,
E85G, and E85S mutants catalysed the coupling of two molecules
of XXXGaF with essentially identical initial rates at substrate
concentrations up to 2 mM (Fig. 3A). Activity of wild-type
enzyme toward XXXGaF was undetectable. Although it has been
shown that glycosynthase efficiency is sometimes increased by the
incorporation of glycine or serine instead of the classic alanine,31–34


this was not the case for the PttXET16-34 glycosynthases. Due to
the catalytic similarity of the three glycosynthase variants, further
analysis was primarily focused on PttXET16-34 E85A.


Fig. 2 pH-dependence of the condensation of 2.6 mM XXXGaF
(7) catalysed by PttXET16-34 E85A (�), E85G (�), and E85S (�)
glycosynthase mutants at 30 ◦C.


The condensation of XXXGaF by PttXET16-34 E85A exhib-
ited saturation kinetics at concentrations up to 20 mM (Fig. 3A),
yielding apparent kcat and Km values of 1.06 ± 0.06 min−1 and
1.59 ± 0.36 mM (kcat/Km 0.66 mM−1 min−1). The Km value is
comparable to other glycosynthases derived from endo-acting
glycosidases, which are often in the range 1–10 mM.31,34–36 The
observed kcat value is relatively low (values ranging from 10
to 1100 min−1 have been reported for “endo”-glycosynthases
with certain donor–acceptor pairs31,35,36), although it compares


§These three variants have previously been demonstrated to generate
glycosynthases from a number of glycosidases; in several cases the Gly and
Ser variants are significantly better catalysts than the Ala variant.16,31–36
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Fig. 3 Initial rate kinetics of PttXET16-34 and HiCel7B glycosynthase
mutants. (A) XXXGaF (7) substrate with PttXET16-34 E85A (�),
PttXET16-34 E85G (�), and PttXET16-34 E85S (�). (B) XXXGaF
(7) substrate with HiCel7B E197A. (C) XLLGaF (8) substrate with
PttXET16-34 E85A.


well with the few published data on the homo-condensation
of disaccharide donors (0.2–10 min−1).34,36 Furthermore, the kcat


value for the homo-condensation of XXXGaF is only ca. 5-
fold lower than that of HiCel7B E197A, which has previously
been employed for the synthesis of xylogluco-oligosaccharide
variants.9,11,24 HiCel7B E197A also exhibits Michaelis–Menten
kinetics in the condensation of XXXGaF, with kcat 5.17 ±
0.41 min−1, Km 6.68 ± 1.06 mM, and kcat/Km 0.77 mM−1 min−1


(Fig. 3B). When compared to HiCel7B E197A as a potential
catalyst for the synthesis of (XXXG)n, the lower kcat value of
PttXET16-34 E85A is somewhat compensated by a lower Km


value; PttXET16-34 E85A will be saturated with substrate over
a wider concentration range.


To provide a series of reference compounds for glycosynthase
product analysis, wild-type PttXET16-34 was incubated with the
tetradecasaccharide XXXGXXXG (Fig. 1; y = z = 0, n = 2).
The initial products of PttXET16-34 action on XXXGXXXG
are XXXG (1) and (XXXG)3, where the latter may also act as
a glycosyl donor and/or acceptor to yield longer products. As
indicated by HPAEC-PAD analysis, a 1 h incubation produced
a distribution of (XXXG)n oligomers, where n ranges from 1 to
>10 (Fig. 4A). Supporting ESI-MS data on the reaction mixture
is shown in the Supplementary Information (Table S1).


Comparison of products from the wild-type reaction with those
formed after incubation of PttXET16-34 E85A with XXXGaF
(7) indicated that a series of oligomers of the general structure
(XXXG)naF was formed in a time-dependent manner, along with
products resulting from the spontaneous hydrolysis of the C1–
F bond (Fig. 4B). The glycosyl fluorides have slightly shorter
retention times than the corresponding free sugars (cf. XXXGaF
and XXXG, Fig. 4), which becomes less pronounced as the length
of the oligomer increases. Analogous results were obtained for
HiCel7B E197A, PttXET16-34 E85G, and PttXET16-34 E85S
(data not shown). Hydrolysis of the glycosynthase products by
the highly-specific GH5 endo-xyloglucanase from Paenibacillus
pabuli, which does not cleave b(1→3)-linked polysaccharides,10


resulted in the production of XXXG and XXXGaF, providing
evidence that the XXXG units were joined by b(1→4) linkages
(Fig. 4B).


Despite reaching high degrees of polymerisation of (XXXG)naF
(n→13, corresponding to Mr 13 600), the spontaneous hydrolysis
of the (XXXG)naF resulted in the unfortunate complication of
HPAEC-PAD chromatograms. The addition of an equimolar
amount of XXXG (1) as an alternate acceptor in the PttXET16-34
E85A glycosynthase reaction using XXXGaF (7) as a donor
resulted in the time-dependent conversion of initially formed
(XXXG)naF products into (XXXG)n. As shown in Fig. 4C, a 3.5 h
incubation resulted in the production of a mixture of (XXXG)naF
and (XXXG)n, where n = 2–4, with a significant amount of the
donor remaining in the reaction. However, overnight incubation
(24 h) consumed most of the glycosyl fluorides in the reaction,
yielding (XXXG)2–10 nearly exclusively. Supporting ESI-MS
data are shown in the Supplementary Information (Table S2).
Compared with reactions where XXXGaF (7) is employed as both
the donor and the exclusive acceptor (Fig. 4B), the reaction shown
in Fig. 4C yielded a product distribution biased toward lower Mr


products. This is an effect, in part, of reducing the concentrations
of higher mass donors in the (XXXG)naF series which may
condense with other high mass molecules acting as acceptors. The
addition of alternate acceptors can therefore be used to both fine-
tune the glycosynthase product distribution, as well as control the
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Fig. 4 Product analysis of the reactions catalysed by wild-type
PttXET16-34 and the glycosynthase variant PttXET16-34 E85A using
non-galactosylated donor substrates. (A) Higher-order (XXXG)n products
from the action of wild-type PttXET16-34 on XXXGXXXG, 1 h
incubation. (B) XXXGaF (7, dotted line), products after incubation with
PttXET16-34 E85A, 18 h (solid line), and hydrolysis products formed by
endo-xyloglucanase digestion of the glycosynthase products (dashed line).
(C) Products formed after co-incubation of XXXGaF (7) and XXXG (1)
with PttXET16-34 E85A, 3.5 h (dotted line) and 24 h (solid line).


chemistry at the reducing end of the oligo/polysaccharides
for various applications.37,38


Glycosynthase activity on XLLGaF


Whereas both PttXET16-34 E85A and HiCel7B E197A were able
to catalyse the condensation of XXXGaF (7) with comparable
initial-rate kinetics (Fig. 3A and 3B), analysis of the action of
these enzymes on XLLGaF (8) revealed a striking difference.
Under identical conditions to those used for XXXGaF, addition of
HiCel7B E197A to a solution of XLLGaF did not result in steady-
state fluoride ion release nor did it produce condensation products
observable by HPAEC-PAD (data not shown). In contrast,
PttXET16-34 E85A catalysed the condensation of XLLGaF (8)
with apparent saturation kinetics (Fig. 3C). The apparent kcat


and Km values were 1.44 ± 0.04 min−1 and 3.78 ± 0.22 mM,
respectively (kcat/Km 0.38 mM−1 min−1). The apparent kcat value
was slightly favorably increased (1.4-fold), although the apparent
Km value was more than twice that for XXXGaF (7). Thus, while
the presence of both Gal residues on the xylogluco-oligosaccharide
donor effectively precluded condensation by HiCel7B E197A,
galactosylation only slightly affected catalysis by the PttXET16-34
E85A glycosynthase under initial-rate conditions.


Product analysis indicated that PttXET16-34 E85A catalysed
the homo-condensation of XLLGaF (8) to produce a series of
oligomers (XLLG)naF (n = 2–6), which spontaneously hydrolysed
to (XLLG)n, analogous to the results observed for XXXGaF
(7) (cf. Fig. 5A and Fig. 4B). These products were likewise
hydrolysed by the P. pabuli GH5 endo-xyloglucanase to XLLGaF
and XLLG, thus indicating b(1→4) linkages between the XLLG
repeats (Fig. 5A). PttXET16-34 E85G and PttXET16-34 E85S
were similarly able to condense XLLGaF (8) to produce multimers,
as evidenced by HPAEC-PAD analysis (data not shown). As was
observed for the XXXGaF (7)/XXXG (1) substrate pair (Fig. 4C),
incubation of XLLGaF (8) with the alternate acceptor substrate
XLLG (4) reduced the product complexity by the near-exclusive
production of (XLLG)n in overnight reactions (Fig. 5B, support-
ing ESI-MS data in Supplementary Information, Table S3).


Interestingly, the degrees of polymerisation of products
produced by PttXET16-34 E85A condensation of XLLGaF
(8) were significantly lower than those from XXXGaF (7). The
data shown in Fig. 4B and Fig. 5A, in which identical enzyme
concentrations and incubation times (18 h) were employed,
clearly indicate that the glycosynthase consumed nearly all of the
XXXGaF (7) in the reaction, whereas a significant amount of
XLLGaF (8) remained. Similarly, when alternate acceptors were
used, the XXXGaF (7)/XXXG (1) mixture reached the same
approximate level of conversion after 3.5 h that the XLLGaF
(8)/XLLG (4) mixture reached after 14 h (cf. Fig. 4C and Fig. 5B).
Moreover, the XLLGaF (8)/XLLG (4) reaction essentially stalled
at this time point, with very little additional conversion occurring
by extending the incubation to 36 h. It is likely that the PttXET16-
34 E85A glycosynthase is inhibited by (XLLG)n products to a
greater extent than (XXXG)n products, possibly due to additional
binding interactions to the pendant Gal residues. Nonetheless,
(XLLG)n oligomers up to n = 6 were observed (Mr 8230),
indicating that PttXET16-34 E85A is the first glycosynthase
capable of producing homogenously galactosylated xyloglucan
fragments.
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Fig. 5 PttXET16-34 E85A glycosynthase product analysis using
XLLGaF (8) as a donor. (A) XLLGaF (8, dotted line), products after
incubation with PttXET16-34 E85A, 18 h (solid line), and hydrolysis
products formed by endo-xyloglucanase digestion of the glycosynthase
products (dashed line). (B) Products formed after co-incubation of
XLLGaF (8) and XLLG (4) with PttXET16-34 E85A, 14 h (dotted line)
and 36 h (solid line).


Comparison of transglycosylases capable of synthesising
homogenous xyloglucans


The present study has established that HiCel7B E197A, wild-type
PttXET16-34, and PttXET16-34 E85A can all be employed for
the synthesis of xyloglucans with regular backbone substitution
using appropriate donor substrates, as summarised in Table 1.


Whereas PttXET16-34 E85A was able to oligomerise both
XXXGaF (7) and XLLGaF (8), the HiCel7B E197A glycosyn-
thase was, intriguingly, not useful for the synthesis of galacto-
sylated xyloglucans. Although directly comparable kinetic data
are not available, this is somewhat surprising since the kcat of
homo-condensation of XXXGaF by HiCel7B E197A (Fig. 3) is
only ca. 5-fold lower than that for the coupling of a-lactosyl
fluoride to p-nitrophenyl b-cellobioside.31 Thus, while HiCel7B
E197A accommodates extensive xylose branching of the donor
and acceptor substrates, it does not tolerate further sidechain
extension.


Wild-type PttXET16-34 is similarly limited to the produc-
tion of non-galactosylated (XXXG)n xyloglucans, and suf-
fers from a significant practical drawback when compared
to the glycosynthases. PttXET16-34 requires well-defined Glc8-
based donor substrates, the production of which demands careful
kinetic control of the digestion of xyloglucan by an endo-
(xylo)glucanase, followed by fractionation of the products by size-
exclusion chromatography.8,11 While XXXGXXXG is accessible in
reasonable amounts by b-galactosidase treatment of fractionated
Glc8-based oligosaccharides or chemo-enzymatic synthesis,11 the
random distribution of Gal residues in tamarind xyloglucan
makes the isolation of alternate donors, such as XLLGXLLG,
impractical or impossible.


In contrast, well-defined PttXET16-34 E85A glycosynthase
donor substrates are readily prepared. Glc4-based XGOs (1–4)
are the limit digestion products of many endo-(xylo)glucanases
acting on tamarind xyloglucan and can be produced on multi-
gram scales,9,11,37,39 while subsequent transformation to the cor-
responding a-fluorosugars is straightforward (4 steps, including
protection/deprotection).


Conclusion


The xyloglucan endo-transglycosylase from Populus tremula x
tremuloides has been converted into glycosynthases capable of pro-
ducing homogenous xyloglucans from a-xylogluco-oligosaccharyl
fluoride donors by mutation of the catalytic nucleophile, a
glutamate, to alanine, glycine, or serine. The facile production
of XXXGaF (7) and XLLGaF (8), together with the unique
ability of PttXET16-34 E85A to use both of these substrates
as donor substrates, opens the possibility to produce a variety
of xyloglucan oligo- and polysaccharides of defined composition
for research and practical applications. Optimisation of the
reaction conditions to control product distributions in preparative
reactions is ongoing.


Table 1 Transglycosylases available for the synthesis of homogenously decorated xyloglucan fragments


Donor substrate


XXXGaF (7) XLLGaF (8) XXXGXXXG XLLGXLLG XXXG- or XLLG-b-CNP or b-F


PttXET16-34 No activity No activity (XXXG)n products Pure substrate not available No activity9,25


PttXET16-34 E85A (XXXG)n products (XLLG)n products No activity Pure substrate not available,
no activity expected


No activity expected


HiCel7B E197A (XXXG)n products No activity No activity Pure substrate not available,
no activity expected


No activity expected
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Table 2 PCR primers used for site-directed mutagenesis. The underlined sequences introduced the desired mutations


Primer name Sequence


F3 5′-TGA CTA CGT AGC TGC CCT GAG GAA GCC AGT-3′


R4 5′-TTA GTA CGT ATT ATA TGT CTC TGG TCT CTC TTG CAT TCT GG-3′


PttXET16-34-E85A-Forw 5′-Biotin-CGG AGC ATG ACG CGA TAG ACT TTG AG-3′


PttXET16-34-E85A-Rev 5′-Biotin-CTC AAA GTC TAT CGC GTC ATG CTC CG-3′


PttXET16-34-E85G-Forw 5′-Biotin-CGG AGC ATG ACG GGA TAG ACT TTG AG-3′


PttXET16-34-E85G-Rev 5′-Biotin-CTC AAA GTC TAT CCC GTC ATG CTC CG-3′


PttXET16-34-E85S-Forw 5′-Biotin-CGG AGC ATG ACT CGA TAG ACT TTG AG-3′


PttXET16-34-E85S-Rev 5′-Biotin-CTC AAA GTC TAT CGA GTC ATG CTC CG-3′


Materials and methods


Protein production


Site-directed mutagenesis was performed using double PCR with
biotinylated primers40 (Table 2) on the wild-type PttXET16-34
(GenPept AAN87142, formerly PttXET16A) construct (pAK6)
as the template.26


Heterologous gene expression in Pichia pastoris strain GS115
and protein purification were essentially performed as described
by Kallas et al.26 ESI-TOF MS analysis41 of the purified proteins
indicated that the correct variants has been produced: PttXET16-
34 E85A, Mr calc. 33791.7, obs. 33790.9; PttXET16-34 E85G,
Mr calc. 33777.7 obs. 33777.8; PttXET16-34 E85S, Mr calc.
33807.7, obs. 33807.5. Enzyme concentrations were determined
by A280 measurements, using e = 74 490 M−1 cm−1. XET activity
(EC 2.4.1.207) was assayed according to the colorimetric method
devised by Sulová et al.42 HiCel7B E197A (Mr = 44 519; 12.6 g L−1)
was obtained as previously described.20


Substrates


Xyloglucan from Tamarindus indica seeds was purchased from
Megazyme International Ireland Ltd (Bray, Ireland). XXXG (1),11


XXXGaF (7),11 and XLLG (4)39 were prepared as previously
described. XLLGaF (8) was synthesised from per-O-acetylated
XLLG (9) by deprotection of the anomeric hydroxyl group and
fluorination as follows.


(2,3,4-Tri-O-acetyl-a-D-xylopyranosyl)-(1→6)-(2,3,4-tri-O-acetyl-
b-D-glucopyranosyl)-(1→4)-[(2,3,4,6-tetra-O-acetyl-b-D-galacto-
pyranosyl)-(1→2)-(3,4-di-O-acetyl-a-D-xylopyranosyl)-(1→6)]-(2,
3-di-O-acetyl-b-D-glucopyranosyl)-(1→4)-[(2,3,4,6-tetra-O-acetyl-
b-D-galactopyranosyl)-(1→2)-(3,4-di-O-acetyl-a-D-xylopyranosyl)-
(1→6)]-(2,3-di-O-acetyl-b-D-glucopyranosyl)-(1→4)-1,2,3,6-tetra-
O-acetyl-a,b-D-glucopyranose (9). This compound was prepared
from tamarind xyloglucan (7.5 g) in 37% yield essentially as
described.39 MALDI-MS m/z = 2502 [M + Na]+.


1H NMR (CDCl3, 400 MHz): d (ppm) = 6.20 (d, J1,2 = 3.7 Hz,
0.4H, H-1 Glc Ia); 5.64 (d, J1,2 = 8.2 Hz, 0.6H, H-1 Glc Ib); 5.44–
5.31 (m, 6H, H-3 Glc Ia, IV, Xyl II, III, IV, H-4 Gal II, III); 5.24–5.09 (m, 6H,
H-2 Gal II, III, H-3 Glc Ib, II, III, H-4 Glc IV); 5.01–4.88 (m, 11H, H-1 Xyl II, III, IV,
H-2 Glc I, II, III, H-3 Gal II, III, H-4 Xyl II, III, IV); 4.80–4.75 (m, 3H, H-1 Glc IV,
H-2 Glc Glc IV, Xyl IV) 4.68–4.51 (m, 5H, H-1 Glc II, III, Gal II, III, H-6a Glc I);
4.15–4.06 (m, 5H, H-6 Gal II, III, H-6b Glc I); 3.96–3.46 (m, 22H, H-2
Xyl II, III, H-4 Glc I, II, III, H-5 Glc I, III, IV, Xyl II, III, IV, Gal II, III, H-6 Glc II, III, IV); 3.43
(m, 1H, H-5 Glc II); 2.14–1.95 (m, 78H, CH3CO).


13C NMR (CDCl3, 100 MHz): d (ppm) = 170.7–169.0 (CH3CO);
101.6, 101.5 (C-1 Gal II, III); 101.0, 100.7, 100.6 (C-1 Glc II, III, IV); 98.8,
98.7, 98.6 (C-1 Xyl II, III); 96.5 (C-1 Xyl IV); 91.8 (C-1 Glc Ib); 89.2 (C-
1 Glc Ia); 77.4, 76.0, 75.9, 75.4, 75.3, 74.6, 73.9, 73.8, 73.2, 73.1,
72.7, 72.5, 72.4, 72.2 (2C), 71.8 (2C), 71.4, 71.3 (2C), 70.9, 70.8,
70.7, 69.7, 69.6, 69.4 (2C), 69.1 (2C), 68.3 (2C), 67.8, 67.1 (2C),
66.5, 64.5 (C-2 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-3 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III,
C-4 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-5 Glc I, II, III, IV, Gal II, III, C-6 Glc II, III, IV); 61.7
(C-6 Glc Ia); 61.5 (C-6 Glc Ib); 61.4, 61.3 (C-6 Gal II, III); 59.4 (2C), 58.9
(C-5 Xyl II, III, IV); 21.1–20.7 (CH3CO).


(2,3,4-Tri-O-acetyl-a-D-xylopyranosyl)-(1→6)]-(2,3,4-tri-O-acetyl-
b-D-glucopyranosyl)-(1→4)-[(2,3,4,6-tetra-O-acetyl-b-D-galacto-
pyranosyl)-(1→2)-(3,4-di-O-acetyl-a-D-xylopyranosyl)-(1→6)]-(2,
3-di-O-acetyl-b-D-glucopyranosyl)-(1→4)-[(2,3,4,6-tetra-O-acetyl-
b-D-galactopyranosyl)-(1→2)-(3,4-di-O-acetyl-a-D-xylopyranosyl)-
(1→6)]-(2,3-di-O-acetyl-b-D-glucopyranosyl)-(1→4)-2,3,6-tri-O-
acetyl-a,b-D-glucopyranose (10). This compound was obtained
in 59% yield from compound 9 as described for the synthesis of
the corresponding acetylated XXXG.11 MALDI-MS m/z = 2460
[M + Na]+.


1H NMR (CDCl3, 400 MHz): d (ppm) = 5.59–5.27 (m, 7H, H-
1 Glc I, H-3 Glc IV, Xyl II, III, IV, H-4 Gal II, III); 5.22–5.08 (m, 6H, H-2 Gal II, III,
H-3 Glc I, II, III, H-4 Glc IV); 5.01–4.84 (m, 11H, H-1 Xyl II, III, IV, H-2 Glc I, II, III,
H-3 Gal II, III, H-4 Xyl II, III, IV); 4.81–4.48 (m, 7H, H-1 Glc II, III, IV, Gal II, III, H-2
Glc Glc IV, Xyl IV); 4.49 (dd, J5,6a = 1.5 Hz and J6a,6b = 11.0 Hz, 1H, H-6a
Glc I); 4.27–4.07 (m, 5H, H-6 Gal II, III, H-6b Glc I); 3.89–3.52 (m, 23H,
H-2 Xyl II, III, H-4 Glc I, II, III, H-5 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, H-6 Glc II, III, IV);
2.09–1.95 (m, 78H, CH3CO); 1.79 (br, 1H, OH).


13C NMR (CDCl3, 100 MHz): d (ppm) = 170.7–169.0
(CH3CO); 101.7, 101.6 (C-1 Gal II, III); 100.9, 100.6 (2C) (C-
1 Glc II, III, IV); 98.7, 98.6 (C-1 Xyl II, III); 96.4 (C-1 Xyl IV); 90.3 (C-
1 Glc I); 76.0, 75.9, 75.7, 75.4, 74.9, 74.8, 74.7, 73.7, 73.1,
72.9, 72.6, 72.4, 72.1 (2C), 72.0, 71.9, 71.8, 71.6, 71.4, 71.3,
70.9, 70.8 (2C), 69.4, 69.4 (3C), 69.2, 69.1, 68.6, 68.5, 68.3,
68.2, (C-2 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-3 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-
4 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-5 Glc I, II, III, IV, Gal II, III); 67.7 (C-6 Glc IV); 67.2
(C-6 Glc III); 67.1 (C-6 Glc II); 62.1 (C-6 Glc Ia); 61.4 (2C) (C-6 Gal II, III);
61.3 (C-6 Glc Ib); 59.4, 58.9 (2C) (C-5 Xyl II, III, IV); 21.2–20.7 (CH3CO).


(2,3,4-Tri-O-acetyl-a-D-xylopyranosyl)-(1→6)-(2,3,4-tri-O-acetyl-
b-D-glucopyranosyl)-(1→4)-[(2,3,4,6-tetra-O-acetyl-b-D-galacto-
pyranosyl)-(1→2)-(3,4-di-O-acetyl-a-D-xylopyranosyl)-(1→6)]-(2,
3-di-O-acetyl-b-D-glucopyranosyl)-(1→4)-[(2,3,4,6-tetra-O-acetyl-
b-D-galactopyranosyl)-(1→2)-(3,4-di-O-acetyl-a-D-xylopyranosyl)-
(1→6)]-(2,3-di-O-acetyl-b-D-glucopyranosyl)-(1→4)-2,3,6-tri-O-
acetyl-a-D-glucopyranosyl fluoride (11). The hydroxyl com-
pound 10 was fluorinated as described for the synthesis of
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heptasaccharidyl fluoride,11 and the expected mixture of anomeric
fluorides was obtained in 97% yield. Anomerisation of fluorides
gave after flash chromatography the expected compound 11 in
84% yield. [a]25


D +40 (c 1.0 in CHCl3). MALDI-MS m/z = 2462
[M + Na]+.


1H NMR (CDCl3, 400 MHz): d (ppm) = 5.62 (dd, J1,2 =
2.4 Hz, JH,F = 53.1 Hz; 1H, H-1 Glc I); 5.46–5.33 (m, 6H, H-
3 Glc Ia, IV, Xyl II, III, IV, H-4 Gal II, III); 5.25–5.09 (m, 6H, H-2 Gal II, III, H-
3 Glc Ib, II, III, H-4 Glc IV); 5.05–4.90 (m, 10H, H-1 Xyl II, III, IV, H-2 Glc I, III,
H-3 Gal II, III, H-4 Xyl II, III, IV); 4.86 (m, 1H, H-2 Glc II); 4.80–4.77 (m, 3H,
H-1 Glc IV, H-2 Glc Glc IV, Xyl IV); 4.71 (d, J1,2 = 8,5 Hz, 1H, H-1 Glc III);
4.61–4.55 (m, 4H, H-1 Glc II, Gal II, III, H-6a Glc I); 4.17–4.03 (m, 5H,
H-6 Gal II, III, H-6b Glc I); 3.97–3.62 (m, 21H, H-2 Xyl II, III, H-4 Glc I, II, III,
H-5 Glc I, III, IV, Xyl II, III, IV, Gal II, III, H-6 Glc II, III, H-6a Glc IV); 3.56 (dd, J5,6b =
3.9 Hz and J6a,6b = 12.1 Hz, 1H, H-6b Glc IV); 3.47 (m, 1H, H-5 Glc II);
2.15–1.95 (m, 75H, CH3CO).


13C NMR (CDCl3, 100 MHz): d (ppm) = 170.7–169.4 (CH3CO);
103.0 (d, JC,F = 226.0 Hz, C-1 Glc I); 101.5, 101.4 (C-1 Gal II, III); 100.9,
100.7, 100.6 (C-1 Glc II, III, IV); 98.9, 98.8 (C-1 Xyl II, III); 96.4 (C-1 Xyl IV);
77.4, 76.1, 75.8, 75.2, 75.0, 74.5, 74.3, 73.8, 73.2, 73.1, 72.6,
72.4, 72.1 (2C), 71.7 (2C), 71.4, 71.3, 70.9, 70.8 (2C), 70.7, 69.8,
69.4, 69.3 (2C), 69.2 (2C), 68.9, 68.3 (2C), 67.9, 67.1 (2C), 66.6,
66.4 (C-2 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-3 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-
4 Glc I, II, III, IV, Xyl II, III, IV, Gal II, III, C-5 Glc I, II, III, IV, Gal II, III, C-6 Glc II, III, IV); 61.4,
61.3 (2C) (C-6 Glc I, Gal II, III); 59.4 (2C), 58.9 (C-5 Xyl II, III, IV); 21.2–20.3
(CH3CO).


a-D-Xylopyranosyl-(1→6)-b-D-glucopyranosyl-(1→4)-[b-D-gala-
ctopyranosyl)-(1→2)-a-D-xylopyranosyl-(1→6)]-b-D-glucopyra-
nosyl-(1→4)-[b-D-galactopyranosyl-(1→2)-a-D-xylopyranosyl-(1→
6)]-b-D-glucopyranosyl-(1→4)-a-D-glucopyranosyl fluoride
(XLLGaF, 8). Acetylated compound 11 was deprotected
as described for the synthesis of heptasaccharidyl fluoride
XXXGaF (7).11 The expected compound 8 was obtained in 93%
yield. MALDI-MS m/z = 1412 [M + Na]+.


Glycosynthase reactions


The condensation of a-xylogluco-oligosaccharyl fluorides was
monitored using an Orion Ionplus 96–09 fluoride ion-selective
combination electrode coupled to a Windows-based personal
computer via a Vernier Electrode Amplifier and LabPro interface;
raw data was collected and transformed using the Logger ProTM


software program (Vernier Software & Technology, Beaverton,
OR). All glycosynthase assays to determine the rate of fluoride
ion release were performed at 30 ◦C in a jacketed glass vessel in
a total volume of 625 lL. The following enzyme concentrations
were used: PttXET16-34 wild-type (2.15 lM), E85A (4.3 lM),
E85G (2.8 lM), E85S (2.3 lM) and HiCEL7B E197A (1.13 lM).


pH-dependence


The PttXET16-34 glycosynthases (enzyme concentrations as
stated above) were incubated at substrate concentration 2.6 mM
XXXGaF (7) in 50 mM sodium acetate for the pH-range 4.5–5.5,
or in 50 mM sodium phosphate buffers for the pH-range 6.0–8.0.


Kinetic parameters


PttXET16-34 E85A, PttXET16-34 E85G, or PttXET16-34 E85S
were incubated with XXXGaF (7) in 50 mM sodium acetate buffer


(pH 5.0). PttXET16-34 E85A was incubated with XLLGaF (8)
in 50 mM sodium acetate buffer (pH 5.0). HiCel7B E197A was
incubated with XXXGaF (7) or XLLGaF (8) in 50 mM sodium
phosphate buffer (pH 7.5). All enzymatic rates were corrected for
spontaneous hydrolysis of the a-xyloglucosyl fluoride substrate
and in all cases, substrate conversion was <1%. The apparent
kinetic parameters kcat and Km were calculated by fitting the
initial rate data with the Michaelis–Menten model by non-linear
regression using MicrocalTM Origin R© version 6.0.


Product analysis


Wild type PttXET16-34 (8.1 lM) was incubated 1 h with 2 mM
XXXGXXXG and 5 mM sodium acetate buffer (pH 5.0) at 30 ◦C
(total volume 50 lL). PttXET16-34 E85A (8 lM), PttXET16-34
E85G (14 lM), or PttXET16-34 E85S (12 lM) were incubated
at 30 ◦C with 10 mM XXXGaF (7) or XLLGaF (8) in 5 mM
sodium acetate buffer (pH 5.0), total volume 50 lL. Additionally,
PttXET16-34 E85A (8 lM) was incubated at 30 ◦C with 10 mM
XXXGaF (7) or XLLGaF (8) in the presence of 10 mM XXXG (1)
or XLLG (4) in 5 mM sodium acetate buffer (pH 5.0), total volume
50 lL. HiCel7B E197A (1.13 lM) was incubated at 30 ◦C with
2 mM XXXGaF (7) or XLLGaF (8) in sodium phosphate buffer
(pH 7.5). For linkage analysis of the glycosidic bonds formed by
the glycosynthases, 10 lL samples were heated to 80 ◦C (5 min),
followed by cooling to room temperature, addition of 1 lL of
a 0.14 g L−1 stock solution of Paenibacillus pabuli GH5 endo-
xyloglucanase,10 and further incubation at 37 ◦C (3 h). Prior to
analysis by high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD), samples
(1–2 lL) were diluted 1 : 25 or 1 : 50, as appropriate, with
0.1 M sodium hydroxide and immediately injected; the gradient
and equipment were identical to those previously described.8


Additionally, samples were withdrawn from the reaction, diluted
1 : 5 in 50% aqueous MeOH containing 0.5 mM NaCl, and
analysed by mass spectrometry as previously described.43
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S. E. Denman, T. T. Teeri and T. A. Jones, Plant Cell, 2004, 16, 874–
886.
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Comparative study of electrochemical redox behaviour of five different nitroxyl radicals leads to the
direct correlation between one-electron redox potentials and group electronegativity of the
b-substituent on the ring. b-Substituents with an electron-donating effect caused a negative shift in the
one-electron oxidation and one-electron reduction potentials of the nitroxyl radicals. In a similar
aspect, b-substituents with an electron-withdrawing effect behaved oppositely.


Introduction


Redox behaviour of nitroxyl radicals (NRs) has attracted great
attention because of their use as contrast agents for magnetic
resonance imaging (MRI),1,2 superoxide dismutase (SOD)
mimics,3 spin labels,4 and antioxidants.5,6 Electron paramagnetic
resonance (EPR)-measured rates of NR reduction have been
shown to provide information on tissue redox status7–9 and
reactive oxygen species (ROS) generation in vivo.9,10 Oxidation of
hydroxylamines (HAs), reduced species of NRs, to NRs has also
been used for in vivo EPR detection of ROS.11–14 Furthermore,
oxidation of NRs leads to scavenging of ROS15 and is also
responsible for the SOD-mimic activity of cyclic nitroxyls.16


However, the highly oxidizing oxoammonium cation is also
responsible for the pro-oxidative activity and potential adverse
effects of the NRs.17 Redox behaviour of NRs has been studied
chemically18,19 as well as electrochemically.20 Besides, the structure
of NRs has been found to be a controlling factor for the redox
behaviour of NRs in vivo21–25 as well as in vitro studies.26–30


Therefore, a possible structure–activity relationship and any other
factors affecting the redox behaviour of NRs become important
considerations. Recently, we have reported the stereochemical
and solvent effects on electrochemical one-electron oxidation of
NRs.31 We report herein the electrochemical redox behaviour
of five nitroxyl radicals (Scheme 1), 3-hydroxymethyl-2,2,5,5-
tetramethylpyrrolidine-N-oxyl (HM-PROXYL; NR 1), 3-car-
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search Center for Charged Particle Therapy, National Institute of Radiologi-
cal Sciences (NIRS), Inage-ku, Chiba 263-8555, Japan. E-mail: anzai@nirs.
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Research Group, Research Center for Radiation Emergency Medicine,
National Institute of Radiological Sciences (NIRS), Inage-ku, Chiba 263-
8555, Japan
dYokohama College of Pharmacy, Yokohama 245-0066, Japan
eSchool of Pharmacy, Shujitsu University, Okayama 703-8516, Japan
† Electronic supplementary information (ESI) available: Individual cyclic
voltammograms of NR 1–5, both in MeOH and PB. See DOI:
10.1039/b714765a


Scheme 1 One-electron oxidation and reduction of cyclic nitroxyl
radicals.


bamoyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl (CM-PROXYL;
NR 2), 3-carboxyl-2,2,5,5-tetramethylpyrrolidine-N-oxyl (car-
boxy-PROXYL; NR 3), 3-methoxycarbonyl-2,2,5,5-tetramethyl-
pyrrolidine-N-oxyl (MC-PROXYL; NR 4), and 3-cyano-2,2,5,5-
tetramethylpyrrolidine-N-oxyl (cyano-PROXYL; NR 5), to
evaluate the possible correlation between their structure and
redox behaviour in two different media.


Results and discussion


The electrochemical one-electron reduction and one-electron
oxidation potentials of the same series of NRs having b-blocking
groups different from hydrogen were measured in two different
solvents by cyclic voltammetry and second-harmonic alternating
current voltammetry.32–37 Cyclic voltammograms (CVs) (see ESI†)
were explored to assess the reversible nature of one-electron
redox processes of NRs. Representative CVs of NRs in methanol
(MeOH, 0.1 mol dm−3 Bu4NClO4) and phosphate buffer (PB,
pH 7.4, 0.1 mol dm−3) at 298 K and with a scan rate of 0.1 V s−1


are shown in Fig. 1 and 2 respectively.
The intense reversible peaks [Epa − Epc (DEp) = ±70 mV] in the


positive range were assigned to the one-electron oxidation poten-
tial of NRs.38 The CVs also show slightly less intense irreversible
responses (either DEp > 70 mV or absence of corresponding oxida-
tion waves in opposite cycle) in the negative potential range which
are assigned to the one-electron reduction of NRs.38 Although the
reduction process was found to be irreversible in both solvents,
the corresponding anodic wave appeared in PB, which indicates
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Fig. 1 Cyclic voltammogram of NRs (2.0 × 10−3 mol dm−3) in MeOH
(0.1 mol dm−3 Bu4NClO4) at 298 K. Scan rate: 0.1 V s−1.


Fig. 2 Cyclic voltammogram of NRs (2.0 × 10−3 mol dm−3) in PB
(0.1 mol dm−3, pH 7.4) at 298 K. Scan rate: 0.1 V s−1.


the effect of solvent on the reversibility of the reduction process.
Exact values of one-electron oxidation and reduction potentials
were obtained by exploring the second-harmonic alternating cur-
rent voltammograms (SHACVs) (Figs. 3 and 4). The values of one-
electron oxidation potentials of NRs in both MeOH and PB were


Fig. 3 Second-harmonic alternating current voltammograms showing
one-electron oxidation potentials (vs. Ag/AgCl) of NR 1 (�,�) and NR
5 (�,�) (2.0 × 10−3 mol dm−3) in MeOH (0.1 mol dm−3 Bu4NClO4) at
298 K. Scan rate: 4 mV s−1; amplitude: 25 mV.


Fig. 4 Second-harmonic alternating current voltammograms showing
one-electron reduction potentials (vs. Ag/AgCl) of NR 1 (�,�) and NR
5 (�,�) (2.0 × 10−3 mol dm−3) in MeOH (0.1 mol dm−3 Bu4NClO4) at
298 K. Scan rate: 4 mV s−1; amplitude: 25 mV.


compared with the one-electron oxidation potentials calculated
using peak potentials from the reversible cyclic voltammetric
response of nitroxyl radical–oxoammonium cation redox couples.
The relative one-electron oxidation potentials obtained via two
different approaches showed good consistency (Table 1). One-
electron redox potentials of NRs, obtained by SHACV, were used
in order to characterize the change in redox behaviour associated
with substitutional change on the pyrrole ring. For all NRs in
this study we assign the first one-electron oxidation potential
and the first one-electron reduction potential for the formation
of the corresponding oxoammonium cations and deprotonated
hydroxylamines, respectively (Scheme 1).


The redox asymmetry and the reorganization energy of the
examined NRs are of similar magnitude except there is a small
change in the electronic environment of the molecule. Therefore,
the redox nature of NRs can be subjected to alteration by substi-
tutional changes in the pyrrole ring of nitroxyl radicals. Oxidation
potentials were observed between the potential range from 0.70
to 0.92 and 0.61 to 0.80 V vs. Ag/AgCl in MeOH (0.1 mol dm−3


Bu4NClO4) and PB (pH 7.4, 0.1 mol dm−3), respectively, varied
with the substitutional change at the b-position on the ring
and the solvent used (Table 1). Reduction potentials were found
between the potential range from −0.75 to −0.44 and −0.79 to
−0.50 V in MeOH and PB, respectively (Table 1), again associated


Table 1 One-electron oxidation (Ea
1/2) and reduction (Ec


1/2) potentials
(vs. Ag/AgCl) of nitroxyl radicals (NR 1–5) in MeOH (0.1 mol dm−3


Bu4NClO4) and PB (0.1 mol dm−3, pH 7.4) determined by SHACV at
298 K


Ea
1/2/V Ec


1/2/V


Nitroxyl radical PB MeOH PB MeOH


NR 1 0.61 (0.60) 0.70 (0.70) −0.79 −0.75
NR 2 0.64 (0.63) 0.76 (0.76) −0.78 −0.69
NR 3 0.68 (0.68) 0.78 (0.78) — —
NR 4 0.69 (0.68) 0.79 (0.79) −0.68 −0.65
NR 5 0.80 (0.79) 0.92 (0.95) −0.50 −0.44


Potential values shown in parentheses denote one-electron oxidation
potentials calculated using peak potentials from cyclic voltammograms.
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with the substitutional change at the b-position on the ring and
the solvent used. It is important to note that the substitutional
change in the pyrrole ring, the presence of either an electron-
withdrawing group (EWG) or an electron-donating group (EDG),
has a dramatic impact on the redox behaviour of NRs, as the
corresponding redox potentials are shifted positively or negatively
by hundreds of millivolts. Therefore, group electronegativities of
b-substituents were calculated to check their possible correlation
with the one-electron redox potential shift observed for NR 1–5.
Electronegativity values for the substituent group were calculated
using the standard Pauling electronegativity values in the formula
shown in eqn (1),


Eg = [V cEc + R N iE i]N−1 (1)


where Eg is group electronegativity, V c and Ec are the valence of the
central atom and its atomic electronegativity value, respectively, N i


and E i are the number of the bond of atomic or group i connecting
to the central atom and the atomic or group electronegativity of
i (atom or group) respectively and N is the sum of the valence of
the central atom and the whole number of atom(s) and group(s)
connecting to the central atom. Interestingly, a linear correlation
(r = 0.99) was obtained on plotting the electronegativity values vs.
the one-electron oxidation and reduction potentials of NRs both
in PB and MeOH solvents (Fig. 5 and 6).


Fig. 5 Plots of Pauling electronegativity (Eg) vs. electrochemical one–
electron oxidation (Ea


1/2) potentials. Ea
1/2 (vs. Ag/AgCl) of NR 1–5


(2.0 × 10−3 mol dm−3) in (a) MeOH (0.1 mol dm−3 Bu4NClO4), (b) PB
(0.1 mol dm−3, pH 7.4) obtained by SHACV at 298 K. Scan rate: 4 mV s−1;
amplitude: 25 mV.


NR 1, having the strongest EDG, and NR 5, having the strongest
EWG, have been chosen for further explanation. The oxidation of
NR 1 was more favorable than that of NR 5 as evidenced by the
fact that the NR 1 oxidation waves appeared at 0.70 and 0.61 V in
MeOH and PB, respectively, which are more negative than those
for NR 5, i.e. 0.92 and 0.80 V in MeOH and PB, respectively. The
comparatively negative one-electron oxidation potential of NR 1
is probably due to the better compensation of electron deficiency
by the electron-donating nature of the hydroxymethyl group. NR
5 gives rise to the most positive one-electron oxidation potential,
followed by NR 4, NR 3, NR 2 and NR 1. This trend shows
harmony with the group electronegativity of the substituents
present in the pyrrole ring of NR 1–5.


Fig. 6 Plots of Pauling electronegativity (Eg) vs. electrochemical one–
electron reduction (Ec


1/2) potentials. Ec
1/2 (vs. Ag/AgCl) of NR 1–5


(2.0 × 10−3 mol dm−3) in (a) MeOH (0.1 mol dm−3 Bu4NClO4), (b) PB
(0.1 mol dm−3, pH 7.4) obtained by SHACV at 298 K. Scan rate: 4 mV s−1;
amplitude: 25 mV.


The one-electron reduction potentials also seem to be correlated
with the substituent present on the ring. NR 5, with an EWG, is
more susceptible to reduction than NR 1, with an EDG, which
is evidenced by the fact that the NR 5 reduction wave appeared
at −0.44 and −0.49 in MeOH and PB respectively, which are
relatively positive compared to those for NR 1, i.e. −0.75 and
−0.79 V in MeOH and PB, respectively. There are negative shifts
of one-electron reduction potential by magnitudes of 310 mV in
MeOH and 300 mV in PB when a b-substituent cyano group is
replaced by a hydroxymethyl group. This shift is an indication of
a high degree of electron deficiency at the nitroxyl moiety caused
by the electron-withdrawing nature of the cyano group, the b-
substituent in NR 5. Consequently, there is an enhancement in the
electrophilic nature of the electron deficient NRs at the expense of
a decrease in their radical character. However, there is a decrease in
electrophilic nature of the NRs by the presence of an EDG in the
ring. The increasing order of the one-electron reduction potentials
in the negative direction was obtained as NR 5 < NR 4 < NR 2 <


NR 1. Here again the harmony with the electronic nature of the
substituent remained the same as observed for the one-electron
oxidation potential.


Another interesting finding is that the one-electron oxidation or
reduction potentials of the examined NRs were always negative in
PB as compared to those in MeOH. Potential shift with varying
of the solvent can be explained by the better solvation of the
localized charge of polar species in the polar solvents. Finally,
from the cyclic voltammetric and second-harmonic alternating
current voltammetric analysis of five different NRs, the following
information can be extracted: (a) the one-electron reduction and
oxidation potentials are sensitive to the nature of the substituent
at the b-position to nitrogen in the ring. Much more positive
reduction and oxidation potentials in the presence of an EWG
are indicative of the notion that the electron-withdrawing effect
is strong enough to make the nitroxyl moiety more electrophilic.
This fact may also be explained in terms of the comparatively more
and less favorable electronic environment of NRs, with respect
to the corresponding oxoammonium cation and deprotonated
hydroxylamine, respectively, to stabilize the electron deficiency
due to the presence of an EWG in the ring; (b) the oxidation
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potential is influenced by the nature of the solvent. Thus, increased
polarity of the solvent results in the negative shift in both
reduction and oxidation potentials. This fact may be explained
in terms of relative stabilization of the oxoammonium cation
and deprotonated hydroxylamine in the polar solvent as we have
reported previously.31


Experimental


CM-PROXYL (NR 2) and cyano-PROXYL (NR 5) were
purchased from Sigma. Carboxy-PROXYL (NR 3) was pur-
chased from Tokyo Chemical Industry Co. Ltd., Japan. HM-
PROXYL (NR 1) was synthesized from carboxy-PROXYL and
diazomethane.21 MC-PROXYL (NR 4) was synthesized by re-
duction of carboxy-PROXYL with LiAlH4 in THF.21 Methanol
(MeOH) were purchased from Nacalai Tesque, Inc., Japan and
used as received. Phosphate buffer (PB) (pH 7.4; 0.5 mol dm−3)
was prepared in stock by dissolving 78.01 g sodium dihydrogen
phosphate dihydrate (NaH2PO4·2H2O) in 1000 mL of water
and pH was adjusted using 60% phosphoric acid (H3PO4).
Finally the desired concentration (0.1 mol dm−3) was obtained
by dilution of stock solution. Tetrabutylammonium perchlorate
(Bu4NClO4), used as a supporting electrolyte, was purchased from
Tokyo Chemical Industry Co. Ltd., Japan and recrystallized from
ethanol and dried under vacuum at 313 K prior to use. Solution
concentrations for cyclic and second-harmonic alternating current
voltammetric analysis were 2.0 × 10−3 mol dm−3 for all the nitroxyl
radicals. Millipore Milli-Q water was used in all the experiments.


CVs and SHACVs were recorded with a conventional three
electrode CH model ALS 630A electrochemical analyzer with
glassy carbon disk working electrode, platinum wire counter
electrode and Ag/AgCl reference electrode. Bu4NClO4 was used
as a supporting electrolyte in the case of MeOH. The working
electrode was polished with BAS polishing alumina suspension
and a polishing cloth and rinsed with Millipore Milli-Q water
followed by MeOH prior to each measurement. The electrode was
then washed thoroughly with water, dried and cycled several times
in the range of 1.5 to −1.9 V in order to assure the absence
of a voltammetric signal due to the supporting electrolyte. All
electrochemical measurements were performed at 298 K. In order
to minimize the effect of molecular oxygen on the electrochemical
behaviour of these radicals, the inert atmosphere in the elec-
trochemical cell was maintained throughout the experiment by
bubbling argon into the solution before the experiment and having
a continuous argon flow over the solution during the experiment.


Conclusion


The modulation of the redox behaviour of NRs could be achieved
by molecular engineering as evidenced by the linear relationship
between Pauling electronegativity and redox potentials of the NRs
with varied substitution at the b-position in the ring. The one-
electron oxidation and reduction processes showed an opposite
trend of potential shift with respect to the nature of substituent
in the ring and this trend remains similar in both solvents, PB
and MeOH. In a broad aspect, the better understanding of the
electronic influence of a substituent which is able to alter the redox
potentials, and hence the electrophilicity of the host compound,
would help to design new compounds with controlled chemical as


well as biological activity. This study would also be useful when
the redox behaviour of NRs is explored in vivo as well as in in vitro
studies.
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A novel reactivity of organoboronic acids with bicyclic hydrazines leading to the stereoselective
formation of trans-vicinal disubstituted cyclopentenes in good to excellent yield is discussed. The
reaction of cyclopentadiene and fulvene derived azabicyclic alkenes with organoboronic acids afforded
the trans-3,4-disubstituted cyclopentenes and alkylidene cyclopentenes in good to excellent yields. The
products, having a broad range of substituents, are important intermediates in the synthesis of a
number of pharmaceutically important molecules.


Introduction


The Suzuki reaction1 which involves the palladium catalyzed
cross-coupling of aryl and vinyl halides or triflates with boronic
acids is one of the most powerful methods for carbon–carbon
bond formation. This reaction has led to numerous spectacular
results in synthetic organic chemistry and has been well utilized
in the synthesis of a large number of organic molecules including
natural products, pharmaceutical intermediates and industrially
important drug molecules.2 It has been employed in the industrial
production of losartan,3a and in the synthesis of selective estrogen
receptor agonists for central nervous system disorders.3b The
commonly used Suzuki reactions are homocoupling of boronic
acids and cross-coupling with organic halides. Aryl, alkenyl and
alkynyl halides along with triflates and thioethers are considered as
suitable substrates for the cross-coupling reactions.4 This reaction
has been used as an efficient method for the arylation of various
N-containing aryls including pyrimidines and quinazolines.5


In the past few years, attempts have been devoted to the cross-
coupling of organoboron compounds with various substrates like
alkenes, alkynes, norbornene and norbornadiene. Kosugi et al.
have shown that the Mizoroki–Heck type reaction of several
organoboron reagents with these substrates occurs in aprotic
solvents.6 Even though a palladium–imidazolium carbene cat-
alyzed reaction of aryl diazonium tetrafluoroborates was reported
by Andrus et al., it was confined only to substrates like styrenes
and acrylates.7 Rhodium catalyzed coupling of aryl boronic acids
with oxa and aza bicyclic olefins was reported by Lautens et al.8


Apart from the above mentioned reports, there are no detailed
investigations on the reactivity of organoboron compounds with
alkenes.


A great deal of effort has been directed at the functionalization
of unsaturated cyclopentene skeletons. Along this perspective,


aOrganic Chemistry Section, Chemical Sciences & Technology Division,
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– 695019, Kerala, India. E-mail: radhupreethi@rediffmail.com
bAnalytical Sciences Discipline, Central Salt and Marine Chemicals Re-
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† CCDC reference numbers 640116. For crystallographic data in CIF or
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bicyclic hydrazines have been evaluated as versatile building blocks
for the synthesis of substituted cyclopentenes. Although quite
a few successes have been reported in the desymmetrization of
these substrates, the majority of them resulted in the formation of
3,5-disubstituted cyclopentenes.9 3,4-Disubstituted cyclopentenes
were observed as minor products from meso bicyclic hydazines10


and N-acyl nitroso hetero Diels–Alder adducts.11 It is to be
noted that 3,5-disubstituted cyclopentenes were formed as major
products in all these transformations. As part of our program on
the palladium catalyzed reactions of bicyclic hydazines, recently
we have disclosed an efficient and stereoselective synthesis of trans-
vicinal disubstituted hydrazinocyclopentenes in excellent yields via
a one step ring opening of these substrates with organostannanes.12


In continuation of our interest in this area, we have reported a
novel reactivity of organoboronic acids with bicyclic hydrazines
leading to the synthesis of substituted cyclopentenes.13 Soon after
publication of this work, Pineschi and coworkers reported a
rhodium catalyzed asymmetric ring opening of bicyclic hydrazines
with aryl boronic acids.14 The present manuscript describes the
details of our investigation on iodine assisted palladium catalyzed
ring opening of bicyclic hydrazines (Fig. 1) with a number of
organoboronic acids, along with the results of our investigation
with fulvene derived bicyclic hydrazines.


Fig. 1 Bicyclic and tricyclic hydrazines used for the study.


Results and discussion


1. Palladium catalyzed ring opening of cyclopentadiene derived
azabicyclic olefins


The bicyclic hydrazines selected for our studies are shown in
Fig. 1. Our experiments started with the reaction of phenyl
boronic acid with the bicyclic olefin15 1a in the presence of the
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Pd(OAc)2–PPh3–I2 catalyst system in 1 : 1 mixture of THF and
H2O. The reaction afforded 3-phenyl-4-hydrazino cyclopentene 3a
in 52% yield (Scheme 1). The structure of the compound 3a was
assigned based on the spectroscopic data and by comparison to
the literature data.12,16 In the IR spectrum the stretching vibrations
of NH and CO were observed at 3294 and 1715 cm−1 respectively.
In the 1H NMR spectrum, the NH proton and the carboethoxy
protons were seen at d 6.53, 4.19 and 1.27 ppm respectively. The
carbonyl carbons were discernible at d 156.7 and 155.8 in the
13C NMR spectrum. The structure was further confirmed by high
resolution mass spectral analysis.


Scheme 1 Reagents and conditions: (i) Pd(OAc)2, PPh3, I2, K2CO3,
THF–H2O (1 : 1), 52%.


In order to develop conditions suitable for this transformation
we surveyed a number of catalysts and ligands among which
Pd(OAc)2–Ph3P was found to be the best catalyst system. Further
optimization studies showed that AgOTf and iodine gave com-
parable yields; from these we selected the readily available and
cheap iodine as the Lewis acid for our studies (Table 1). The best
conditions for the reaction were found to be a 1 : 2 mixture of
boronic acid–olefin with 10 mol% Pd(OAc)2, 20 mol% Ph3P and
5 mol% iodine with 2.4 equiv. K2CO3 in 1 : 1 THF–H2O as solvent.
Under these conditions, the reaction shown in Scheme 1 afforded
the product 3a in 93% yield.


Then we turned our attention towards the reactivity of het-
eroaryl boronic acids in the palladium catalyzed ring opening
reactions. A model reaction using 3-formyl-2-thiophene boronic
acid and bicyclic alkene 1a afforded the ring opened product 3b in
79% yield (Scheme 2).


Scheme 2 Reagents and conditions: (i) Pd(OAc)2, PPh3, I2, K2CO3,
THF–H2O (1 : 1), 79%.


In the course of the study we also investigated the reaction of
tricyclic olefins17 derived from triazoline dione and cyclopentadi-
ene. These substrates also reacted in the same manner affording
the substituted hydrazinocyclopentenes in good to excellent yields
(Scheme 3). Tables 2 and 3 summarize the results of our investiga-
tions.


Table 1 Optimization of catalyst systema


Catalyst Lewis acid Yield (%)


Pd(OAc)2 I2 52
PdCl2 I2 26
Pd2(dba)3·CHCl3 I2 38
Pd(OAc)2 Sc(OTf)3 42
Pd(OAc)2 Yb(OTf)3 35
Pd(OAc)2 Ag(OTf) 55
Pd(OAc)2 Cu(OTf)2 30
Pd(OAc)2 I2 93b


a Conditions: boronic acid (1 equiv.), olefin (1 equiv.), catalyst (10 mol%),
PPh3 (20 mol%), Lewis acid (5 mol%), K2CO3 (2.4 equiv.), THF–H2O (1 :
1). b 2 equiv. of olefin were used.


Mechanism


The mechanism of the reaction was found to be similar to the
one proposed for the C–N bond cleavage of bicyclic hydrazines in
the palladium catalyzed reaction with organostannanes.10,12 The
catalytic cycle involves transmetalation of the aryl boronic acid
to PdX2 giving ArPdX, addition of ArPdX to C–C double bond
and elimination of X–Pd–Nu along with the C–N bond cleavage.
By looking at the structures of both starting material and the
product, the present reaction can be viewed as going through the
replacement of the allylic heteroatom by a nucleophilic carbon
(from the boronic acid induced by iodine), similar to Tsuji–
Trost chemistry.18 Even though the catalytic cycles are not the
same, we believe that under the reaction conditions employed,
the mechanism of the reaction follows more closely the Suzuki–
palladium insertion pathway. Hence the present reaction can
be viewed as a modified Suzuki type reaction of the bicyclic
hydrazines. The proposed mechanism is outlined in Scheme 4


2. Palladium catalyzed ring opening of fulvene derived
azabicyclic olefins


Encouraged by the studies that have been conducted on cyclopen-
tadiene derived azabicyclic substrates, we became interested in
the pentafulvene derived bicyclic hydrazines. Even though the
synthesis of this type of bicyclic substrates has been reported
as early as 1968,19 there was no serious attempt to study their
synthetic utility. Total synthesis of rudmollin which displays in vivo
activity against P-388 lymphoid leukemia involves atom transfer
cyclization of fulvene based bicyclic hydrazine.20 Along this line
we reported the pentafulvene derived bicyclic hydrazines to be
effective substrates for the palladium catalyzed ring opening reac-
tions with organostannanes leading to the synthesis of alkylidene
cyclopentenes. This prompted us to explore the reactivity of these
substrates with organoboronic acids.


Scheme 3 Reagents and conditions: (i) Pd(OAc)2, PPh3, I2, K2CO3, THF–H2O (1 : 1).
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Table 2 Palladium catalyzed reaction of azabicyclic olefins with boronic acidsa


Entry Substrate Boronic acids Yield (%) Product


1 93


2 79b


3 72b


4 53b


5 63


6 73b


7 77b


8 37b


a Conditions: boronic acid (1 equiv.), 1a–c (2 equiv.), Pd(OAc)2 (10 mol%), PPh3 (20 mol%), I2 (5 mol%), K2CO3 (2.4 equiv.), THF–H2O (1 : 1), 60 ◦C,
24 h. b Reaction time 36 h.


Scheme 4 Proposed mechanism of the reaction.


In an initial trial we carried out the reaction of phenyl boronic
acid with the bicyclic olefin 5a in the presence of the Pd(OAc)2–
PPh3–I2 catalyst system in a 1 : 1 mixture of THF and H2O. The
reaction afforded substituted alkylidene cyclopentene 6a in 30%
yield (Scheme 5). The structure of compound 6a was assigned
based on spectroscopic data and the relative configuration of the
racemate was confirmed by single crystal X-ray analysis (Fig. 2).21


Detailed optimization studies were carried out to find out the
best condition for this transformation. Our first attempt was to
find out the best catalyst system. Among the different catalysts (see


Scheme 5 Reagents and conditions: (i) Pd(OAc)2, PPh3, I2, K2CO3,
THF–H2O (1 : 1).


Table 4) screened, PdCl2–dppe was found to be the best catalyst
system and under these conditions 6a was obtained in 88% yield.
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Table 3 Palladium-catalyzed reaction of azabicyclic olefins with boronic acidsa


Entry Substrate Boronic acid Yield (%) Product


1 35


2 61b


3 60b


4 52


5 56


6 40


7 84b


8 89b


9 64b


10 33b


a Conditions: boronic acid (1 equiv.), 2a–d (2 equiv.), Pd(OAc)2 (10 mol%), PPh3 (20 mol%), I2 (5 mol%), K2CO3 (2.4 equiv.), THF–H2O (1 : 1), 60 ◦C,
24 h. b Reaction time 36 h.
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Fig. 2 ORTEP diagram of the compound 6a (30% probability factor for
the thermal ellipsoids).


Table 4 Optimization of the catalyst systema


Entry Catalyst Ligand Lewis acid Yield (%)


1 Pd(OAc)2 PPh3 I2 30
2 PdCl2 PPh3 I2 72
3 Pd2(dba)3 CHCl3 PPh3 I2 29
4 PdCl2(PPh3)2 PPh3 I2 30
5 [Pd(allyl) Cl]2 PPh3 I2 33
6 PdCl2 P(tolyl)3 I2 29
7 PdCl2 P(4-F–Ph)3 I2 71
8 PdCl2 P(4-OMe–Ph)3 I2 56
9 PdCl2 P(4-Cl–Ph)3 I2 58


10 PdCl2 dppe I2 88
11 PdCl2 dppm I2 82
12 Pd(OAc)2 dppe I2 39
13 PdCl2 dppe Cu(OTf)2 21
14 PdCl2 dppe Sn(OTf)3 40
15 PdCl2 dppe Yb(OTf)3 43


a Conditions: K2CO3, catalyst, ligand, Lewis acid, THF–H2O.


To extend the scope and generality of this reaction we further
investigated the reactivity of heteroaryl boronic acids which also
afforded substituted alkylidene cyclopentenes in good yields.
Similar reactivity was observed with other bicyclic alkenes and
the results obtained are summarized in Table 5.


Conclusions


In conclusion we have developed an efficient approach towards
the synthesis of trans-vicinal disubstituted cyclopentenes and
alkylidene cyclopentenes in high stereoselectivity and yield. These
systems can be elaborated to potent glycosidase inhibitors and
other biologically active molecules.22 We have well demonstrated
that organoboronic acids can be effectively utilized in the
synthesis of functionalized cyclopentenes. In combination with
our previously reported methodologies on bicyclic olefins, this
methodology provides a novel process for the facile ring open-
ing of both cyclopentadiene and pentafulvene derived bicyclic
hydrazines.


Experimental section


General methods


All reactions were conducted in oven-dried glassware. Solvents
used for the experiments were distilled and degassed with ar-
gon. Bicyclic hydrazines were prepared as per the literature
procedures.15,17,18 Boronic acids were purchased from Sigma
Aldrich and the catalysts, ligands and Lewis acids were purchased
from Alfa Aesar. All other reagents were purchased from local
suppliers. All reactions were monitored by TLC (Silica gel 60 F254,
0.25 mm, Merck), visualization was effected with UV and/or by
staining with Enholm yellow solution. Chromatography refers to
open column chromatography on silica gel (60–120 mesh). NMR
spectra were recorded at 300 (1H) and 75 (13C) MHz respectively on
a Brüker Advance DPX-300 MHz. Chemical shifts are reported in
d (ppm) relative to TMS (1H) or CDCl3 (13C) as internal standards.
A mixture of CDCl3 and CCl4 (7 : 3) was used for recording
the NMR spectra. IR spectra were recorded on a Bomem MB
series FT-IR spectrometer; absorptions are reported in cm−1. Mass
spectra were recorded under EI-HRMS or FAB-LRMS using a
JEOL JMS 600H mass spectrometer.


General experimental procedure for the synthesis of substituted
hydrazinocyclopentenes


Bicyclic hydrazine (2 equiv.), boronic acid (1 equiv.), PPh3


(20 mol%), Pd(OAc)2 (10 mol%), I2 (5 mol%) and K2CO3


(2.4 equiv.) were taken in a Schlenk tube and degassed. The
mixture was dissolved in a 1 : 1 mixture of THF and H2O (4 mL)
and stirred at 60 ◦C for 24 h under argon atmosphere. After the
completion of the reaction, the reaction mixture was diluted with
dichloromethane (50 mL) and washed with water (2 × 25 mL)
and saturated brine (25 mL). The organic layer was then dried over
anhydrous sodium sulfate and the solvent was evaporated in vacuo.
The residue on silica gel (60–120 mesh) column chromatography
using 20% ethyl acetate in hexane afforded the product in good
yield.


Compound 3a. Colorless viscous liquid. Rf 0.53 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3298, 3054, 2978, 2928, 2851, 1751, 1695,
1412, 1219, 1060, 943, 853, 757 cm−1. 1H NMR (300 MHz, CDCl3):
d 7.30–7.13 (m, 5H), 6.64 (s, 1H), 5.87–5.84 (m, 1H), 5.71–5.68
(m, 1H), 4.74 (d, 1H, J = 6.69 Hz), 4.25–4.12 (m, 2H), 4.00 (s,
3H), 2.72–2.59 (m, 2H), 1.31–1.21 (m, 3H), 1.04 (s, 3H). 13C NMR
(75 MHz, CDCl3): d 156.9, 155.9, 143.3, 132.7, 129.8, 128.4, 127.5,
126.5, 67.4, 62.3, 53.7, 35.1, 14.5, 14.2. MS (LR-FAB) [M + 1]
calculated for C17H22N2O4: 319.1580; found 319.1608.


Compound 3b. Colorless viscous liquid. Rf 0.34 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3296, 3052, 2983, 2934, 2857, 1744, 1714,
1681, 1514, 1465, 1386, 1236, 1174, 1060, 952, 866, 760 cm−1. 1H
NMR (300 MHz, CDCl3): d 9.95 (s, 1H), 7.36–7.35 (m, 1H), 7.19–
7.18 (m, 1H), 6.51 (s, 1H), 5.97–5.95 (m, 1H), 5.69 (m, 1H), 5.08
(m, 1H), 4.24–4.17 (m, 4H), 3.99 (s, 1H), 2.67 (m, 2H), 1.31–1.26
(m, 6H). 13C NMR (75 MHz, CDCl3): d 186.2, 158.8, 155.8, 140.7,
132.4, 130.9, 128.1, 123.7, 63.1, 62.9, 48.0, 35.2, 14.5, 14.3. MS
(LR-FAB) [M + 1] calculated for C16H20N2O5S: 353.1093; found
353.1114.
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Table 5 Palladium catalyzed ring opening of fulvene derived bicyclic hydrazines


Entry Substrate Boronic acid Product Yield (%)


1 81


2 5a 60


3 5a 43


4 5a 38


5 75


6 5b 58


7 5b 30


8 5b 40


9 67


10 63


11 5d 70


Reaction conditions: boronic acid (1 equiv.), olefin (1 equiv.), PdCl2 (10 mol%), dppe (10 mol%), I2 (5 mol%), K2CO3 (2.4 equiv.), THF–H2O (1 : 1)
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Compound 3c. Colorless viscous liquid. Rf 0.39 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3294, 3059, 2978, 2928, 2851, 1749, 1715,
1591, 1503, 1465, 1377, 1236, 1168, 1127, 1060, 946, 866, 760,
655 cm−1. 1H NMR (300 MHz, CDCl3): d 7.34–7.26 (m, 1H), 6.53
(s, 1H), 6.27–6.26 (m, 1H), 6.09 (s, 1H), 5.81 (m, 1H), 5.70 (m,
1H), 4.94–4.92 (m, 1H), 4.23–4.10 (m, 5H), 2.73–2.59 (m, 2H),
1.31–1.17 (m, 6H). 13C NMR (75 MHz, CDCl3): d 156.8, 155.8,
141.4, 130.1, 128.2, 110.2, 105.1, 67.2, 62.7, 62.4, 47.7, 35.0, 14.5,
14.3. HRMS (EI) M+ calculated for C15H20N2O5: 308.1372; found
308.1364.


Compound 3d. Colorless viscous liquid. Rf: 0.41 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3297, 3049, 2972, 2923, 2851, 1739, 1714,
1607, 1517, 1467, 1325, 1168, 1059, 757 cm−1. 1H NMR (300 MHz,
CDCl3): d 6.37 (s, 1H), 5.66–5.65 (m, 1H), 5.54–5.52 (m, 1H), 5.43–
5.40 (m, 1H), 5.38–5.27 (m, 1H), 4.57–4.55 (m, 1H), 4.21–4.12
(m, 4H), 3.65 (m, 1H), 3.29 (s, 1H), 2.55–2.46 (m, 2H), 1.69–
1.66 (m, 6H), 1.40–1.21 (m, 10H). 13C NMR (75 MHz, CDCl3): d
156.7, 156.1, 137.5, 137.2, 132.7, 128.8, 62.4, 62.1, 50.8, 40.5, 36.8,
33.1, 31.1, 26.2, 26.2, 14.4. MS (LR-FAB) [M + 1] calculated for
C19H30N2O4: 350.2206; found: 350.2223.


Compound 3e. Colorless viscous liquid. Rf 0.46 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3291, 3054, 2981, 2928, 2862, 1742, 1698,
1492, 1386, 1260, 1176, 1108, 1034, 954, 757, 700 cm−1. 1H NMR
(300 MHz, CDCl3): d 7.23–7.12 (m, 5H), 6.29 (s, 1H), 5.80–5.77
(m, 1H), 5.66–5.64 (m, 1H), 4.96–4.87 (m, 1H), 4.69–4.67 (m, 2H),
3.92 (s, 1H), 2.59–2.53 (m, 2H), 1.23–1.21 (m, 12H). 13C NMR
(75 MHz, CDCl3): d 156.5, 155.6, 143.4, 132.8, 132.2, 129.8, 128.4,
127.9, 126.5, 70.0, 69.8, 67.3, 53.7, 35.8, 22.0, 21.7. MS (LR-FAB)
[M + 1] calculated for C19H26N2O4: 347.1893; found: 347.1895.


Compound 3f. Colorless viscous liquid. Rf: 0.42 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3303, 3082, 2981, 2928, 2857, 1736, 1698,
1514, 1467, 1374, 1238, 1177, 1107, 1047, 960, 843, 741 cm−1. 1H
NMR (300 MHz, CDCl3): d 9.85 (s, 1H), 7.36–7.34 (m, 1H), 7.19–
7.17 (m, 1H), 6.49 (s, 1H), 5.96–5.95 (m, 1H), 5.70–5.64 (m, 1H),
4.98–4.92 (m, 3H), 4.24–4.17 (m, 1H), 2.65 (m, 2H), 1.33–1.28 (m,
12H). 13C NMR (75 MHz, CDCl3): d 185.9, 158.4, 155.2, 140.6,
132.4, 131.2, 128.2, 123.6, 69.9, 65.1, 61.3, 47.9, 35.1, 21.9, 21.7.
HRMS (EI) M+ calculated for C18H24N2O5S: 380.1406; found:
380.1390.


Compound 3g. Colorless viscous liquid. Rf: 0.44 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3314, 3060, 2978, 2857, 1732, 1712, 1599,
1501, 1468, 1374, 1267, 1148, 1036, 762 cm−1. 1H NMR (300 MHz,
CDCl3): d 7.32 (m, 1H), 6.61 (s, 1H), 6.25 (m, 1H), 6.08 (m, 1H),
6.00–5.85 (m, 2H), 4.96–4.94 (m, 3H), 4.15–4.08 (m, 1H), 2.65 (m,
2H), 1.28–1.24 (m, 12H). 13C NMR (75 MHz, CDCl3): d 156.4,
155.2, 142.1, 130.7, 128.5, 119.1, 110.5, 107.9, 63.5, 60.3, 47.0,
33.0, 22.1, 21.9, 20.9. HRMS (EI) M+ calculated for C17H24N2O5:
336.1685; found: 336.1670.


Compound 3h. Colorless viscous liquid. Rf 0.57 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3302, 3065, 2956, 2918, 2846, 1767, 1732,
1619, 1503, 1462, 1322, 1251, 1159, 1027, 958, 757 cm−1. 1H NMR
(300 MHz, CDCl3): d 7.26 (s, 1H), 6.52 (s, 1H), 6.28 (s, 1H), 6.08
(m, 1H), 5.87–5.86 (m, 1H), 5.48–5.46 (m, 1H), 4.90 (s, 1H), 4.07–
4.02 (m, 1H), 2.70–2.61 (m, 2H), 1.49 (s, 18H). 13C NMR (75 MHz,
CDCl3): d 155.2, 154.5, 140.6, 135.5, 128.3, 121.9, 109.6, 105.7,


82.8, 68.4, 58.3, 47.2, 37.1, 28.1. HRMS (EI) M+ calculated for
C19H28N2O5: 364.1998; found: 364.1912.


Compound 4a. Colorless viscous liquid. Rf 0.39 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3351, 3054, 2925, 2851, 1713, 1593, 1437,
1172, 1120, 1093, 954, 844, 722, 695 cm−1. 1H NMR (300 MHz,
CDCl3): d 8.53 (s, 1H), 7.51–7.43 (m, 10H), 5.87–5.84 (m, 1H),
5.74–5.72 (m, 1H), 4.78–4.76 (m, 1H), 4.21–4.18 (m, 1H), 2.75–
2.68 (m, 2H). 13C NMR (75 MHz, CDCl3): d 157.4, 156.7, 142.4,
134.5, 133.2, 132.4, 131.8, 130.6, 129.7, 129.1, 128.9, 128.7, 119.6,
65.1, 53.7, 35.2. MS (LR-FAB) [M + 1] calculated for C19H17N3O2:
320.1321; found: 320.1364.


Compound 4b. Colorless viscous liquid. Rf 0.34 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3348, 3052, 2983, 2923, 2846, 1712, 1705,
1699, 1596, 1503, 1427, 1231, 1133, 1048, 949, 845, 768, 707,
628 cm−1. 1H NMR (300 MHz, CDCl3): d 9.94 (s, 1H), 8.52 (s,
1H), 7.50–7.34 (m, 6H), 7.23–7.22 (d, 1H, J = 5.1 Hz), 6.00
(m, 1H), 5.78 (m, 1H), 5.24 (m, 1H), 4.75–4.67 (m, 1H, J =
7.8 Hz), 2.82–2.79 (m, 1H), 2.82–2.70 (m, 1H). 13C NMR (75 MHz,
CDCl3): d 186.7, 156.9, 154.6, 141.3, 136.9, 132.0, 131.6, 131.1,
130.6, 129.3, 125.8, 66.7, 46.7, 34.5. HRMS (EI) M+ calculated
for C18H15N3O3S: 353.0834; found: 353.0822.


Compound 4c. Colorless viscous liquid. Rf 0.32 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3346, 3054, 2989, 2917, 2846, 1714, 1704,
1694, 1549, 1448, 1355, 1231, 1152, 1070, 952, 823, 765, 729,
696 cm−1. 1H NMR (300 MHz, CDCl3): d 9.87 (s, 1H), 8.51 (s,
1H), 7.39–7.22 (m, 7H), 5.98 (m, 1H), 5.75 (m, 1H), 5.18–5.15 (d,
1H, J = 8.4 Hz), 4.69–4.55 (m, 3H), 2.72–2.59 (m, 2H). 13C NMR
(75 MHz, CDCl3): d 186.9, 156.9, 155.6, 136.9, 135.7, 131.9, 131.6,
130.7, 128.9, 128.9, 124.6, 67.3, 46.4, 43.2, 34.1. MS (LR-FAB)
[M + 1] calculated for C19H17N3O3S: 368.0991; found: 368.1003.


Compound 4d. Colorless viscous liquid. Rf 0.38 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3341, 3060, 2917, 2846, 1710, 1694, 1604,
1489, 1454, 1360, 1253, 1157, 1070, 986, 952, 821, 760, 696 cm−1.
1H NMR (300 MHz, CDCl3): d 8.54 (s, 1H), 7.39–7.21 (m, 10H),
5.93–5.91 (m, 1H), 5.81–5.80 (m, 1H), 4.69–4.64 (m, 3H), 3.96–
3.95 (m, 1H), 2.80–2.79 (m, 1H), 2.52–2.49 (m, 1H). 13C NMR
(75 MHz, CDCl3): d 155.3, 153.8, 141.8, 135.8, 133.1, 129.8, 129.0,
128.9, 128.4, 127.6, 127.4, 126.6, 64.8, 54.6, 43.3, 35.5. HRMS (EI)
M+ calculated for C20H19N3O2: 333.1477; found: 333.1463.


Compound 4e. Colorless viscous liquid. Rf 0.59 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3347, 3061, 2956, 2920, 2851, 1711, 1694,
1610, 1575, 1455, 1355, 1297, 1249, 1028, 949, 842, 733 cm−1. 1H
NMR (300 MHz, CDCl3): d 7.33–7.11 (m, 9H), 5.94–5.91 (m,
1H), 5.81–5.79 (m, 1H), 4.68–4.66 (m, 1H), 4.58 (s, 2H), 3.96–
3.94 (m, 1H), 3.77 (s, 3H), 2.51–2.49 (m, 1H), 2.16 (m, 1H). 13C
NMR (75 MHz, CDCl3): d 155.1, 153.6, 141.7, 132.9, 130.3, 129.6,
128.8, 128.2, 127.8, 127.3, 127.1, 126.1, 114.1, 64.5, 55.2, 54.3, 42.5,
35.3. MS (LR-FAB) [M + 1] calculated for C21H21N3O3: 364.1583;
found: 364.1610.


Compound 4f. Colorless viscous liquid. Rf 0.37 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3346, 3054, 2917, 2857, 1705, 1591, 1514,
1448, 1250, 1168, 1028, 953, 721 cm−1. 1H NMR (300 MHz,
CDCl3): d 8.55 (s, 1H), 7.68–7.43 (m, 9H), 5.85–5.83 (m, 1H),
5.71 (s, 1H), 4.67–4.62 (m, 1H), 4.55 (s, 2H), 4.05 (s, 1H), 2.69–
2.55 (m, 2H), 2.31 (s, 3H). 13C NMR (75 MHz, CDCl3): d 154.8,
153.9, 142.1, 137.5, 132.8, 132.2, 132.1, 132.0, 131.9, 131.7, 129.3,
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128.7, 128.6, 128.1, 64.7, 53.8, 42.5, 35.1, 21.2. HRMS (EI) M+


calculated for C21H21N3O2: 347.1634; found: 347.1639.


Compound 4g. Colorless viscous liquid. Rf 0.34 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3349, 3053, 2983, 2923, 2851, 1705, 1643,
1596, 1426, 1270, 1179, 1080, 965, 795, 743, 713 cm−1. 1H NMR
(300 MHz, CDCl3): d 8.55 (s, 1H), 7.48–7.46 (m, 5H), 7.36–7.33 (m,
1H), 6.28 (m, 1H), 6.09 (m, 1H), 5.89 (m, 1H), 5.81 (m, 1H), 4.96–
4.93 (m, 1H), 4.15 (s, 1H), 2.84–2.81 (m, 1H), 2.60 (m, 1H). 13C
NMR (75 MHz, CDCl3): d 154.2, 153.8, 142.1, 130.2, 129.1, 128.2,
126.8, 124.0, 119.2, 113.4, 110.1, 105.0, 61.5, 47.7, 35.3. HRMS
(EI) M+ calculated for C17H15N3O3: 309.1113; found: 309.1117.


Compound 4h. Colorless viscous liquid. Rf 0.37 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3351, 3049, 2988, 2925, 2857, 1705, 1693,
1604, 1585, 1495, 1454, 1358, 1231, 1119, 1073, 946, 781, 732,
633 cm−1. 1H NMR (300 MHz, CDCl3): d 8.54 (s, 1H), 7.38–
7.24 (m, 6H), 6.26–6.22 (m, 1H), 6.01 (d, 1H, J = 3.3 Hz), 5.86–
5.83 (m, 1H), 5.76–5.74 (m, 1H), 4.89–4.82 (m, 1H), 4.65 (s, 2H),
4.08 (m, 1H), 2.83–2.75 (m, 1H), 2.53–2.45 (m, 1H). 13C NMR
(75 MHz, CDCl3): d 155.1, 154.3, 141.9, 135.4, 130.1, 129.9, 129.0,
125.0, 124.6, 119.2, 110.3, 64.6, 47.3, 42.9, 35.2. HRMS (EI) M+


calculated for C18H17N3O3: 323.1270; found: 323.1254.


Compound 4i. Colorless viscous liquid. Rf 0.35 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3348, 3051, 2925, 2855, 1770, 1711, 1692,
1456, 1182, 784, 735 cm−1. 1H NMR (300 MHz, CDCl3): d 8.57 (s,
1H), 7.30–7.26 (m, 3H), 7.13–7.08 (m, 2H), 6.26 (s, 1H), 6.03–6.02
(d, 1H, J = 2.61 Hz), 5.88–5.86 (m, 1H), 5.77–5.71 (m, 1H), 4.89–
4.83 (m, 1H), 4.62 (m, 2H), 4.11–4.06 (m, 1H), 2.71–2.63 (m, 2H),
2.32 (s, 3H). 13C NMR (75 MHz, CDCl3): d 155.3, 154.5, 142.1,
131.3, 130.2, 129.5, 128.8, 128.4, 124.6, 115.9, 110.4, 106.9, 64.8,
47.6, 42.9, 35.4, 22.9. HRMS (EI) M+ calculated for C19H19N3O3:
337.1426; found: 337.1422.


Compound 4j. Colorless viscous liquid. Rf 0.56 (6 : 4 hexane–
EtOAc). IR (neat) mmax: 3350, 3048, 2926, 2851, 1704, 1698, 1613,
1514, 1456, 1249, 951, 842, 732 cm−1. 1H NMR (300 MHz, CDCl3):
d 8.56 (s, 1H), 7.37–7.27 (m, 3H), 7.21–7.19 (m, 2H), 6.2–6.19 (m,
1H), 5.96–5.95 (d, 1H, J = 3.3 Hz), 5.81 (m, 1H), 5.72 (m, 1H),
4.8–4.77 (m, 1H), 4.54 (s, 2H), 4.03–4.0 (m, 1H), 3.72 (s, 3H),
2.72 (m, 1H), 2.43 (m, 1H). 13C NMR (75 MHz, CDCl3): d 154.9,
153.9, 141.9, 130.2, 130.1, 130.0, 129.1, 128.4, 124.3, 114.0, 110.3,
105.5, 61.5, 55.3, 47.6, 42.5, 35.2. HRMS (EI) M+ calculated for
C19H19N3O4: 353.1376; found: 353.1355.


General experimental procedure for the synthesis of alkylidene
cyclopentenes


Bicyclic hydrazine (1 equiv.), boronic acid (1 equiv.), dppe
(10 mol%), PdCl2 (10 mol%), I2 (5 mol%) and K2CO3 (2.4 equiv.)
were taken in a Schlenk tube and degassed. The mixture was
dissolved in a 1 : 1 mixture of THF and H2O (4 mL) and stirred at
60 ◦C for 24 h under argon atmosphere. After completion of the
reaction, the reaction mixture was diluted with dichloromethane
(50 mL) and washed with water (2 × 25 mL) and saturated brine
(25 mL). The organic layer was then dried over anhydrous sodium
sulfate and the solvent was evaporated in vacuo. The residue on
silica gel (60–120 mesh) column chromatography using 20% ethyl
acetate in hexane afforded the product in good yield.


Compound 6a. White crystalline solid. Mp 136 ◦C. Rf 0.40
(3 : 1 hexane–EtOAc). IR (neat) mmax: 3362, 2980, 2924, 1753,
1717, 1596, 1487, 1407, 1382, 1298, 1221, 1122, 1056, 1028, 756,
701 cm−1. 1H NMR (300 MHz, CDCl3): d 7.39–7.19 (m, 15H),
6.53 (s, 1H), 6.15 (dd, J1 = 2.0 Hz, J2 = 5.8 Hz, 1H), 5.78–5.40
(m, 2H), 4.49–4.46 (m, 1H), 4.20–4.15 (m, 2H), 3.85–3.68 (m, 2H),
1.25 (t, J = 6.6 Hz, 3H), 1.00–0.88 (m, 3H). 13C NMR (75 MHz,
CDCl3): d 157.0, 154.9, 143.5, 142.4, 141.3, 140.2, 139.9, 135.2,
134.8, 133.3, 130.0, 129.6, 128.6, 128.2, 127.8, 127.6, 127.3, 126.8,
115.4, 70.0, 63.1, 62.1, 55.3, 14.4, 14.2. HRMS (EI) : M+ calculated
for C30H30N2O4: 482.2206; found: 482.2210.


Compound 6b. Light brown viscous liquid. Rf 0.49 (3 : 1
hexane–EtOAc). IR (neat) mmax: 3368, 2924, 2851, 1756, 1717, 1597,
1487, 1409, 1380, 1300, 1218, 1125, 1059, 968, 756, 701 cm−1. 1H
NMR (300 MHz, CDCl3): d 7.27–7.13 (m, 12H), 6.33 (s, 1H),
6.00 (s, 1H), 5.66–5.47 (m, 3H), 4.23–4.03 (m, 2H), 3.89–3.76
(m, 2H), 1.94 (m, 1H), 1.72–1.62 (m, 6H), 1.27–1.02 (m, 10H). 13C
NMR (75 MHz, CDCl3): d 157.7, 155.4, 141.6, 140.6, 137.7, 132.2,
130.2, 128.7, 128.2, 128.0, 127.2, 126.8, 124.3, 124.0, 121.8, 110.5,
69.1, 62.1, 52.5, 40.8, 33.2, 32.4, 26.4, 26.1, 14.7. HRMS (EI): M+


calculated for C32H38N2O4: 514.2832; found: 514.2848.


Compound 6c. Light brown viscous liquid. Rf 0.36 (3 : 1
hexane–EtOAc). IR (neat) mmax: 3362, 2925, 2852, 1753, 1716, 1597,
1487, 1409, 1380, 1284, 1222, 1124, 1060, 919, 757, 702 cm−1. 1H
NMR (300 MHz, CDCl3): d 7.35–7.16 (m, 12H), 6.49–6.46 (m,
1H), 6.29 (s, 1H), 6.26–6.11 (m, 2H), 5.68–5.50 (m, 1H), 4.51 (m,
1H), 4.17–4.13 (m, 2H), 3.96–3.78 (m, 2H), 1.28–1.24 (m, 3H),
1.09–0.98 (m, 3H). 13C NMR (75 MHz, CDCl3): d 158.7, 154.1,
141.8, 141.7, 137.2, 136.7, 136.5, 135.7, 135.6, 133.7, 133.1, 129.8,
129.6, 128.7, 128.5, 128.2, 128.1, 127.7, 110.3, 78.4, 63.2, 62.2, 55.3,
49.2, 14.3. HRMS (EI): M+ calculated for C28H28N2O5: 472.1998;
found: 472.1926.


Compound 6d. Light brown viscous liquid. Rf 0.24 (3 : 1
hexane–EtOAc). IR (neat) mmax: 3368, 3291, 2982, 1716, 1671, 1596,
1487, 1405, 1383, 1298, 1233, 1124, 1057, 754, 702 cm−1. 1H NMR
(300 MHz, CDCl3): d 10.28 (s, 1H), 7.38–7.16 (m, 12H), 6.61 (dd,
J1 = 4.6 Hz, J2 = 17.7 Hz, 1H), 6.15 (s, 1H), 5.91–5.71 (m, 2H),
5.50–5.42 (m, 1H), 4.21–4.18 (m, 2H), 3.86–3.71 (m, 2H), 1.29–
1.25 (m, 3H), 1.05–0.96 (m, 3H). 13C NMR (75 MHz, CDCl3): d
185.6, 156.2, 154.4, 141.3, 140.7, 139.5, 137.6, 137.2, 134.3, 129.8,
129.7, 128.7, 128.2, 127.6, 126.7, 123.8, 113.8, 70.6, 62.5, 62.0, 49.0,
14.3. MS (LR-FAB): m/z calculated for C29H28N2O5S: 516.1719;
found: 539.05 (M + Na+).


Compound 6e Colorless. Viscous liquid. Rf 0.49 (3 : 1 hexane–
EtOAc). IR (neat) mmax: 3362, 2981, 1750, 1721, 1599, 1471, 1401,
1300, 1247, 1177, 1108, 1029, 957, 756, 701 cm−1. 1H NMR
(300 MHz, CDCl3): d 7.41–7.18 (m, 15H), 6.51 (dd, J1 = 2.2 Hz,
J2 = 6.1 Hz, 1H), 6.16–6.11 (m, 1H), 5.73–5.41 (m, 2H), 4.96–4.93
(m, 1H), 4.55–4.40 (m, 2H), 1.30–1.25 (m, 6H), 1.06–0.76 (m, 6H).
13C NMR (75 MHz, CDCl3): d 157.3, 155.3, 140.6, 139.0, 134.7,
134.2, 133.7, 133.2, 130.0, 128.5, 128.1, 127.9, 127.7, 127.1, 126.8,
69.8, 69.1, 61.6, 55.3, 22.1, 21.5. HRMS (EI): M+ calculated for
C32H34N2O4: 510.2519; found: 510.2537.


Compound 6f. Light yellow viscous liquid. Rf 0.58 (3 : 1
hexane–EtOAc). IR (neat) mmax: 3362, 2924, 2852, 1747, 1716, 1597,
1469, 1385, 1300, 1181, 1110, 1028, 966, 756, 701 cm−1. 1H NMR


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 4010–4019 | 4017







(300 MHz, CDCl3): d 7.35–7.10 (m, 10H), 6.31 (d, J = 5.5 Hz, 1H),
6.02–6.01 (m, 1H), 5.53–5.41 (m, 3H), 4.95–4.85 (m, 1H), 4.74–
4.57 (m, 1H), 4.50 (bs, 1H), 1.94 (bs, 1H), 1.73–1.69 (m, 6H), 1.33–
1.05 (m, 11H), 0.96–0.88 (m, 5H). 13C NMR (75 MHz, CDCl3): d
157.7, 155.5, 141.5, 140.3, 137.3, 132.2, 130.0, 129.8, 129.7, 129.0,
128.4, 127.9, 127.3, 126.9, 124.4, 124.0, 119.2, 114.3, 70.3, 69.8,
66.5, 52.4, 40.8, 33.0, 31.9, 30.3, 26.5, 26.3, 22.7, 22.1. HRMS (EI):
M+ calculated for C34H42N2O4: 542.3145; found: 542.3154.


Compound 6g. Brownish yellow viscous liquid. Rf 0.47 (3 :
1 hexane–EtOAc). IR (neat) mmax: 3368, 2981, 2934, 1750, 1715,
1597, 1443, 1385, 1298, 1227, 1178, 1108, 1031, 957, 756, 701,
598 cm−1. 1H NMR (300 MHz, CDCl3): d 7.35–7.19 (m, 12H),
6.46–6.44 (m, 1H), 6.30–6.21 (m, 2H), 6.13–6.00 (m, 1H), 5.77–
5.53 (m, 2H), 4.89 (m, 1H), 4.61–4.56 (m, 1H), 1.24–0.86 (m, 12H).
13C NMR (75 MHz, CDCl3): d 156.1, 155.3, 141.5, 140.8, 137.2,
136.9, 136.5, 135.2, 132.9, 132.1, 130.2, 129.9, 128.2, 127.9, 127.7,
127.5, 127.3, 127.1, 126.8, 110.2, 105.3, 70.1, 69.8, 64.4, 49.5, 22.6,
21.9. MS (LR-FAB): m/z calculated for C30H32N2O5: 500.2311;
found: 523.35 (M + Na+).


Compound 6h. Yellow viscous liquid. Rf 0.33 (3 : 1 hexane–
EtOAc). IR (neat) mmax: 3368, 2978, 2928, 1716, 1682, 1597, 1468,
1386, 1314, 1234, 1179, 1105, 1028, 754, 702 cm−1. 1H NMR
(300 MHz, CDCl3): d 10.29 (s, 1H), 7.47–7.16 (m, 12H), 6.62
(d, J = 5.0 Hz, 1H), 6.15–6.13 (m, 1H), 5.75 (m, 1H), 5.62–5.42
(m, 2H), 4.93 (m, 1H), 4.54 (m, 1H), 1.28–1.21 (m, 6H), 1.06–0.91
(m, 6H). 13C NMR (75 MHz, CDCl3): d 186.2, 156.1, 154.0, 141.6,
140.8, 136.2, 135.7, 133.6, 133.0, 129.8, 129.6, 128.9, 128.7, 128.5,
128.4, 128.2, 128.0, 127.6, 127.5, 127.4, 127.0, 70.9, 70.2, 66.3,
48.6, 21.8, 21.7. MS (LR-FAB): m/z calculated for C31H32N2O5S:
544.2032; found: 567.47 (M + Na+).


Compound 6i. Brownish yellow viscous liquid. Rf 0.58 (3 : 1
hexane–EtOAc). IR (neat) mmax: 3362, 2979, 1748, 1714, 1599, 1478,
1368, 1248, 1155, 944, 853, 756, 701 cm−1. 1H NMR (300 MHz,
CDCl3): d 7.46–7.16 (m, 15H), 6.51 (d, J = 4.3 Hz, 1H), 6.18–
6.12 (m, 1H), 5.66–5.35 (m, 2H), 4.51–4.43 (m, 1H), 1.67–1.08 (m,
18H). 13C NMR (75 MHz, CDCl3): d 157.0, 157.0, 154.9, 142.4,
140.0, 138.0, 136.9, 133.4, 131.7, 130.0, 128.3, 128.0, 127.7, 127.0,
126.5, 117.9, 81.0, 64.6, 54.9, 30.7, 28.6, 28.3. HRMS (EI): M+


calculated for C34H38N2O4: 538.2832; found: 538.2870.


Compound 6j. Colorless viscous liquid. Rf 0.49 (3 : 1 hexane–
EtOAc). IR (neat) mmax: 3363, 2958, 1750, 1722, 1599, 1491, 1457,
1405, 1292, 1265, 1216, 1130, 1029, 850, 739, 700 cm−1. 1H NMR
(300 MHz, CDCl3): d 7.38–7.16 (m, 25H), 6.82 (s, 1H), 6.53 (s,
1H), 6.17–6.01 (m, 1H), 5.52 (bs, 1H), 5.19–5.04 (m, 2H), 4.90–
4.84 (m, 1H), 4.66 (m, 1H), 4.51 (s, 1H). 13C NMR (75 MHz,
CDCl3): d 157.2, 154.1, 140.5, 137.8, 135.8, 132.2, 130.2, 129.9,
128.8, 128.5, 128.2, 128.1, 127.6, 127.4, 124.2, 111.3, 76.8, 70.3,
67.9, 68.1. HRMS (EI): M+ calculated for C40H34N2O4: 606.2519;
found: 606.2532.


Compound 6k. Light brown viscous liquid. Rf 0.55 (3 : 1
hexane–EtOAc). IR (neat) mmax: 3363, 3060, 2924, 2851, 1753,
1722, 1597, 1490, 1446, 1406, 1298, 1259, 1215, 1128, 1043, 971,
922, 754, 699 cm−1. 1H NMR (300 MHz, CDCl3): d 7.36–7.16 (m,
20H), 6.32 (s, 1H), 6.04–5.89 (m, 2H), 5.57 (m, 2H), 5.13–5.04 (m,
3H), 4.92–4.72 (m, 2H), 2.03–1.60 (m, 5H), 1.33–0.88 (m, 6H). 13C
NMR (75 MHz, CDCl3): d 156.3, 153.2, 140.5, 137.8, 135.9, 132.2,


130.1, 129.9, 128.7, 128.6, 128.2, 128.1, 127.9, 127.3, 124.9, 116.1,
68.3, 68.1, 68.0, 52.6, 40.8, 32.1, 31.0, 30.5, 26.6, 26.3, 22.9. HRMS
(EI): M+ calculated for C42H42N2O4: 638.3145; found: 638.3174.
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The methylene-linked bis{guanidine}, H2C{hpp}2 (hppH =
1,3,4,6,7,8-hexahydro-2H -pyrimido[1,2-a]pyrimidine), dis-
plays nucleophilic activity towards organic halides, including
the activation of dichloromethane under ambient conditions
affording the cyclic dication, [H2C{hpp}2CH2]2+[Cl]2.


1,3,4,6,7,8-Hexahydro-2H-pyrimido[1,2-a]pyrimidine (hppH) is a
strong, non-nucleophilic base with a pKa of 25.98 in MeCN.1 Its
bicyclic framework, along with that of other polycyclic guanidines
and amidines, has been used as a convenient scaffold for the
development of chiral organocatalysts that continue to be applied
to a number of key transformations.2 Whilst the chemistry of
the related amidine 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) is
also dominated by high basicity,3 (pKa{MeCN} 24.33),1 several
“unusual” reactions have been reported in which nucleophilic
behaviour predominates.4 These reactions generally proceed via
Namidine–element bond formation, and examples involving both
activated organic,5 and main group6 electrophiles have been
cited in the literature. Given the recent interest in hppH, DBU
and related cyclic amidines as organocatalysts for ring-opening
polymerization,7 and our recent observation of the nucleophilic
activity of the hpp-group at phosphorus centres,8 we feel it timely
to report a recent observation involving the nucleophilic activity
of the linked bis{guanidyl} system, H2C{hpp}2 (1),9 towards
organohalides, including dichloromethane.


During studies of the coordination of 1 at neutral9 and
cationic10 metal centres, it was noted that a CD2Cl2 solution
of 1 deposited colourless, prismatic crystals (2a) upon standing
at room temperature. X-Ray diffraction† indicated formation
of [H2C{hpp}2CX2][Cl]2 (X = H or D), in which both of the
imine N-atoms are incorporated in an unusual dicationic, C4N4-
heterocycle (Scheme 1). Whilst related quaternization of amino
nitrogen atoms to afford imidazolodinium dications has been
reported,11 nucleophilic activity of hpp-based systems has not been
studied in detail,12 and the activation of dichloromethane by such
systems has hitherto not been reported.


Crystallographic data are unable to determine between bridging
CH2 and CD2 groups in 2a; however, 1H NMR integral values were


aDepartment of Chemistry, University of Sussex, Falmer, Brighton, UK BN1
9QJ. E-mail: m.p.coles@sussex.ac.uk; Fax: +44 (0)1273 677196; Tel: +44
(0)1273 877339
bDepartment of Chemistry and Biochemistry, University of Notre Dame,
Notre Dame, IN 46556-5670, USA
† Electronic supplementary information (ESI) available: Experimental
procedures and characterizing data for all new compounds; crystallo-
graphic data (CIF) for 1, 2a-D2, 2b, 4b (CCDC reference numbers 617399–
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Scheme 1


consistent with only one unit containing hydrogen.‡ The correct
formula of the isolated crystals is therefore [H2C{hpp}2CD2][Cl]2


(2a-D2),13 verified by [2H]-NMR spectroscopy in which inequiva-
lent deuterium resonances at d 5.05 and 4.13 ppm were observed.
13C NMR data support this formulation; a multiplet is observed
at d 47.3 ppm comprising overlapping CH2 and CD2 signals, with
an observable secondary isotope shift (9 ppb) to the a-methylene
carbon of the guanidine. The predominant ions in the electrospray
mass spectra correspond to a cation : anion ratio of 2 : 3, with
exact masses (2a-H2, 715.324; 2a-D2, 719.017) also consistent with
partial deuteration in 2a-D2.


NMR studies of the protio-compound (2a-H2) showed that the
bridging methylene groups resonate as two AB spin-systems (4.4 :
1 ratio) indicative of an asymmetric environment for this group in
solution. There is no exchange between the doublets in the major
species, assigned to a rigid chair14 conformation with pseudo-
axial and -equatorial hydrogens. Exchange between the major and
minor conformers is a relatively high energy process, only detected
in solution at temperatures greater than 90 ◦C.


To ascertain whether the chloride counter-ions were associated
with the different conformeric forms of 2a, anion metathesis was
conducted with NaBPh4, affording [H2C{hpp}2CH2][BPh4]2 (2b).†
NMR spectroscopic analysis, however, indicated identical solution
behaviour (major : minor ratio of 4.5 : 1), suggesting the adoption
of different conformers is independent of the anion. These solution
data contrast those for [Me2Si{hpp}2SiMe2][Cl]2 in which the
silicon-methyls resonate as a singlet,15 reflecting a more flexible
ring system in the disiladiguanidinium cation, or processes that
involve rupture of the Si–N bond.16


The molecular structure of 1† (Fig. 1a) shows bond distances
consistent with localized single- and double-bonds within the
N1–C1–N2 fragment. The remaining C1–N3 bond is of an
intermediate order [1.378(2) Å] which is indicative of partial
delocalization throughout the core of the guanidyl moiety. In
contrast, the bond lengths within the ‘CN3’ core of the dication
of 2a-D2 indicate symmetrical bonding across N1–C1–N2, with a
greater contribution to double bond character in the remaining
C1–N3 bond [1.324(3) Å]. The chloride counter-ions are located
above and below the C1–N3 ‘double’ bond (Fig. 1b), with closest
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Fig. 1 Molecular structure of (a) H2C{hpp}2 (1) and (b) [H2C{hpp}2-
CD2][Cl]2 (2a-D2). Selected bond lengths (Å): 1 C1–N1 1.394(2), C1–N2
1.288(2), C1–N3 1.378(2); 2a-D2 C1–N1 1.343(3), C1–N2 1.358(3), C1–N3
1.324(3), N1–C8′ 1.459(3), N2–C8 1.477(3).


contacts of 3.26 Å and 3.35 Å to C1 and N3, respectively; one
equivalent of dichloromethane per formula unit is also present,
hydrogen-bonded to each chloride ion. The molecular structure
of 2b† reveals the same trends in C–N bond lengths.


As the conformational differences within the different forms
of 2 were not immediately apparent, we have analyzed the
characteristics of the dicationic component computationally, by
means of geometry optimizations at a B3LYP/6-31+G** level
of theory.17 Several minima were identified in the potential
hypersurface (Fig. 2); the nature of these singular points were
determined through the calculation of second derivatives.


Fig. 2 Computationally determined conformations for the dication,
[H2C{hpp}2CH2]2+, with reported free energy differences calculated at
325 K. Twist angles reported between mean CN3 planes of each
hpp-moiety.


Consistent with solid-state data, the lowest energy structure (A)
approximates to a chair conformation with clearly defined axial
and equatorial environments for the bridging methylene protons.
A second minimum (C) was identified at only +3.0 kcal mol−1


higher energy, closely resembling a twist-boat conformation in
which both bridging methylene groups are on the same side of the
mean C2N4-heterocyclic plane. These conformational changes are
accompanied by notable twisting of the central heterocycle and
significant displacement of the annular methylene groups within
the C4N2-guanidinyl rings, responsible for off-setting any strain
induced in this structure.18


Our attention then focused on the ‘chair-to-twist-boat’ conver-
sion, which has an energy difference large enough to allow the
spectroscopic detection of both species in solution. Initial results
indicated that interconversion between the different solution
species was not due to cleavage of the central ring, as this
process implies an energy close to 60 kcal mol−1. A transition-
state structure (B) was identified at +22.1 kcal mol−1 relative to the
chair minimum, with a more pronounced boat-like conformation.
This energy barrier reflects the high temperatures necessary to
interconvert the two conformers observed in solution. Although
these results preclude the influence of anion and/or solvent
interactions with the cation, they clearly illustrate the presence
of several stable conformers for the heterocycle.


The further reactivity of bis{guanidine} 1 was briefly explored
by surveying its reaction with a series of alkyl halides (Scheme 2).†
The products [H2C{hppR}2][X]2, formed with excess MeI (3
R = Me, X = I) and PhCH2Br (4a R = CH2Ph, X = Br;
4b R = CH2Ph, X = BPh4), are as expected. Reaction with
excess 2-iodopropane (NMR scale, CD3CN) proceeded via an
elimination pathway (100% conversion in 15 h) with formation of
propene and the iodide salt of the known protonated guanidinium,
[H2C{hppH}2]2+ (5).10 The crystal structure of 4b† confirms
formation of the acyclic dication containing N-bonded benzyl
groups at each guanidinium. The carbon–nitrogen bond lengths
are comparable to those found in 2a-D2, with essentially equal
N1/5–C1/9–N2/4 distances [av. 1.350 Å]; the remaining bond to
the central carbon is once again shorter [av. 1.328 Å].


Scheme 2


In conclusion, the present study demonstrates the nucleophilic-
ity of the linked bis{guanidine} 1 under ambient conditions,
leading to the formation of dicationic guanidinium-containing
products. Further studies on the nucleophilic behaviour of this
compound will be presented in future publications.
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Notes and references


‡ 2a-H2: 1H NMR (500 MHz, D2O, 298 K): major isomer: d 5.15 and 4.22
(d, 2JHH = 15.6 Hz, exocyclic CH2) ppm. Minor isomer: d 5.31 and 4.31
(d, 2JHH = 15.8 Hz, exocyclic CH2) ppm. The remaining methylene groups
of the bicyclic framework overlap in the following regions: d 3.43 (m, 4H,
hpp-CH2), 3.29 (m, 8H, hpp-CH2), 3.20 (m, 4H, hpp-CH2), 1.88 (m, 8H,
hpp-CH2) ppm. 13C NMR (125 MHz, D2O, 298 K): d 160.8 (CN3), 152.0
(CN3), 74.8 (exocyclic CH2), 68.1 (exocyclic CH2), 47.5 (hpp-CH2), 47.4
(hpp-CH2), 47.2 (hpp-CH2), 21.4 (hpp-CH2), 21.1 (hpp-CH2) ppm. 2a-D2:
[2H]-NMR (76.8 MHz, D2O, 298 K): 5.05 (br, CD2), 4.13 (br, CD2) ppm.
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