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The conformational preferences of thiohydroxamic acids (N-hydroxythioamides) are investigated by the
density functional B3LYP/6-311++G(3df,3pd)//B3LYP/6-31G(d) method in this work. Unlike
hydroxamic acids, the thione and thiol forms are found to be equally stable in the gas phase, and the
reaction pathways for the interconversion between the thione and thiol forms have been deduced to
involve rotation about the C=N bond of the thiol tautomer in the rate-determining step. The effect of
aqueous solvation on the reactions has also been investigated. It is found that inclusion of a few explicit
water molecules in an implicit solvent calculation is necessary in order to accurately account for
hydrogen bonding effects. Thiohydroxamic acids, like their hydroxamic acid analogues, are found to be
N-acids, both in the gas phase and in aqueous solution.


Introduction


Thiohydroxamic acids [RC(=S)NR′OH] (N-hydroxythioamides),
like their hydroxamic acid counterparts, play important roles
in analytical and biological chemistry.1 This interesting class of
compounds contains a four-atom unit with the diverse atoms Csp2 ,
S, N and O. The presence of three electronegative atoms, S, N and
O, ensures that they have interesting properties. For example, they
can act as powerful bidentate ligands, utilizing the S and O atoms,
and have found applications in the analytical determination of
several metal ions.2,3 They are also used in nature for the transport
of many metal ions.3 O-acyl derivatives of thiohydroxamic acids
are efficient precursors of C, S, N, or P radicals.1,4


This class of compounds is ubiquitous in nature, being found
in diverse sources. N-Methyl-N-thioformylohydroxylamine, or N-
methyl thioformohydroxamic acid (R′ = Me), customarily called
thioformin, is a bioligand that plays an important role in Fe(III)
ion transport through the cell membrane to cells of algae, fungi
and bacteria.5 This function is usually carried out by hydroxamic
acids, and thioformin appears to be the only thiohydroxamic acid
siderophore discovered so far. Pseudomonas fluorescens produces
two antibiotics: fluopsin C and fluopsin F,6–8 which are complexes
of Cu(II) and Fe(III), respectively. These antibiotics exhibit high
biological activity in relation to both Gram-positive and Gram-
negative bacteria. Although SAR studies9,10 were performed on a
number of thioformin derivatives with different R′ groups, none
of these has found practical applications because of their toxicity.


Like the corresponding hydroxamic acids, thiohydroxamic
acids may exist in the two tautomeric forms: 1, thione (N-
hydroxythioamide) or 2, thiol (N-hydroxythioimide). The latter
are usually referred to as thiohydroximic acids.
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Although solid state11 and NMR studies reveal that the equi-
librium is dominated towards the left, derivatives of 2 are much
more common in nature. Sulfated S-glucosyl thiohydroximates are
biosynthesized by plants belonging to various families, e.g. Cru-
ciferae (mustard), nasturtium, etc., and are present in vegetables
like cabbage, cauliflower and brussels sprouts.


Many thiohydroxamic and thiohydroximic acids have found
applications as biocidal compounds in relation to bacteria, mites,
fungi, insects and weeds. They have also been used as antiperspi-
rants and antihypertensive agents, as inhibitors of enzymes, and as
drugs for treatment of leukaemia. Thiohydroxamic acids have also
been used to counteract the effect of war toxins and to alleviate
paralysis.


In spite of these uses, very little is known about their structure,
and few computational studies have been reported.12,13 In view of
the biological and other importance of this class of compounds,
we have made a systematic study of thiohydroxamic acids. For
hydroxamic acids, our previous work14 had indicated that the
calculated relative stabilities are dependent on the basis set chosen
for the study. Thus, differences of the order of 2 kcal mol−1


for the tautomers, and much larger differences in the case of
anion relative energies, were detected from a relative study of
basis size dependence, although the energy difference is relatively
insensitive to the geometry. Even the order of stabilities is not
correctly calculated at the 6-31G(d) level, reinforcing the belief
that polarization and diffuse functions are to be compulsorily
included, particularly in the case of anion studies.


Herein, we first report the results of a systematic study of
the structure of N-hydroxythioformamide (thioformohydroxamic
acid). We have also determined the relative acidities and stable
configurations and tautomers of neutral and deprotonated N-
thioformamide. It was then substituted at the carbon and nitrogen
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atoms, respectively, by a methyl group to determine the effect of
methyl substitution at these positions.


Computational details


We first carried out calculations on the relative stabilities of the
various tautomeric forms of N-hydroxythioformamide, and then
studied the reaction paths leading from one to the other. Calcula-
tions were then repeated for its aqueous solution to see the effect
of solvent on the relative stabilities and rotational barriers. Similar
calculations were performed for the thioformohydroxamate anion
to decide whether thioformohydroxamic acid is an N-acid or an
O-acid.


The DFT calculations were performed with the B3LYP three-
parameter density functional, which includes Becke’s gradi-
ent exchange correction15 and the Lee–Yang–Parr correlation
functional.16,17 The geometries of all conformers, products and
transition states were fully optimized at the B3LYP/6-31G(d) level
of theory. This was followed by harmonic frequency calculations
at this level. Single-point calculations were then performed at the
B3LYP/6-311++G(3df,3pd) level for the geometries optimized at
the B3LYP/6-31G(d) level. The SCF = Tight option was used in
these calculations, performed using Gaussian 03 Revision B.5.18


The calculated B3LYP/6-31G(d) vibrational frequencies were
used to confirm the nature of all stationary point structures and to
account for the zero-point vibrational energy contribution, which
was scaled19 by a factor of 0.9806; the vibrational frequencies
were scaled by a factor of 0.9614. The NBO method20 was used to
identify the best Lewis structure representations of the thione and
thiol tautomers.


Aqueous phase calculations


The influence of solvation on the relative stability of conformers
was studied at two levels: firstly with discrete water molecules, and
secondly by examining the effect of bulk solvent using a continuum
model. For the first type of calculations, the starting positions of
water molecules were carefully selected. First, the desired tautomer
was placed in a periodic cubic box of side 18.7 Å, containing
216 TIP3P21 water molecules. Using a QM/MM method, with
the substrate treated quantum mechanically using the PM3
Hamiltonian,22 and the solvent molecules using the AMBER force
field23 with PM3 charges, the box was equilibrated, applying peri-
odic boundary conditions. A relatively short molecular dynamics
simulation (10 ps) of the solvent molecules using the AMBER
force field was performed. After a geometry optimization, all water
molecules within 5 Å of the substrate molecule were retained, and a
geometry optimization again performed. In all cases, it was found
that only three such water molecules remained hydrogen-bonded
to the tautomer in question. These calculations were performed
using the Hyperchem 6.0 software suite.24


The influence of bulk solvent was studied by the polarized
continuum model (PCM),25 with the dielectric constant (e) taken
as 78.39 for water at 298.15 K. PCM incorporates electrostatic,
dispersion and repulsion contributions to the molecular free
energy and cavitation energy. The geometries were fully optimized
with respect to the energy with the 6-31G(d) basis set, and single
point calculations for the relative energies were performed with
the 6-311++G(3df,3pd) basis set.


Results and discussion


Detailed geometrical parameters, vibrational frequencies, ener-
gies, and other data are available as electronic supplementary
information.†


Besides the thione (1) and thiol (2) forms, a charge-separated
form 3 is also possible:.13


Rotation about the double bond is possible in 2, giving rise to
the Z and E forms:


Besides these two structures, different orientations of the S–H
and O–H bonds lead to four rotamers for each.


In 1, too, it is expected that delocalization in the –C(=S)–N–
system causes double bond character in the C–N bond system. In
this case, too, there are different orientations of the O–H hydrogen:


N-Hydroxythioformamide


Relative energies. In Table 1, we report the calculated relative
energies of the various structures. Some of the possible structures
did not converge, and only the relative energies of the ones that
did converge are given in the table. Most of the structures were
found to be planar, except 1E, in which the mutual repulsion
of the O–H and C–H protons causes the structure to become
nonplanar. Starting with a planar initial geometry, a structure for
1E was obtained that possesses an imaginary vibrational frequency
(471 cm−1), corresponding to out-of-plane movement of nitrogen.
Further optimization, allowing the nitrogen to move out of plane,
led to a structure having all-real vibrational frequencies, in which
the nitrogen adopts a pyramidal orientation. The thiol forms (2)
are expected to be planar because of the C=N double bond. The
planar structure of 1Z points towards conjugative effects that give
double bond character to the C–N bond.


In the text, the nomenclature 1Z, 1E, 2Z, 2E and 3 is used
to denote the most stable rotamer of each tautomer, i.e., 1Zc,
1Et, 2Ztc, 2Etc, and 3tc, respectively. The relative energies follow
the order 2Z ≈ 1Z < 2E < 1E < 3. This order agrees with
that obtained at the MP2/6-31++G**//MP2/6-31 + G** level,13


although the difference in energies between 2Z and 1Z reported
in the latter calculations is much higher. This can be traced to
the smaller value (0.921) that was used by them13 for scaling the
zero-point energies. The calculated relative stability order favours
the Z forms over the E forms. This is in contrast to the situation
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Table 1 B3LYP/6-311++G(3df,3pd)//B3LYP/6-31G(d) gas-phase rel-
ative energies and aqueous solution relative free energies of the various
stationary points on the gas phase N-hydroxyformamide potential energy
surface


Relative energy/kcal mol−1


Systema Gas Solution


1Zc 0.0b 0.0c


1Et 4.0 0.5
2Ztc −0.1 5.4
2Ztt 0.7 3.9
2Zct 6.4 —
2Etc 2.7 7.5
2Ett 3.3 7.6
2Ecc 7.8 10.4
2Ect 8.5 10.5
3tc 8.8 9.8
3cc 16.0 13.7
3tt 11.5 8.9
3ct 13.5 14.4
TS1 23.4 25.2
TS2 34.5 46.8
TS3 50.2 62.4
TS4 49.6 64.8
1Z-Nanion 328.7 291.2
1Z-Oanion 342.9 293.9
1E-Oanion 337.6 295.2
2Z-Sanion 338.1 292.2
2E-Oanion 358.0 315.8
2E-Sanion 337.8 365.1


a See Scheme 1. b ZPVE-corrected energy = −568.070321 hartree. c Free
energy = −568.133414 hartree.


Scheme 1


for formohydroxamic acid,14 where the two keto forms were found
to be definitely preferred over the iminol tautomer.


Both the Z forms are stabilized by intramolecular hydrogen
bonding. While the hydrogen bond in 1Z is of the S · · · H–O kind,
that in 2Z is S–H · · · O. The latter is not possible in hydroxamic
acids because of geometric restrictions, as the O–H bond is shorter
than the S–H bond. The charge-separated structure 3 is found to
be least stable.


It may be noted that many of the structures have energies within
3 kcal mol−1 of the global minimum 2Z, and so exist in equilibrium
in the gas phase at room temperature. Thus 1Z, 2Ztc and 2Ztt
are present to the extent of 40%, 47% and 12%, respectively, and
the thiol forms therefore dominate in the gas phase. Moreover,
all these structures have the right orientation for forming chelates
with metal ions.


Vibrational frequencies. The stability found for the thiol form,
however, does not conform to conclusions based on IR analysis26


in the solid state, which showed no evidence of the expected S–
H stretching band near 2600 cm−1. According to the authors,
although it had been earlier reported27 that weak S–H bands
are observed in solutions of thiohydroxamic acids, the bands
disappeared on careful purification and recrystallization. It was
therefore surmised that the thiohydroximic acid tautomer does
not exist. The calculated spectrum for 2Z, depicted in Fig. 1, also
does not exhibit any band in this region.


Perusal of the computed vibrational frequencies (Table 2)
reveals that there is a band at 2598 cm−1, but its intensity is very low
and it is dwarfed by the N–O stretching band at 907 cm−1. Thus, the
experimental IR spectrum does not rule out the existence of the 2Z
tautomer. The small intensity of the S–H band can be understood
from a natural population analysis. The calculated partial atomic
charges on S and H are −0.005 and 0.170, respectively. Thus the
dipole moment and its derivative for this bond are small, and
this explains the low intensity of its stretching band. In contrast,
the corresponding charge densities on the O and H atoms for the
hydroxamic acid analogue are −0.695 and 0.510, respectively, and
the O–H stretching band at 3527 cm−1 has an intensity of 57 km
mol−1. However, the calculated Raman intensity of this band is
high, and hence this band should be observable in the Raman
spectrum.


The calculated vibrational frequencies are in agreement with
the assignment of the experimental infrared spectra for thiohy-
droxamic acids in carbon tetrachloride solutions.27 The authors
reported the observation of the S–H stretching frequency at
∼2600 cm−1, and three bands in the high frequency region over


Table 2 Calculated vibrational frequenciesa for the 1Z and 2Z tautomers


1Z 2Z


Intensity/km mol−1 Intensity/km mol−1


m̃/cm−1 IR Raman m̃/cm−1 IR Raman


224 104 1 215 54 4
249 11 3 245 1 3
394 128 4 358 79 4
468 7 0 502 24 0
662 17 5 602 11 3
847 7 1 705 48 5
884 8 17 825 20 2
989 162 0 907 131 9
1235 32 11 944 30 9
1385 77 6 1288 19 10
1422 168 12 1336 90 4
1554 50 8 1623 42 10
3029 (C–H) 15 122 2598 (S–H) 1 74
3230 (O–H) 67 70 3097 (C–H) 5 94
3510 (N–H) 128 138 3617 (O–H) 83 140


a Scaled by 0.9614.
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Fig. 1 Computed infrared spectrum of the 2Z tautomer.


3200 cm−1. All the four bands were found to be sensitive to deuter-
ation, suggesting that they all correspond to stretchings of bonds
involving hydrogens. These observations can only be reconciled by
the presence of both tautomers in solution. The authors assigned a
broad band at 3220–3230 cm−1 to the associated O–H bond of 1Z,
while the two non-associated bands at 3580 cm−1 and 3405 cm−1


were assigned, respectively, to the O–H and N–H bands of 2Z and
1Z, in agreement with assignments based on DFT calculations
(Table 2). The red shift of the O–H stretching frequency of 1Z
and the decrease in its intensity due to hydrogen bonding is clearly
apparent from the calculated values given in Table 2. However, the
IR spectrum for the solid state does not show the presence of the
S–H band,26,27 indicating that the thione tautomer is stabilized in
the solid state by intermolecular association.


Natural bond orbital (NBO) analysis. Table 3 gives an NBO
analysis20 of the 1Z tautomer. The outstanding observation is the
transfer of electron density from the nitrogen lone pair to the
C1=S5 p* orbital, resulting in a delocalization of charge in the
NCS region. This causes double bond character in the CN bond
(the calculated Wiberg28 bond order is 1.36). The O4 lone pair also
contributes a small amount of electron density to the C1=S5 p*
orbital, decreasing the bond order of this bond to 1.56. The small
interaction between H7 and sulfur (bond order = 0.04) indicates
weak hydrogen bonding in this tautomer. This is possibly because
of the delocalization in the S–C–N–O bond system, which diverts
electron density away from the in-plane sulfur lone pairs.


The previous sections indicated that, in contrast to formohy-
droxamic acid, the thiol form 2Z is more stable in the gas phase
for thioformohydroxamic acid. This difference has been ascribed13


to the weaker C=S bonding compared to C=O. However, the
calculated Wiberg C=S bond order (1.65) is similar to the C=O
bond order in the corresponding hydroxamic acid (1.62).


Table 3 NBO analysis of the 1Z tautomer


Energy/eV Occupancy Orbital Centre %


−0.696 1.99 n1(S5) S5 100
−0.694 1.98 r(C1–S5) C1 58.78


S5 41.22
−0.682 1.99 n1(O4) O4 100
−0.574 1.97 r(C1–H3) C1 62.81


H3 37.19
−0.346 1.93 n2(O4) O4 100
−0.307 1.59 n1(N2) N2 100
−0.288 2.00 p(C1–S5) C1 30.04


S5 69.96
−0.208 1.87 n2(S5) S5 100
−0.083 0.47 p*(C1–S5) C1 69.96


S5 30.04


The NBO analysis of 2Z is given in Table 4. In this case, the
oxygen and sulfur lone pairs donate charge density into the C–N


Table 4 NBO analysis of the 2Z tautomer


Energy/eV Occupancy Orbital Centre %


−0.685 1.99 n1(O4) O4 100
−0.661 1.99 r(C1–S5) C1 52.39


S5 47.61
−0.634 1.99 n1(S5) S5 100
−0.570 1.99 r(S5–H7) S5 58.71


H7 41.29
−0.556 1.97 r(C1–H3) C1 62.50


H3 37.50
−0.433 1.93 n1(N2) N2 100
−0.346 2.00 r(C1–N2) C1 44.19


N2 55.81
−0.326 1.91 n2(O4) O4 100
−0.259 1.86 n2(S5) S5 100
−0.004 0.22 p*(C1–N2) C1 55.81


N2 44.19
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p* orbital, reducing the C=N bond order to 1.825. There seems
to be absence of hydrogen bonding, as the H · · · O bond order is
only 0.01.


Intramolecular proton transfer


We also calculated the potential energy profiles for the reaction
paths for intramolecular proton transfer of thioformohydroxamic
acid tautomers (see Fig. 2 and 3). The relative energies of
the transition states are reported in Table 1. The first reaction
considered was the transformation of the stable thione form 1Z to
the thiol 2Z. This entails the transfer of the O–H proton to sulfur
and the N–H proton to oxygen. If the former were to occur first,
this would entail the intervention of 3 as an intermediate. However,
no transition state for this step could be found. A similar situation
was found for pyruvic acid, where the transition state leading to a
hydroxyl carbene could not be located29 because of the absence of
any overlap between the migrating proton and the oxygen to which
it should migrate to yield the product. Here, as the proton has a
greater affinity for oxygen than for sulfur, it prefers to remain
closer to the former, weakly bonded to sulfur (bond order =
0.04), as deciphered from the NBO analysis. However, this was
not the case for formohydroxamic acid, where the corresponding
transformation takes place readily, the activation barrier being
only 13.8 kcal mol−1. The difference may also be attributed to
the greater delocalization of charge involving the S–C–N–O atom


Fig. 2 The tautomeric forms of N-hydroxythioamides and the transition
states interconnecting them.


Fig. 3 Schematic potential energy profile for the proton transfer in the
gas phase and in aqueous solution.


system. This difference is also reflected in the C–N bond distance,
which is smaller in the thio compound. Moreover, this proton is
only weakly bonded to the oxygen (bond order = 0.71) and its
total Wiberg bond index is 0.74. However, the MP213 barrier for
this transformation has been reported as 9.5 kcal mol−1.


The transformation of 1Z to 2E, therefore, involves first a
rotation about the C–N bond leading to 1E. This step involves a
barrier of 23.4 kcal mol−1 via TS1. This is higher than the general
rotational barrier for C–N bonds, which is in the range 10–15
kcal mol−1,30 because of the double bond character of this bond.
Transformation of 1E to 2E occurs via the transition state TS2.
This path was found to have an activation energy of 30.5 kcal
mol−1. Compared to the case for formohydroxamic acid, there is
considerable reduction of the barrier. The MP213 barrier is 31.9
kcal mol−1. The authors commented on this decrease in activation
barrier and have ascribed it to the release in ring strain due to
the larger C–N–H angle in the thio compound. This is found
to be so, as there is almost a 10◦ difference in the calculated
bond angles for the hydroxamic acid and the thio analogue, 76.3◦


and 86.1◦, respectively. The interconversion between the thione
and thiol form, therefore, occurs via a pathway (1Z → 1E →
2E → 2Z) that has an overall activation barrier of 50.2 kcal mol−1


(see Fig. 3). The last step involves rotation about the C=N double
bond, and is therefore expected to have as large a barrier as that for
formohydroxamic acid.14 The calculated barrier is 47.5 kcal mol−1.
In fact, the transition state (TS3) has a higher energy (50.2 kcal
mol−1) than TS1 and TS2. It is therefore quite likely that the 2E
tautomer formed initially (with an activation energy of 34.5 kcal
mol−1) does not undergo subsequent isomerization to the more
stable rotamer, 2Z.


Transformation of 2Z to 3 may, however, occur by the transfer
of the O–H proton to nitrogen via the transition state TS4. This
transition state has a high energy because of the presence of
a strained three-membered ring (see Fig. 3), and the calculated
activation energy for this step is 49.7 kcal mol−1, which is about
9 kcal mol−1 higher than that for the corresponding hydroxamic
acid. However, there is close agreement between our calculated
DFT results and the ab initio MP2 value of 51.4 kcal mol−1.


The energy profile is schematically plotted in Fig. 3, from which
it is clear that the transition state of highest energy in the path
from 1Z to 2Z is TS3 and is involved in the rate-determining step.


Intermolecular hydrogen bonding


We first performed QM/MM calculations to investigate the
effect of aqueous solvation on the relative energies. As stated in
the Computational details section, these were performed at the
PM3/AMBER level. According to these calculations, the only
conformer that gets stabilized on solvation is 1E, and this gets
stabilized by nearly 30 kcal mol−1 with respect to the gas phase.
Thus, the thione forms, particularly the E conformer, should
predominate in solution.


However, calculations with the implicit continuum model PCM
(Table 1) show that, although the thione forms again predominate,
1E is slightly less stable than 1Z. The total population of the thione
forms is 82%, according to the relation DG = −RT lnK. Of this,
1Z is present to the extent of 45%. The thiol forms are present
to a total extent of 12%. Although the QM/MM calculations
with the QM part treated semiempirically are not expected to be


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 547–557 | 551







very accurate, these were performed with nearly 216 explicit water
molecules, and are expected to give good indications of the trends
of relative stabilities. On the other hand, it has been recognized that
the continuum representations are unable to model the dispersion
and hydrogen bonding interactions between solute and solvent
and the hydrophobic effects of the first few solvation shells.31


Since it is not practical to include several solvation shells into
a DFT calculation, it seems reasonable to add only a few solvent
molecules explicitly and simulate the rest of the solvent by means
of a bulk continuum model. Cui32 used a model in which the solute,
glycine, was treated quantum mechanically, the first few solvation
shells by MM methods and the rest of the solvent by the PCM
continuum model. This approach reproduced the experimentally
observed relative stabilities of the neutral and zwitterionic forms of
glycine. It has been found that, even with explicit water molecules,
the use of a continuum approach for the rest of the solvent system
improves results considerably.33 In the present work, since the
PM3/MM calculations showed three water molecules only in the
immediate vicinity of the solute, inclusion of more water molecules
at the DFT level is computationally too expensive, and it did not
improve the calculated enthalpy significantly for the test molecule,
1E, we limited our studies to a “solute–solvent cluster” consisting
of a supermolecule of thioformohydroxamic acid and three water
molecules embedded in a continuum of dielectric 78.39.


The structures that resulted are shown in Scheme 2, where
the hydrogen bonds are shown as dotted lines. As stated earlier,
these structures were obtained very carefully by a combined
QM/MM and molecular dynamics approach. In each case, the
same structures resulted even when different orientations of the
water molecules in the periodic boxes were taken initially. To
validate the selection procedure, other starting geometries were
also considered, but they always yielded higher energy structures,
sometimes possessing imaginary vibrational frequencies.


Scheme 2


Table 5 Optimized geometries of 1Z (bond lengths in Ångstroms; bond
angles and dihedral angles in degrees) in the gas phase and in solution


Bond parametera Gas Solution Trihydrate Solvated trihydrate


N2–C1 1.328 1.313 1.326 1.319
S5–C1 1.667 1.687 1.670 1.680
O4–N2 1.380 1.375 1.368 1.371
H7–O4 0.993 0.994 1.018 1.019
H3–C1 1.091 1.094 1.093 1.091
H6–N2 1.010 1.031 1.015 1.016
S5C1N2 123.5 125.0 128.6 127.8
O4N2C1 122.6 124.9 124.5 123.6
H7O4N2 101.6 105.4 105.6 106.0
H3C1N2 112.4 111.8 110.4 110.9
H6N2C1 126.1 124.1 120.8 123.6
O4N2C1S5 0.0 0.0 −5.2 −5.4
H7O4N2C1 0.0 0.1 90.8 91.0
H3C1N2O4 180.0 180.0 174.6 175.5
H6N2C1S5 180.0 −179.9 −175.2 −176.4


a See Fig. 2.


Despite the intramolecular hydrogen bonding in 1Z, it is found
that it forms a hydrogen-bonded trihydrate. To accommodate
the water molecules, large changes in geometry of the substrate
molecule occur. In particular, it becomes nonplanar (Table 5).
Variations are particularly noticeable in the bond angles, namely,
SCN and ONC, which increase by 5.1◦ and 1.9◦, respectively.
Consequently, HCN and HNC decrease by 2.0◦ and 5.3◦, respec-
tively. There is also a large increase in the O–H bond distance
(+0.025 Å). It was found by geometry optimization that this
hydrogen forms a close contact with a water hydrogen (1.60
Å), while sulfur is involved in hydrogen bonding with another
water molecule (2.52 Å). Both distances are much smaller than
the sum of the van der Waals radii of oxygen and hydrogen
(2.60 Å) and sulfur and hydrogen (3.05 Å). There is another
water molecule between the two, and this is hydrogen-bonded
with the other two water molecules. The respective O · · · H–O
and O · · · H–S bond angles are found to be 176.7◦ and 145.1◦,
showing that the hydroxyl proton forms strong linear hydrogen
bonds with water molecules. This weakens the hydroxyl bond.
Moreover, the calculated Mulliken charges on the hydroxyl oxygen
and hydrogen are −0.526 and 0.457, respectively. The high values
of the negative and positive charges also confirm the existence of
hydrogen bonding.


The second hydrogen-bonded structure is 1E·3H2O. In this case,
all the water molecules are hydrogen-bonded to the substrate
(Scheme 2). The hydrogen bond distances are 1.83 Å, 1.88 Å and
2.29 Å, respectively, and the O–H · · · O, N–H · · · O, and S · · · H–O
bond angles are 158.5◦, 159.0◦ and 171.2◦, respectively. Here the
sulfur is involved in a linear hydrogen bond. These calculations
show that 1E is more strongly hydrated than 1Z. In fact, it becomes
the more stable rotamer of the thione form, being 4.1 kcal mol−1


more stable than the trihydrate of 1Z.
All the vibrational frequencies for all trihydrates are found to be


real, and this confirms that these are equilibrium structures on the
potential energy surface. The relative energies of the trihydrates
of 1E, 2Ztt and 2Etc are −4.0, −0.4 and 1.7 kcal mol−1 with
respect to 1Z, compared to the corresponding values 4.0, 0.7 and
2.7 kcal mol−1 for the gas phase (Table 1). 1E is stabilized to the
largest extent and the thione form still remains the most stable.
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The preference for the thione forms in aqueous solutions explains
why NMR studies could not detect the thiol tautomer.


The energy gap between Z and E reverses from 4.0 kcal
mol−1 in the gas phase to −4.1 kcal mol−1, favouring the E
conformer more than the Z structure. A possible reason for this
is the fact that stabilization due to the intramolecular hydrogen
bonding present in the gas phase is lost due to the formation of
intermolecular hydrogen bonds with water molecules in solution.
The relative stabilizations of the two conformers can be estimated
by comparing their enthalpies of solvation. The enthalpy values
were estimated by adding the thermal corrections to the energy
to account for translational, vibrational and rotational motion
at 298.15 K and atmospheric pressure. The calculated reaction
enthalpy for the process


1Z + 3H2O → 1Z·3H2O


is −31.6 kcal mol−1, and that for


1E + 3H2O → 1E·3H2O


is −38.9 kcal mol−1. Hence, hydrogen bonding with water stabilizes
the higher dipole moment form 1E to a greater extent than it does
1Z, which additionally has to undergo a breaking of the previously
present intramolecular hydrogen bonding to accommodate the
water molecules. This agrees with the general observation that the
lower dipole moment conformers are favoured in the gas phase,
while the higher dipole moment forms are stabilized in aqueous
solution. The trihydrate of 1E is therefore present to the largest
extent, and the equilibrium is expected to shift more strongly
towards the thione form in aqueous solution.


Aqueous phase calculations


The effect of bulk water was considered by calculating the free
energies of the trihydrates of the two rotamers of the thione
tautomer in aqueous solution, and it was found that the free energy
value for 1E is −6.5 kcal mol−1 relative to 1Z at 298.15 K and 1
atmospheric pressure. Thus, the E conformer of the thione form
becomes more emphatically favoured in aqueous solution. The
discrete level calculations had shown that 1E form is stabilized
by stronger hydrogen bonding with water molecules than 1Z.
Thus, bulk solvent calculations alone are not able to model
specific hydrogen bonding interactions, unless some explicit water
molecules are also included in the calculation.


The variation in the geometries of the 1Z conformer when
isolated, complexed with three water molecules and in the bulk
water environments is interesting. Table 5 shows that aqueous
solvation reduces the C–N bond length by ∼0.009 Å. There is a
concomitant increase in the C=S bond length (0.013 Å), signifying
that delocalization of electrons takes place from the C=S bond to
the C–N bond. However, these changes are smaller than those
observed for the formohydroxamic acid analogues.14 The most
important observation is that the explicit solvent model predicts
that the hydroxyl hydrogen has to move out of plane to form a
strong hydrogen bond with a water molecule, as evidenced by the
increase in the O–H bond length. As shown in Fig. 3, in solution,
the barrier becomes larger by 12.2 kcal mol−1 (see Table 1).


Anions


Three types of anions corresponding to the ionization of a proton
from nitrogen, oxygen or sulfur are possible. Since both the 1Z and
2Z forms seem to be favoured in the gas phase, and 1E in aqueous
solution, dissociation could occur with either the O–H bond of
1Z, making thioformohydroxamic acid an O-acid, or with the N–
H bond, making it an N-acid. In addition, there is a possibility
of dissociation from the NO–H group of the equally stable 2Z,
making thioformohydroxamic acid again an O-acid. The S–H
proton could also dissociate from 2Z. The various possible ions
are depicted in Scheme 3.


Scheme 3


We have carried out a study of the relative stabilities of the
possible anions formed by dissociation of a proton from either
the N, O or S atoms, and the results are presented in Table 1.
The most stable anion is the N-anion formed by deprotonation
of 1Z. The O–H · · · S bonding stabilizes this structure. A more
appropriate description of this anion is 2Z-Sanion, formed by
S–H deprotonation from the 2Zct rotamer. In contrast, there is
no hydrogen bonding possible in the O-anion formed from 1Z,
and this anion is less stable by 14.2 kcal mol−1. Between the Z
and E forms of the O-anion, the latter is preferred, as the two
electronegative atoms, S and O−, are on opposite sides of the C–N
bond and their mutual repulsion is reduced. The E form of the
N-anion is structurally similar to the S-anion of 2Z, except for the
placement of the double bonds. The resultant structure is more
similar to the latter, and has been labelled 2Z-Sanion.


The other equally stable tautomer of the undissociated acid
is 2Z, which may lose an S or an O proton. The latter does
not occur for precisely the same reason that TS1 is not formed.
The proton prefers the oxygen, to which it migrates from sulfur
on optimization, yielding 1Z-Nanion. The S-anion of 2Z is a
geometrical isomer of 1Z-Nanion that is 9.4 kcal mol−1 higher in
energy.


Thus thioformohydroxamic acid may be considered either as an
N-acid or an S-acid, depending on whether one considers proton
dissociation from the thione or the thiol tautomer. In the case of
formohydroxamic acid, the greater stability of 1Z-Nanion over 1Z-
Oanion was explained on the basis of electron resonance involving
the N–C=O bonds. The occurrence of resonance in 1Z-Nanion
was confirmed by the reduction in the C–N bond length in the
anion, and increase in its vibrational frequency. Similarly, the C=O
bond length increases and its vibrational frequency reduces. This
implies that a resonance exists between the keto and iminol forms,
as shown below.


Apparently the N–C=S stabilization is also present in the thio
isomer, as the 1Z-Nanion is found to be the most stable. The
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Table 6 Calculated change in the partial atomic charges on the various
atoms on formation of 1Z-Nanion from 1Z, or from 2Z for gaseous
thioformohydroxamic acid


Atoma 1Z-Nanion 1Z Dq1 2Zct Dq2


C1 0.490 0.445 0.045 0.543 −0.053
N2 −0.471 −0.255 −0.216 −0.401 −0.070
H3 0.057 0.090 −0.033 0.105 −0.048
O4 −0.696 −0.658 −0.038 −0.595 −0.101
S5 −0.830 −0.431 −0.399 −0.233 −0.597
H6 — 0.350 −0.350 0.113 −0.113
H7 0.449 0.460 −0.011 0.466 −0.017


a All calculations are at the B3LYP/6-311++G(3df,3pd)//B3LYP/6-
31G(d) level.


calculated Wiberg C–N and C–S bond orders are 1.73 and 1.24,
respectively, compared to 1.61 and 1.36 for the hydroxamic acid
analogue. Thus, in this case the equilibrium lies further to the
right, the C–S bond being almost a single bond. 1Z-Nanion
may therefore also be considered as deprotonated 2Zct, where
the deprotonation occurs from the S–H bond (S-acid). From the
calculated partial atomic charges on the various atoms in 1Z, 2Zct
and 1Z-Nanion (see Table 6), it is also seen that the largest increase
in negative charge on formation of the anion occurs at the sulfur.
This shows that deprotonation is accompanied by a relocation
of electron density, as expected from the tautomeric equilibrium
shown in Scheme 4.


Scheme 4


The calculated proton dissociation free energy for formohy-
droxamic acid is 322.6 kcal mol−1. This was calculated from the
relation Ganion + Gproton − G1Z , where the respective terms are the free
energies of 1Z-Nanion (−567.572748 hartree), the proton (−0.01
hartree) and the undissociated 1Z form (−568.096910 hartree),
estimated after making the required thermal corrections to the
energy arising from the translational, rotational and vibrational
motions at 298.15 K and atmospheric pressure. Alternatively,
considering ionization from the 2Zct tautomer (G = −568.087169
hartree), the proton dissociation works out to 316.5 kcal mol−1.


In the aqueous phase, too, the PCM calculations show that it
is 1Z-Nanion which is most stable (Table 1), but the differences
in energy between the various ions are extremely small. As for
hydroxamic acids, this anion may exist as a resonance hybrid
of the thione and thiol forms. That this occurs can be seen
from considerations based on the variation in bond lengths and
bond orders (Table 7). Compared to the corresponding values for
formohydroxamic acid,14 these values are very different. In each
case, the C–N and O–N bonds are shorter in the thio analogue.
The 1Z tautomer gets stabilized in the aqueous phase due to
delocalization of charge in the SCN moiety, as evidenced by the
decrease in the C–N bond length and increase in the C–S bond
length, and consequent changes in the bond orders. Formation of
the anion is accompanied by a further increase in the C–N bond
order and decrease in the S–C bond order. Solvation of the anion


Table 7 Variation in bond lengths (Å) and bond orders on solvation for
the thione form 1Z and the N-anion derived from it


Bond 1Z 1Z·3H2O (aq.) 1Z-Nanion 1Z-Nanion (aq.)


Length
CN 1.327 1.319 1.299 1.295
ON 1.380 1.371 1.412 1.407
SC 1.667 1.680 1.751 1.756
Order
CN 1.303 1.434 1.727 1.732
ON 1.005 1.019 1.011 1.009
SC 1.654 1.477 1.240 1.228


does not have a marked effect on the anion bond lengths or the
bond orders.


For aqueous-phase calculations on anions, it is even more
important to include explicit water molecules, because these
charged species are more highly solvated. In fact, the need for
using explicit water molecules arose from the inability of classical
continuum models to model amino acids in the zwitterionic form.32


It has also been shown that, for N-acetyl-L-alanine-N ′-methyl
amide (NALANMA), the experimental VA, VCD, Raman, ROA
and NMR spectra could only be interpreted if four water molecules
were included in the theoretical simulation of the spectra.34,35 The
species that was found to be stable is not even a stable minimum on
the gas-phase potential energy surface, but stabilizes on addition
of water molecules, indicating that the actual species present is a
cluster of NALAMNA with four water molecules.


Because of the very small differences in anion relative stabilities
resulting from PCM aqueous-phase calculations, and the fact
that inclusion of explicit solvent molecules is likely to have a
marked effect on the relative energies, we have repeated the
calculations taking a cluster of each anion with water molecules.
The same procedure as was used for the tautomers themselves
yielded solvated structures having 15 water molecules. It is not
computationally feasible to incorporate such a large number of
water molecules in a DFT calculation, so we opted for two-layer
ONIOM calculations instead, in which the substrate molecule was
treated in the same way as in the gas-phase calculations (B3LYP/6-
311++G(3df,3pd)//B3LYP/6-31G(d)), but the solvent molecules
were treated semiempirically using the PM3 Hamiltonian. This
procedure is expected to bring out subtle differences arising from
hydrogen bonding and dispersion effects.


For the four anions, 1Z-Nanion, 1Z-Oanion, 1E-Oanion
and 2Z-Sanion, the calculated zero-point corrected energies
are −567.185676, −567.162897, −567.171632 and −567.153719
hartree, respectively, signifying that the differences in energy are
much higher than those predicted from simple PCM calculations
alone. Thus, 1Z-Nanion is more stable than the anion that is next
highest in stability, 1E-Oanion, by 8.8 kcal mol−1, signifying that
thioformohydroxamic acid is decisively a nitrogen acid in aqueous
solution.


N-Hydroxythioacetamide and
N-methyl-N-thioformylohydroxylamine


The next higher homologue of N-hydroxythioformamide is N-
hydroxythioacetamide (thioacetohydroxamic acid), and its N-
methyl substituted isomer is N-methyl-N-thioformylohydroxy-
lamine (N-methylthioformohydroxamic acid), commonly known
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Table 8 DFT relative energies (kcal mol−1) of the various statio-
nary points on the gas-phase thioacetohydroxamic acid and N-methylthio-
formohydroxamic acid potential energy surfaces


System
Thioacetohydroxamic
acid


N-Methylthioformohydroxamic
acid


1Z 0.0a 5.0
1E 4.7 10.4
2Z 0.1 —
2E 3.1 —
TS3 50.8 —
1Z-Oanion 345.7 350.5
1E-Oanion 340.6 345.3
1Z-Nanion 330.2 —
2Z-Sanion 340.6 —
2E-Oanion 360.1 —


a ZPVE-corrected energy = −607.378610 hartree.


as thioformin. The latter may exist only in the thione form, and
is less stable than its C-methyl isomer by 5.0 kcal mol−1 (see
Table 8). As for thioformohydroxamic acid, both the thione and
thiol forms are equally stable for thioacetohydroxamic acid. Unlike
hydroxamic acids, the energy gap between the 1E and 1Z forms
becomes larger with substitution (see Table 8).


As far as the activation barriers are concerned, since for thio-
formohydroxamic acid the pathway from 1Z to 2Z must depend
on TS3, we have calculated the energy of only this transition state.
For the gas phase, the overall barriers are 50.2 and 50.8 kcal mol−1,
respectively, for thioformo- and thioacetohydroxamic acids. The
barriers between the thione and thiol forms thus remain almost
unchanged upon methyl substitution. This is expected, since the
reaction coordinate involves motion of mainly the nitrogen and
hydroxyl hydrogen.


The relative energies of the anions are also given in Table 8. The
observation that 1Z-Nanion is the most stable signifies that the
higher homologue is also essentially an N-acid in the gas phase.
Our calculated value for the proton dissociation free energy of
thioacetohydroxamic acid is 324.3 kcal mol−1.


In contrast to the situation for thioformo- and thioacetohydrox-
amic acids, in N-substituted derivatives there is no possibility of
the thiol form, as the nitrogen lacks a hydrogen atom for transfer
to the carbonyl oxygen. For the anion, it is found that the O-anion
formed from 1E is more stable than that from 1Z by 5.2 kcal
mol−1 (see Table 8). This is because of the repulsion between the
negatively charged electronegative atoms, S and O, on the same
side in the latter. The calculated proton dissociation energy is
334.1 kcal mol−1.


Discussion


We conclude the paper with a short discussion about the calcu-
lation methodology and possible sources of error. The first point
concerns the choice of exchange functional. Today a plethora of
exchange functionals exist, and it often becomes difficult to judge
which is applicable to a particular system. Current applications
of DFT are based on its local density approximation (LDA)
generalized gradient (GGA) functionals, which in the field of
molecular calculations have been progressively abandoned in
favour of more accurate recent developments, such as meta-


GGA36,37 and hybrid functionals,38 or newer empirical versions
of GGA functionals.39


Of the hybrid functionals, B3LYP is the most widely used, as it
reproduces geometries and energies of small molecules very well.
Despite its proven successes, it is now becoming apparent that
it sometimes fails to accurately describe the energies of van der
Waals molecules and hydrogen-bonded systems. Reaction barrier
heights and large molecules are also inadequately represented.40–43


In a recent comparison of various functionals in reproducing
stabilization energies of n-alkanes,44 it was deduced that two GGA
functionals, PW9145 and the “parameter-free” PBE,46 performed
better than B3LYP, and described the binding in attractive van
der Waals regions more accurately. These functionals are also
attractive, particularly for solids, as they avoid calculating the
nonlocal exact exchange, and are hence computationally less
expensive. However, PW91 has a tendency to avoid non-classical
structures and transition states, as observed in the case of
carbenes.47 In another work,48 we had carried out a comparison of
various LDA and GGA functionals for describing the geometries
of Cu(II) hydroxamate complexes, and found the PBE functional
to be the most reliable. However, in general, while the LDA
functionals suffer from a tendency to overbind atoms, GGA
functionals correct this tendency but underbind instead. For
example, in the case of rare gas dimers, PW91 and PBE exchange-
only potentials lead to erratic minima.49


For the sake of comparison, a few calculations, for which
MP213 results are available, were repeated with the PBE functional.
Though both MP2 and B3LYP predict the 2Z tautomer of
thioformohydroxamic acid to be more stable than 1Z, PBE
incorrectly predicts that 1Z should be more stable by 1.6 kcal
mol−1. This reinforces our contention that LDA and GGA results
should be treated with caution. However, the PBE-calculated
activation barrier for the transformation (50.2 kcal mol−1) agrees
with the values calculated at the MP213 (51.4 kcal mol−1) and
B3LYP (50.2 kcal mol−1) levels.


The main differences in the various DFT methods lie in the
treatment of dynamic electron correlation, which is completely ne-
glected in the Hartree–Fock approximation. Most well-established
density functionals, including B3LYP, use local electron densities
and do not account for medium-50 and long-range dispersion
interactions.51 Moreover, local exchange functionals also suffer
from other defects, one of these being that they take into account a
spurious interaction of an electron with itself, the “self-exchange”
problem.


One finds that at present there is no one functional that is
universally applicable to molecules, solids and other systems,
and that describes all situations very well. The design of such
functionals is the focus of much current research. The recent hybrid
meta-GGAs36,37 are a step in this direction, but are not adequately
tested as yet. Another alternative to the exact nonlocal exchange is
the optimized effective potential (OEP) method, which generates
local exchange functionals for atoms. The OEP method has been
recently extended52 by the Bartlett group to generate local OEP
correlation functionals based on MP2 correlation energies and
potentials, and this method has been termed ab initio DFT by the
authors.


It may also be added that, when one considers larger molecules,
such as biomolecules, the choice of calculation method becomes
even more crucial. Not only is there a need to keep computational
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Table 9 Calculated heats of formation (kcal mol−1) of the various points
on the gas phase thioformohydroxamic acid potential energy surface


System AM1 PM3 PM6


1Z 13.2 26.2 11.1
1E 15.9 28.6 14.7
2Z −1.8 8.7 0.3
2E −1.0 7.4 2.5
3 15.6 13.6 9.8


costs down, but at the same time accuracy should not be
lost. Several efforts are being made to improve the accuracy
and reliability of semiempirical methods. The PM3 method of
Stewart22 has been a popular method for the semiempirical
treatment of large molecules. We had earlier53 compared the two
semiempirical methods, AM154 and PM3, for hydroxamic acids,
and had concluded that the former has a slight edge over PM3,
as it predicts the correct order of stabilities and geometries of the
tautomers and anions, when compared with ab initio and DFT
results. Recently, Stewart has released an improved version of
PM3 to correct its faults and limitations. The new version, PM6, is
available in MOPAC 7.2.‡ According to the author, the hydrogen
bond and other weak bonds are represented more accurately in
PM6. Average errors in geometry and DH f are reduced. Other
successes include the correct prediction that acetylacetone is more
stable as the enol form than the dione, and that anthroquinone
is planar. The incidence of wildly incorrect results is also claimed
to be reduced. However, the program is still in its beta version
and is under development. There are still some faults that may be
corrected by more parameterization, but some are unlikely to be
corrected.


At this stage of its development, it is useful to compare results
from PM6 with those from other methods. Table 9 compares
the heats of formation obtained by the various semiempirical
methods. Immediately one notices that the calculated heats of
formation, which were calculated too high by the PM3 method,
are comparable to the AM1 values now. However, even after this
improvement, the stabilities of the thiol forms and the charge-
separated form, 3, are too highly exaggerated when compared with
the DFT and MP213 energy values. However, the 1Z–1E enthalpy
difference (3.6 kcal mol−1) is now closer to the DFT energy
difference (4.0 kcal mol−1), suggesting that hydrogen bonding is
better accounted for by PM6.


Efforts are also being made to extend the range of DFT methods
to larger systems through approximations. One approximate DFT
method is the self-consistent charge density functional tight-
binding (SCC-DFTB) scheme,55,56 which has been shown to be
able to give a reliable description of reaction energies, geometries,
and vibrational properties of small organic molecules. The SCC-
DFTB scheme has been combined with the AMBER force field,
so that the hybrid SCC-DFTB/MM method can be applied to
larger biological systems that ab initio QM/MM cannot handle.57


Test calculations, performed for the water dimer, H2CO–H2O,
NH3–H2O, formamide–H2O, NMA–H2O, and AAMA + 4H2O
complexes, showed that, for most of the test systems, the correct
order of relative energies was obtained, as compared with the ab
initio calculations. However, the SCC-DFTB method somewhat


‡ http://openmopac.net/


underestimates the hydrogen bonding energies as compared with
the higher level DFT (B3LYP) calculations.56


One may hope that soon there will be a DFT functional that
best describes all kinds of systems, from molecules to solids, from
strongly bonded to weakly bonded, and which gives accurate val-
ues for a large number of properties at less computational expense
than conventional G3 calculations. Until such functionals are
tested, B3LYP remains the method of choice for small molecules,
such as those studied here. B3LYP is good for almost any property
when applied to small molecules, but yields to less “popular”
functionals as molecules increase in size.58 For example, B3LYP
achieves a high accuracy (mean absolute deviation (MAD) =
0.13 eV) for thermochemistry, i.e., heats of formation of the 148
molecules in the extended G2 reference set.59,60


In view of the proven ability of the hybrid functional B3LYP to
accurately reproduce geometries and energies of small molecules,
we have used it in the present calculations. Wherever possible, we
have compared our results with those from MP2 calculations,13


and found satisfactory agreement, both for relative stabilities and
for activation barriers. For instance, B3LYP, along with other
DFT functionals, does not treat charge-transfer effects correctly
in excited-state calculations. Doubts have therefore been expressed
against the use of this functional for describing bond-breaking and
bond-making processes. The excellent agreement with MP2 results
of activation barriers for this system indicates that B3LYP is able
to satisfactorily reproduce barriers for such processes at a fraction
of the computational cost of MP2 calculations.


Conclusions and perspectives


Our calculations on the various systems related to thiohydroxamic
acids reveal that both the thione (1) and thiol (2) tautomers
are equally stable in the gas phase, but in aqueous solution, the
thione tautomer is favoured. The presence of both tautomers is in
agreement with experimental infrared studies. However, infrared
spectroscopy may fail to distinguish between the two tautomers,
because of the small intensity of the S–H stretching band, but
Raman spectroscopy may reveal this band. The barrier to the
interconversion between these two forms is of the order of 50 kcal
mol−1, but this increases in aqueous solution. The barrier to the
rotation of 2E to the more stable rotamer, 2Z, is significant, and
this affects the activation energy for the transformation of 1Z to
2Z. It is unequivocally proved that proton dissociation occurs
from the nitrogen atom, making these N-acids. It is also found
that the proton dissociation free energies decrease with methyl
substitution. However, for the N-methyl derivative, the proton
dissociation energy is higher, because this is an O-acid.


To model the interactions in the aqueous phase, it is very
important that a few explicit water molecules be included in the
calculation, particularly for charged species, as implicit solvent
calculations are unable to accurately describe the geometrical
and other changes that result from specific hydrogen-bonding
interactions.


Although the present calculations represent a fairly detailed
investigation of N-hydroxythioamides, there is scope for further
work. As discussed above, the results are dependent on several
interrelated factors, some of these being the choice of calculation
method, including how the correlation and exchange energies are
treated (functional), and how the solvent is modelled. In this case
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in particular, where the several species have similar energies, the
relative energies are expected to be very sensitive to these factors.


In comparisons with experimental quantities, the effects of
dynamics and temperature, as well as solvent polarity, need to
be considered, too. We have found that the relative stabilities
and activation energies change drastically from the gas phase
to solution. Further, since these acids play a biological role,
the dielectric constant of the environment is expected to have a
profound effect, as the molecular forces that dictate and control
the affinities and the specificities of biological interactions are
modulated by the microenvironments in which they are expressed.
In future work, we aim to address these issues.
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The class of a,a-disubstituted a-amino acids has gained considerable attention in the past decades and
continues doing so. The ongoing interest in biological and chemical properties of the substance class
has inspired the development of many new methodologies for their asymmetric construction, which
have not found their way into the general focus of organic chemistry yet. The aim of this review is to
provide an overview of the developments in the field since 1998.


Introduction


Amino acids and their derivatives play a central role in the
design of life. The importance of the twenty proteinogenic L-
amino acids as building blocks in peptides and proteins is self-
evident, but also the class of non-proteinogenic a,a-disubstituted
a-amino acids has moved into the focus of biochemical research,
drug discovery, and even geochemistry. Thus, a,a-disubstituted
a-amino acid residues have been found to exhibit a pronounced
helix-inducing potential when present in peptides. This property is
for example responsible for the membrane destabilisation exerted
by peptaibols, a class of peptidic broad-spectrum antibiotics.1,2
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Moreover, peptides containing a,a-disubstituted a-amino acid
residues were found to often display enhanced resistance against
chemical3 and enzymatic4 degradation. This led to the exploitation
of this substance class for the elucidation of various receptor
models,5 as well as the structural optimisation of potential receptor
ligands, not only peptides,6 but also conformationally related
compounds, which were accordingly named peptidomimetics or
peptoids.7


Other a,a-disubstituted a-amino acids are capable of acting as
enzyme inhibitors, by mimicking the ligand properties of their
natural analogues, but preventing subsequent enzymatic reaction
due to their increased rigidity or their inability to form enolate
intermediates.8 a-Methyl-4-carboxyphenylglycine (M4CPG) was
the first compound reported to express antagonist action at group
II and group III metabotropic glutamate receptors.9 Following the
discovery of the potency of M4CPG, a whole range of mutations
was carried out on the initial structure to obtain more detailed
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information about structure–activity relationships. In the field of
plant protection research, (S)-fenamidone was found to be a highly
efficient fungicide.10


On a more academic level, L-isovaline (Iva), the least complex
chiral a,a-disubstituted a-amino acid, has gained considerable
attention, after samples of organic material obtained from
carbonaceous meteorites were found to contain traces of this
compound in up to 15% ee.11


The growing interest in a,a-disubstituted a-amino acids mo-
tivated extensive research into the development and refinement
of efficient methods for their preparation. Although a number
of asymmetric strategies, such as Schöllkopf’s bislactim ether
method12 or Seebach’s self-reproduction of stereocentres (SRS),13


can undeniably be regarded as classic approaches in asymmetric
synthesis, and nowadays are established as regulars in chemistry
text books, the construction of the fully substituted stereocentre
in a,a-disubstituted a-amino acids still constitutes a challenge
for the organic chemist. Therefore, the field of a,a-disubstituted
a-amino acid synthesis has lost none of its attractiveness and
remains growing to the present day. A comprehensive review
about synthetic approaches towards a,a-disubstituted a-amino
acids was published by Cativiela and Dı́az-de-Villegas in two
parts in 1998 and 2000.14,15 Since then, astonishing progress
has been achieved by the introduction of modern strategies,
most of which have not been covered in any review yet. The
present article will therefore comprise literature published after
1998. Due to the almost infinite amount of literature in the
field of amino acid synthesis, this review will be limited to
approaches dealing with the asymmetric construction of the fully
substituted stereocentre in a,a-disubstituted a-amino acids. It will
therefore not consider reactions leading to achiral or racemic
products, resolution processes, enzymatic or biological methods,
or derivatisations of a,a-disubstituted a-amino acids, which have
been previously prepared by known procedures, although many
noteworthy contributions have certainly also been made in these
areas.


Most approaches that have been devised for the asymmetric
synthesis of a,a-disubstituted a-amino acids can be divided into
three categories, depending on the nature of the bond which is
formed in the asymmetric step. Thus, it is possible to formally
attach either one of the two alkyl substituents to the central
carbon atom of the task compound (Fig. 1, path A). This is
most often accomplished by electrophilic alkylation of amino acid
enolate equivalents. Especially catalytic approaches have received
considerable attention in recent years, but also auxiliary-controlled
methods keep on emerging, as will be shown in Section 1. On the
other hand, one of the two functional groups—amino group (path
B) or carboxylic group (path C)—may be introduced into the
molecule in the asymmetric step. The asymmetric construction of
the C–N bond in a,a-disubstituted a-amino acids by electrophilic
a-amination (path B) has gained attention only in recent years,
largely due to the emergence of organocatalytic procedures. This
will be discussed in Section 2. Although asymmetric variants of
the Strecker synthesis—formally introducing the carboxylic group
into the molecule—were developed very early in the history of
asymmetric synthesis, impressive progress has been made since
asymmetric catalytic variants started to emerge in the mid-nineties
of the last century. Section 3 is dedicated to these efforts as well
as methods involving the nucleophilic alkylation of C–N multiple


Fig. 1 Possible approaches towards a,a-disubstituted a-amino acids.


bonds (Fig. 1, path A). Path D comprises indirect methods, which
may partly also be classified as belonging to one of the previous
categories, but are more conveniently described as a class of their
own, since they usually involve stereospecific transformations of
existing stereocentres. These methods are presented in Section 4.


1 Electrophilic alkylation of amino acid enolates


By far the most strategies that have been developed for the
asymmetric synthesis of a,a-disubstituted a-amino acids involve
the electrophilic a-alkylation of amino acid enolate equivalents.14


Ma and Ding demonstrated that oxazinones 2, which were
derived from the Strecker products 1, can be used as substrates
for the diastereoselective alkylation towards a,a-disubstituted a-
amino acids (Scheme 1).16 The alkylation of the benzyl-protected
oxazinone 3 with electrophiles delivered the dialkylated species 4
in diastereomeric ratios over 200 : 1. The incoming electrophile
was generally directed to the cis-position relative to the auxiliary
phenyl group, with the exception of methyl bromoacetate. Alde-
hydes were also applied in the reaction with 3, resulting in two


Scheme 1 Alkylation of Strecker products according to Ma and Ding.16


Reagents and conditions: (a) NH4Cl, MeOH–H2O 1 : 1, 0 ◦C, 12 h;
(b) HCl–MeOH, then TsOH, toluene, reflux, 2 d; (c) BnBr, K2CO3, DMF,
60–65 ◦C, 8 h (33–48%, 3 steps); (d) NaHMDS, DME, −78 ◦C, 1 h, then
R2X or aldehyde, 0.1–24 h; (e) NaOH–MeOH; (f) H2 (40 atm), Pd/C,
EtOH, 40 ◦C, 36 h; (g) Dowex-50W (62–80%, 3 steps).
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diastereomers in ratios ranging from 8 : 1 to 10 : 1, displaying
opposite configuration at the secondary carbinol centre.


Wanner et al. introduced two related auxiliaries, 5a and 5b,
for the derivatisation of glycine-derived Schiff base oxazolines
6a and 6b, which were prepared from the auxiliary in four
steps (Scheme 2).17 Deprotonation, followed by treatment with
alkyl halides, afforded the monoalkylated product 7 in high
diastereoselectivity. The electrophile entered the enolate trans to
the tert-butyl-group (in the case of 6b). The dialkylated products
8a,b were synthesised from the monoalkylated oxazinones 7a,b
in an analogous reaction. Cleavage of the imidate function in
8 with TFA was followed by basic saponification to liberate
the a,a-disubstituted a-amino acid. The authors also performed
cyclopropanation reactions between the enolate of 6a and enan-
tiopure epichlorohydrin. Interestingly, the reaction did not seem


Scheme 2 Alkylation of chiral oxazinones according to Wanner et al.17


Reagents and conditions: (a) N,N ′-carbonyldiimidazole, Cbz-Gly-OH,
THF, rt, 4 h, then 12, rt, 20 h (86–96%); (b) H2, Pd/C, EtOH, rt,
12 h (88–96%); (c) 2-chloro-1-methylpyridinium iodide, EtNiPr2, CH2Cl2,
reflux, 4 h (84–89%); (d) Me3O+ BF4


−, CH2Cl2, rt, 12 h (89–91%); (e) sBuLi,
THF, −78 ◦C, 30 min, then R3X, −78 ◦C, 12 h; (f) sBuLi, −78 ◦C, 30 min,
then R4X, −78 ◦C, 12 h; (g) TFA–H2O, 60 ◦C, 20 h; (h) NaOHaq, 20 h; (i)
Dowex; (j) NaHMDS, (S)-epichlorohydrin, THF, −20 ◦C, 46 h.


to commence with the substitution of chloride, but with an
addition to the terminal epoxide carbon, to result in products
with unexpected stereochemistry.


Lu et al. demonstrated that the camphor-based tricyclic Schiff
base oxazinone 1018 can be dialkylated in good yield and excellent
diastereoselectivity (Scheme 3).19 The oxazinone was obtained
from camphorquinone by monoreduction with sodium borohy-
dride and subsequent cyclisation with glycine. The inseparable
intermediates 9a and 9b were obtained in a 1 : 1.85 ratio.
Oxazinones 10a and 10b could be isolated as pure diastereomers
in a 1 : 1.59 ratio. Deprotonation of either oxazinone with lithium
diisopropylamide (LDA) and subsequent alkylation delivered
exclusively the endo-product 11a or 11b, which was in the next step
deprotonated with a slightly higher excess of LDA and treated
with a different alkyl halide to furnish the dialkylated product
12a or 12b in good yield and excellent diastereoselectivity. The
incoming electrophile always entered the substrate in the axial


Scheme 3 Alkylation of camphor-derived oxazinones according to Lu
et al.19 Reagents and conditions: (a) NaBH4, Et2O–CH3OH, 0 ◦C, 30 min
(87%); (b) Z-Gly-OH, DMAP, DCC, THF, rt, 16 h (98%); (c) H2, Pd/C,
EtOH, rt, 16 h (65%); (d) LDA, THF, −30 ◦C, 90 min, then HMPA, R1X,
−78 ◦C, 12 h; (e) LDA, THF, −30 ◦C, 90 min, then HMPA, R1X, −78 ◦C,
12 h.
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position, leading to the endo-product, regardless of the size of
the electrophile or the order of addition. The free amino acid
was finally released by successive treatment with 2 N sodium
hydroxide solution at room temperature and 6 N hydrochloric
acid at 92 ◦C. The auxiliary was recovered in good yield.


Ley et al. developed a six step synthesis to obtain chiral oxazi-
none 15 from the Sharpless epoxide 13 under self reproduction
of stereocentres.20 The entire stereochemistry of the chiral glycine
equivalent 15 is solely determined by the absolute configuration of
the initial epoxide. The key-step in this sequence is the cyclisation
towards 14, which makes use of the anomeric effect of the
methoxy-groups to obtain the isomer shown in Scheme 4 in
10 : 1 selectivity. Deprotonation of oxazinone 15 with LDA and
addition of electrophiles generally proceeded in good diastereose-
lectivity. However, the addition of hexamethylphosphoric triamide
(HMPA) or tetramethylethylenediamine (TMEDA) was necessary
to enhance reactivity. After the second deprotonation–alkylation
sequence, only single diastereomers were detected. Cleavage of the
dialkylated oxazinone 16 to release the N-protected amino acid


Scheme 4 Alkylation of oxazinones under self-reproduction of stereo-
centres according to Ley et al.20 Reagents and conditions: (a) phthalimide,
PPh3, DTBAD, THF, reflux, 16 h; (b) 48% HBr, reflux, 16 h; (c) ClCO2Bn,
EtNiPr2, MeOH 0 ◦C to rt, 2 h, (54%, 3 steps); (d) BF3·OEt2, CH2Cl2, 30 ◦C,
2 h (69%); (e) KHMDS, THF, −78 ◦C to rt, 2 h (64%); (f) NaIO4, RuCl3,
NaHCO3, H2O–CH3CN–CCl4, rt (85%); (g) LDA, HMPA or TMEDA,
THF, −78 ◦C, 1 h; (h) R1X, −55 ◦C, 22 h; (i) AcOH, Et2O, −78 ◦C to rt;
(j) R2X, −55 ◦C, 22 h; (k) TFA–H2O, rt, 30 min; (l) 1 N NaOH–MeOH,
rt, 30 min.


was accomplished by treatment with aqueous TFA, followed by
neutralisation with methanolic sodium hydroxide solution.


Serine-derivatives carrying a second alkyl-substituent in the a-
position can be synthesised from glycine-derivative 17 in good
yield and stereoselectivity by a protocol provided by Husson et al.
(Scheme 5).21 Thus, a [3 + 2]-cycloaddition with paraformaldehyde
resulted in a 1 : 1 diastereomeric mixture of oxazolidine 18,
which was then deprotonated with potassium hexamethyldisi-
lazide (KHMDS) and treated with electrophiles to give the alky-
lated oxazolidine 19. Careful acidic hydrolysis and hydrogenation
delivered the free serine derivative. The product arising from
the reaction with methyl a-bromoacetate underwent spontaneous
cyclisation towards lactone 20 upon hydrolysis.


Scheme 5 Alkylation of oxazolidines according to Husson et al.21


Reagents and conditions: (a) BrCH2CO2tBu, K2CO3, MeCN (73%);
(b) (CH2O)n, toluene, D (87%); (c) KHMDS, THF, −78 ◦C, then RX;
(d) H+ (29–63%, 2 steps); (e) H2, Pd/C, MeOH–HCl (79–89%).


A somewhat different approach, using the Evans-type oxazolidi-
none 21 as the carrier of chiral information in the synthesis of a-
methylated amino acids, was chosen by Wenglowsky and Hegedus
(Scheme 6).22 After a palladium-catalysed allylic amination,
compound 22 was converted to the imine 23 by ozonolysis and
condensation of the resulting aldehyde with cyclohexylamine. The
latter was subjected to a deprotonation–alkylation sequence to
give the dialkylated imine 24. To avoid side reactions, deprotona-
tion had to be carried out in the presence of the electrophile and the
reaction had to be quenched at low temperature. The best results
were finally obtained when the whole four step sequence leading
from 21 to 25 (including hydrolysis of the imine 24) was carried out
without purification of the intermediates. A number of alkylation
reactions was thus carried out, leading to products in 47–75%
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Scheme 6 Alkylation of imines according to Wenglowsky and Hegedus.22


Reagents and conditions: (a) Pd(PPh3)4–dppe, DMF, 25 ◦C, 12 h (89–95%);
(b) O3, Me2S, CH2Cl2, −78 ◦C to rt, 4 h; (c) cyclohexylamine, MgSO4,
CH2Cl2; (d) RX–KHMDS, THF, −78 ◦C to −45 ◦C; (e) HCl–THF
(47–75%, 4 steps); (f) NaClO2, NaH2PO4; (g) H2, Pd(OH)2 (82–94%,
2 steps).


overall yield and diastereomeric ratios over 9 : 1. Conversion
towards the free amino acid was achieved in two additional steps
by oxidation of the aldehyde and hydrogenation.


An interesting self-reproductive approach towards cyclic a-
alkylated amino acids was presented by Kawabata et al.
(Scheme 7)23 Thus, intramolecular alkylation of N-Boc-protected
amino acids 26 delivered the cyclic products in good to excellent
yield and enantioselectivity. KHMDS proved to be superior over
lithium bases such as LiHMDS or lithium tetramethylpiperidide
(LTMP) for deprotonation. This method allowed not only for
the synthesis of proline-derivatives, but also of different ring-
sizes, i.e. four-, six-, and seven-membered ring-systems, although
reaction towards the latter was significantly slower, and a decay
in stereoselectivity was noted with increasing reaction time. The
authors attributed the at first glance surprising stereoselectivity to
the preference of the bulky base for deprotonation of rotamer 26a
over deprotonation of rotamer 26b, since in the latter the a-proton
is shielded by the bulky protective-group.


Azlactones (3-oxazolin-5-ones), which can be regarded as cyclic
Schiff bases, have only been recognised as suitable substrates for
asymmetric amino acid synthesis since asymmetric catalysis al-
lowed for the introduction of the stereoinformation into the target
compound by means of a chiral catalyst. Thus, the palladium-
catalysed allylic alkylation of azlactones with asymmetric, 1-
monosubstituted or 1,1-disubstituted allyl species in the presence
of C2-symmetric ligands such as 27 delivered products in more
than 90% ee (Scheme 8).24 Terminally unsymmetrically substituted


Scheme 7 Intramolecular alkylation of amino acids according to Kawa-
bata et al.23 Reagents and conditions: (a) Br(CH2)2 + nOH, K2CO3, DMF;
(b) Boc2O, EtNiPr2; (c) CBr4, PPh3 (63%, 3 steps); (d) KHMDS, DMF,
−60 ◦C, 30 min.


allylating species led to E–Z-mixtures, with the Z-product display-
ing high enantiomeric excess. Silylated allylating agents were partly
desilylated, and in some cases the formation of regioisomers was
observed. Facial discrimination in the coordination of the allylic
species to the metal centre, in combination with the minimalisation
of charge separation in transition state 28, is thought to be
responsible for the selectivity observed. Interestingly, the reaction
with prenylating agents displayed opposite stereoselectivity to
that observed in the reaction with cinnammylating species. This
was explained by steric interactions between the larger allyl-
substitutents and the ligand in the catalyst’s coordination sphere,
resulting in a different transition state and, consequently, a dif-
ferent facial selectivity for the azlactone. The palladium-catalysed
allylic alkylation of azlactones was successfully utilised in the total
synthesis of sphingofungin F.25 The regioselectivity of the reaction
could be generally altered to result in b-branched products by
exchange of palladium for molybdenum (Scheme 9).26


The direct palladium-catalysed allylic alkylation of a-
acetamido-b-ketoesters 29 to result in a,a-disubstituted a-amino
acid esters was demonstrated by Kuwano and Ito (Scheme 10). Us-
ing (R)-BINAP as the ligand, they obtained a-alkylated products
in good yields and enantiomeric excess.27
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Scheme 8 Palladium-catalysed allylic alkylation of azlactones according
to Trost et al.24 Reagents and conditions: (a) NEt3, toluene, rt, 3 h–3 d.


Scheme 9 Molybdenum-catalysed allylic alkylation of azlactones accord-
ing to Trost et al.26 Reagents and conditions: (a) LDA, THF, 0 ◦C, 3–6 h;
(b) MeOH–K2CO3 (quant. for Ar = Ph, R = CH3).


Scheme 10 Palladium-catalysed allylic alkylation of a-amino-
b-ketoesters according to Kuwano and Ito.27 Reagents and conditions:
(a) tBuOK, toluene, −30 ◦C.


The past 15 years have witnessed a number of interesting
developments in the field of phase transfer catalysis (PTC).28,15b


This approach generally involves the alkylation of amino acid
enolates, derived from Schiff bases with inorganic bases such as
sodium hydroxide or sodium hydride in organic solvents. Since
O’Donnell first introduced cinchona-derived quaternary ammo-
nium catalysts for the synthesis of a-alkylated alanine derivatives in
up to 50% ee,29 considerable improvement has been achieved by the
introduction of new catalysts, such as the modified cinchonidinium
catalyst 30a30 and 30b,31 TADDOL (31),32 and NOBIN (32)
(Fig. 2).33 While these catalysts were all used for the alkylation of
alanine-derived Schiff bases only, copper(II)–salen complex 3334


has also been applied in the alkylation of amino acids carrying a-
substituents different from a methyl-group.34c,35 The latter variant
also provides the advantage that readily available amino acid
methyl esters can be used as substrates without any significant
loss in stereoselectivity compared to bulkier isopropyl or tert-butyl
esters, which proved to be essential for high enantioselectivity in
earlier PTC reactions.


The latter advantage also applies to the C2-symmetric quater-
nary ammonium salt 34a, which was found to be a very potent
catalyst for the stereoselective sequential double alkylation of
glycine-derived Schiff bases, as well as the alkylation of alanine-,
isobutyl- and phenylglycine-derivatives.36 An interesting example
in this context is the synthesis of cyclic amino and imino acids 35
and 36, respectively, as shown in Scheme 11.37


Jew and Park showed that the closely related catalyst 34b
can be used for the synthesis of a-alkylated serine derivatives
(Scheme 12).38 The oxazoline moiety in 37 fulfilled a twofold
function: the activation of the a-proton and protection of the
side chain hydroxy group. While the alkylation with ethyl iodide
proceeded only in moderate yield, activated electrophiles such as
allylic, propargylic, or benzylic halides gave yields above 85%, with
generally excellent enantioselectivity. Hydrolysis of the benzylated
product with 6 M hydrochloric acid proceeded in 98% yield.


The same catalyst, 34b, was also used for the stereoselective
alkylation of cyclic a-amino-b-ketoesters 39 (Scheme 13).39 Thus,
reaction with different electrophiles in a 4 : 3-mixture of o-xylene
and saturated aqueous potassium carbonate solution delivered the
a-alkylated products in high yield and enantiomeric excess.


Catalyst 34c allowed for the enantioselective modification of N-
terminal amino acid residues in dipeptide 38a,40 as well as alanine-
and phenylalanine-derived amides 38b (Scheme 14).41


Shibasaki et al. introduced the tartrate-derived diammonium
salt (TaDiAS) 41 as phase transfer-catalyst for the alkylation


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 406–430 | 411







Fig. 2 Phase transfer-catalysts for the alkylation of amino acid-derived Schiff bases.30–36


of alanine-derived Schiff bases 40 (Scheme 15).42 Interestingly,
the tetrafluoroborate catalyst proved to be considerably more
powerful than the originally employed iodide in the alkylation
of both glycine- and alanine-derived Schiff bases. This effect even
applied under phase transfer conditions using excess hydroxide.
However, considerably prolonged reaction times were required for
the alkylation of alanine-derived 40 under optimised conditions in
comparison to a-unsubstituted Schiff bases. Based on molecular
orbital calculations, the authors suggested that the catalyst


provides a chiral environment by forcing the substrate enolate into
the Z-configuration through fixation of the two cationic moieties
via hydrogen bonding to the a-methylene units.


Takemoto et al. demonstrated the application of an achiral
palladium-catalyst in combination with the chiral phase transfer-
catalyst 42 for the asymmetric allylic alkylation of amino acid-
derived Schiff bases (Scheme 16).43 Apart from glycine equivalents,
also the alanine imino ester 40 was alkylated with allylic acetate
in moderate yield but good enantiomeric excess.
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Scheme 11 Synthesis of benzocyclic amino acids by PTC according to
Maruoka et al.37 Reagents and conditions: (a) 34a (1 mol%), CsOH·H2O,
toluene, 0 ◦C, 0.5–1 h; (b) 0.5 M citric acid; (c) 1 N HCl–THF; (d) NaHCO3.


Scheme 12 PTC alkylation of oxazolines according to Jew and Park.38


Reagents and conditions: (a) 34b, RX (X = Br, I), KOH, toluene, 0 ◦C,
3–20 h; (b) 6 M HCl (98%).


Scheme 13 PTC alkylation of cyclic a-amino-b-ketoesters according to
Maruoka et al.39 Reagents and conditions: (a) 34b (1 mol%), R1X, satd.
K2CO3–H2O, o-xylene, 0 ◦C, 3–24 h.


Scheme 14 PTC alkylation of amides according to Maruoka et al.40,41


Reagents and conditions: (a) 34c (2 mol%), R3X, CsOH·H2O, toluene, 0 ◦C,
1–10 h.


Scheme 15 PTC alkylation of Schiff bases according to Shibasaki et al.42


Reagents and conditions: (a) RX, CsOH·H2O, toluene–CH2Cl2, −70 ◦C,
148–168 h; (b) 0.2 M citric acid, THF, rt, 1 h.


Scheme 16 Combined PTC and palladium-catalysed allylic alkylation
of Schiff bases acccording to Takemoto et al.43 Reagents and conditions:
(a) Allylic acetate, 50% KOH–H2O, toluene, 0 ◦C; (b) 15% citric acid;
(c) PhCOCl, Et3N.
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2 Electrophilic a-amination of a-branched carbonyl
compounds


Although a multitude of approaches have been devised in the past
to utilise nitrogen electrophiles, such as chiral and achiral nitroso
compounds, oxaziridines, sulfonyloxycarbamates, sulfonyl azides,
and especially azodicarboxylates for the asymmetric a-amination
of carbonyl compounds under “umpolung” principles,44 only a
few considered the possibility of using a-branched substrates in
order to open access to a,a-disubstituted a-amino acids,45 before
organocatalytic strategies were developed for this task.46


Jørgensen et al. reported on the use of Cu(II)-BOX complex 44
in the reaction of different racemic a-alkyl-b-ketoesters 43 with
diethyl azodicarboxylate (DEAD) and dibenzyl azodicarboxylate
(DBAD) to obtain products in excellent yield and enantiomeric
excess (Scheme 17).47 A variety of different substitution patterns
for the starting material were evaluated, making this reaction the
first general approach towards a,a-disubstituted a-amino acids via
a-amination of a-branched carbonyl species. This approach was
later extended to include different cyclic a-acylated ketones as
substrates.48


Scheme 17 First general strategy towards a,a-disubstituted a-amino acids
via electrophilic a-amination according to Jørgensen et al.47 Reaction
conditions: (a) CH2Cl2, rt, 16 h.


In 2002, List and Jørgensen simultaneously reported on the
proline-catalysed a-amination of a-monosubstituted aldehydes
with azodicarboxylates to give a-monosubstituted amino acid-
derivatives in excellent yields and enantioselectivity.49 Seeing the
potential of this reaction for the preparation of more demanding
a,a-disubstituted a-amino acid derivatives, the applicability of this
reaction to racemic a,a-disubstituted aldehydes 45 was explored in
our group (Scheme 18).50 The reaction with DEAD and DBAD in
dichloromethane proceeded in good yields and enantioselectivities
up to 86% ee, thus representing the first example for the successful
utilisation of a,a-disubstituted aldehydes in enamine catalysis. The
stereoselectivity of the reaction, however, only reached satisfying
levels, when the a-carbon was directly substituted by an aryl-
group. Moreover, the reaction time was considerably prolonged in


Scheme 18 First organocatalytic a-amination of a,a-disubstituted
aldehydes.50 Reagents and conditions: (a) L-Proline, CH2Cl2, rt, 2.5–9 d;
(b) NaBH4, CH2Cl2–EtOH, 0 ◦C, 30 min (for R3 = Bn); (c) H2, Pd/C,
AcOH–MeOH, rt, 12 h (76%, for R1 = Me, R2 = Ph); (d) NaNO2,
AcOH–HCl, reflux, 30 min (59%).


comparison to a-monosubstituted aldehydes, indicating that the
acceleration of the reaction rate observed for the reaction of linear
aldehydes did not apply in that case.51 While in situ-reduction had
to be carried out on the a-monosubstituted amination products,
due to their susceptibility to racemisation, the a-aminated a,a-
disubstituted aldehydes 46 were configurationally stable, due to
the absence of an acidic a-proton. If nevertheless reduction with
sodium borohydride was carried out after completion of the ami-
nation reaction, the product in most cases underwent spontaneous
cyclisation to form oxazolidinone 47. In the cases in which DBAD
had been used in the amination step, the free oxazolidinones 48
could be obtained by hydrogenation and subsequent treatment
with sodium nitrite. Unfortunately, oxazolidinone 48 proved to
be extremely resistant against any attempt at opening. Moreover,
although oxidation of the aldehyde 46 towards the corresponding
acid is easily achieved, the conversion of the hydrazide towards
the free amino acid was generally found to be rather tedious
and inefficient, thus imposing a limit on the feasibility of the
method.


The problem connected to the conversion of the amination
product towards the free amino acid was addressed by Barbas
et al. in the total synthesis of cell adhesion inhibitor BIRT-377 (52,
Scheme 19).52 Using tetrazole-catalyst 49 instead of proline, they
managed to synthesise the aminated aldehyde 50 in 95% yield and
80% ee. Recrystallisation delivered the enantiopure product in 71%
yield. After oxidation and esterification, the corresponding amino
ester was subjected to a one pot-trifluoro acetylation–selective
benzyloxycarbonyl deprotection sequence to give, after treatment
with samarium iodide, the Cbz-protected amino acid 51. The task
compound 52 was then obtained in three additional steps.
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Scheme 19 Organocatalytic a-amination in the synthesis of BIRT-377
by Barbas et al.52 Reagents and conditions: (a) DBAD, CH3CN, rt, 3 h;
(b) NaClO2, 4 ◦C, 12 h (86%); (c) TMSCHN2 (99%); (d) Tfa2O, pyridine,
40 ◦C, 16 h (99%); (e) SmI2, 30 min (98%).


Barbas further extended the scope of this reaction type with
the synthesis of the metabotropic glutamate receptor ligands (S)-
AIDA (55a) and (S)-APICA (55b) from aldehydes 53a and 53b
(Scheme 20). In these syntheses, L-proline proved to be a highly
efficient catalyst, providing 54a and 54b in excellent yield and
enantioselectivity.53


In 2004, several groups introduced cinchona-alkaloid deriva-
tives 56–58 as highly efficient organocatalysts for the a-amination
of a-substituted a-cyanoacetates (Fig. 3) and b-dicarbonyl com-
pounds (Fig. 4) with azodicarboxylates. Thus, Jørgensen et al.
reported b-isocupreidine (b-ICD, 56) to catalyse the a-amination
of a-substituted a-cyanoacetates in excellent yields and enantios-
electivities (Fig. 3).54 The combination of di-tert-butyl azodicar-
boxylate (DtBuAD) and the tert-butyl ester at low temperatures
(−78 ◦C) proved to be the most favourable for high conversion
and selectivity, although higher temperatures, such as −20 ◦C or


Scheme 20 Organocatalysed a-amination in the synthesis of (S)-AIDA
and (S)-APICA by Barbas et al.53 Reagents and conditions: (a) L-Proline,
DBAD, CH3CN, rt, 3 h.


Fig. 3 Cinchona-derived organocatalysts for the a-amination of
a-cyanoesters. Reagents and conditions: (a) DBAD (R3 = Bn) or DtBuAD
(R3 = tBu), toluene, −78 to −50 ◦C.
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Fig. 4 Organocatalysed a-amination of b-ketoesters and appropriate organocatalysts.


room temperature, still led to acceptable results. The catalyst
loading could be reduced to as little as 0.5 mol%. However, a
much lower reaction rate was observed in this case. A wide range of
a-aryl-substituted a-cyanoacetates, including heterocyclic species,
were aminated with excellent results. In contrast, a-alkylated
substrates gave products only in low stereoselectivity. Deng et al.
demonstrated that—in contrast to the unprotected analogues—
benzyl-protected cinchona alkaloids 57 and 58 are suitable cata-
lysts for the a-amination of a-cyanoethylacetates (Fig. 3).55 In their
case, the application of the pseudo-enantiomers 57 and 58 led to
different products in opposite absolute configuration.


Catalyst 57 was also shown to be capable of catalysing the
enantioselective a-amination of b-carbonyl compounds (Fig. 4).54


Thus, compounds of the type 60a,b were aminated with DtBuAD
in 86–99% yield and 83–90% ee. Pihko and Pohjakallio reported
cinchonidine (61) and cinchonine (62) to catalyse the a-amination
of b-ketoesters with DBAD.56 While open-chained substrates of
the type 60a gave products in only moderate enantiomeric excess,
cyclic substrates of the type 60b were aminated in 77–90% ee. In
these cases, esterification with an ethyl group was favourable over
esterification with a benzyl group. Lactones 60c were aminated in
42–64% ee. However, the presence of a tert-butyl-substituent led to
a considerable decrease in yield. In all these reactions, application
of 61 resulted in products with the opposite absolute configuration
to products arising from reactions catalysed by 62. Takemoto
et al. introduced the urea catalyst 63 (Fig. 4) for the amination
of b-dicarbonyl compounds with DtBuAD.57 The best results
were obtained with cyclic substrates. In addition, the reaction was


carried out using a-phenyl-substituted a-cyanoacetate to give the
corresponding product in 93% yield and 73% ee.


The difficulties encountered in connection with the cleavage
of the hydrazides emerging from the amination with azodicar-
boxylates initiated the search for different nitrogen electrophiles,
which would enable a more straightforward route towards the
free amino acids. To our surprise, the reaction of a-branched
aldehydes 64 with sulfonyl azides in the presence of L-proline did
not result in triazene formation or azide transfer as expected, but
in a-sulfamidation towards 66 (Scheme 21).58 Since yields and
enantioselectivity of the reaction reached only moderate levels,
a careful optimisation was performed, including an extensive
screening of solvents, catalysts, and sulfonyl azides. The best
results were generally obtained when the reaction was carried
out in ethanol. If tosyl azide was employed, the enantiomeric
excess of the product was increased from 59 to 72% ee by use of
the ionic liquid N-butyl-N ′-methylimidazolium tetrafluoroborate
([bmim][BF4]) as the solvent. Of a range of pyrrolidine-based
catalysts tested in the reaction, proline gave the best results with
regards to the combination of yield and stereoselectivity. Due to
side reactions withdrawing the catalyst from the catalytic cycle,
stoichiometric amounts of the catalyst were generally required for
maximum conversion. A range of different a-branched aldehydes
reacted with nosyl azide to afford products between 21 and 55%
yield and enantioselectivities up to 86% ee. Similar to the proline-
catalysed reaction of a-branched aldehydes with azodicarboxy-
lates, satisfying levels of stereoselectivity were only reached, when
a-aryl-substituted aldehydes were applied. Methoxy-substituents
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Scheme 21 Organocatalysed a-sulfamidation of a-branched aldehydes.58 Reagents and conditions: (a) L-Proline, EtOH, rt, 1–7 d; (b) NaClO2, NaH2PO4,
CH3CN–H2O, rt, 1 d (92%); (c) NaOMe, MeOH, rt, 1 d (quant.).


on the aromatic moiety further enhanced the product’s enan-
tiomeric excess. However, the yields dropped significantly when the
aldehyde was carrying an ortho-substituent. Since the emergence
of the product cannot be satisfactorily explained by the classical
enamine catalysis pathway, a new mechanism was proposed, which
includes as the key-step a 1,3-dipolar cycloaddition of the sulfonyl
azide to the in situ-formed enamine, followed by a number of
rearrangement steps as shown in the bottom line of Scheme 21.
Deprotection of 66 was easily achieved, after oxidation of the
aldehyde, by treatment with sodium methylate.


Nitroso aldol reactions can either exhibit N- or O-selectivity
with respect to the nitroso compound. Most pyrrolidine-derived
organocatalysts,59 as well as chiral a-hydroxycarboxylic acids,60


were reported to generally furnish aminohydroxylated products,
until very recently Gong and Jiang published the regio- and stere-
oselective organocatalysed a-hydroxyamination of a-branched
aldehydes using proline-amide 67 as the catalyst (Scheme 22).61


They reasoned that the stabilisation of transition state 68 through
hydrogen bonding might be responsible for the N-selectivity,
whereas in other organocatalysed nitroso aldol reactions, N-
protonation by the catalyst is preferred due to the higher basicity
of the nitroso nitrogen.


3 Nucleophilic addition to C–N-multiple bonds


The starting point in amino acid synthesis was set in 1850, when
Strecker developed the first (racemic) amino acid synthesis. Con-
densation of aldehydes, ammonia and hydrocyanic acid delivered
aminonitriles, which were converted to the amino acids by acidic
hydrolysis.62


Scheme 22 Organocatalysed N-nitroso aldol reaction according to Gong
and Jiang.61 Reagents and conditions: (a) PhNO, toluene, 2–3 h; (b) NaBH4.


In 1999, Ma et al. reported the first asymmetric synthesis of the
metabotropic glutamate receptor antagonists (S)-AIDA (55a) and
(S)-APICA (55b, Scheme 23).63 By refluxing bromo-substituted
indanone 69 and (R)-2-phenylglycinol in toluene with azeotropic
removal of water, they obtained a mixture of imine 70 and the 1,3-
oxazolidine 71. These were successively treated with trimethylsilyl
cyanide and saturated methanolic hydrogen chloride to give the
N-protected amino ester 72 in a 7 : 1 diastereomeric ratio. After
conversion of the inseparable diastereomers towards the separable
cyclisation products (S,R)-73 and (R,R)-73, the task compounds
55a and 55b were synthesised from the main product (S,R)-73 by
palladium-catalysed carbonylation or phosphonation, followed by
basic cleavage of the resulting oxazolinone and removal of the
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Scheme 23 Application of the asymmetric Strecker reaction in the synthesis of metabotropic glutamate receptor antagonists by Ma et al.63 Reagents
and conditions: (a) (S)-phenylalaninol, toluene, reflux; (b) TMSCN, MeOH, rt, 24 h; (c) HCl–MeOH, rt, 12 h (61%, 3 steps); (d) toluene, reflux, 24 h
(59%), (e) Pd(OAc)2–dppp, CO, EtOH, Et3N, DMSO, 70 ◦C, 3 h (67%, R = CO2Et); (f) Pd(PPh3)4, HP(O)(OEt2), Et3N, MeOH, 0 ◦C, 30 min (83%, R =
P(O)(OEt)2).


auxiliary. The metabotropic glutamate receptor antagonists (S)-
aM4CPG (74) and (S)-MPPG (75) were prepared in a similar
manner using the same chiral auxiliary. The diastereoselectivity
of the Strecker reaction, however, was rather low in these cases,
leading to diastereomeric ratios of 2 : 1 and 2.5 : 1, respectively.


Chiral sulfinamides have been reported to be suitable auxiliaries
for the asymmetric Strecker reaction towards a,a-disubstituted a-
amino acids by Davis et al.64 Chiral sulfinyl ketimines 76, obtained
from the reaction of ketones with the auxiliary, were converted to
diastereomerically enriched sulfinylaminonitriles 77 with the aid of
ethylaluminium cyanoisopropylate (Scheme 24). No epimerisation
was observed for the Strecker products, a phenomenon that had
been observed in earlier approaches. However, a general limitation
was found in the occurrence of isomeric mixtures of E- and Z-
ketimines, which resulted in a decrease of diastereoselectivity.
Moreover, while the sulfinyl group could be easily removed under
acidic conditions, the cyano-group in products with very bulky
substituents (e.g. tert-butyl) proved to be highly resistant against
hydrolysis.


Scheme 24 Strecker reaction with sulfinyl ketimines according to Davis
et al.64 Reagents and conditions: (a) “EtAl(OiPr)CN”, THF, −78 ◦C to rt,
15 h; (b) 6 N HCl, reflux, 15 h, up to 69%.


A related Strecker-analogous reaction, involving the addition
of furyl lithium species 79 to chiral tert-butanesulfinyl ketimines
78, was devised by Ellman et al. (Scheme 25).65 In analogy to
the reaction described by Davis, diastereomeric ratios of the
addition product 80 were excellent, when substrates with highly
differentiated substituents were employed, but decreased with
growing similarity in steric size. The attractiveness of this reaction
lies in the conversion of the addition product 80 to the (sulfonyl-
protected) amino acid 81, since the carboxylic group is formed by
oxidation of the furyl-moiety with sodium iodate under ruthenium
catalysis, thus avoiding the harsh conditions required for the
hydrolysis of the aminonitriles obtained in conventional Strecker
reactions using cyanide as the nucleophile.


Scheme 25 Strecker-analogous reaction according to Ellman et al.65


Reagents and conditions: (a) AlMe3, toluene, 0 ◦C, 3–4 h; (b) RuCl3·H2O,
NaIO4, CH2Cl2, CH3CN, H2O, rt, 1 h (62–69%).
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After Ohfune et al. had developed an asymmetric Strecker
approach towards all diastereomers of a-methylthreonine and
both enantiomers of a-methylserine,66 they elaborated on this
strategy to open access to other cyclic67 and acyclic serine-
derivatives (Scheme 26).68 A crucial step in this strategy was the
oxidation of the aminonitrile 82 to the iminonitrile 83. Since
the classical chlorination–dehydrochlorination method using tert-


Scheme 26 Asymmetric Strecker reaction according to Ohfune et al.69


Reagents and conditions: (a) D-Phe-OH, Cu(acac)2, toluene; (b) TFA;
(c) TMSCN, ZnCl2, iPrOH, rt, 18 h (87%); (d) O3, EtOAc, −78 ◦C (98%);
(e) conc. HCl (98%).


butyl chlorite and triethylamine resulted in a decrease in yield
or even failed completely for sterically congested aminonitriles,
the authors introduced ozone as a bidentate base. Under these
conditions, they obtained mixtures of the desired iminonitrile
83 and the amide 84, which could both be cleaved by treatment
with concentrated hydrochloric acid to give the free amino acid
in high yield. The cyclic Strecker product 85 was converted in a
12 step sequence to the metabotropic glutamate receptor agonist
(+)-LY354740 (86).69


A similar approach was chosen for the synthesis of 88a and 88b
from 87a and 87b, respectively, which were used as intermediates
for the total synthesis of manzacidin A (89a) and manzacidin C
(89b) (Scheme 27). In contrast to the reactions above, the Strecker
reaction was performed on a seven-membered lactam instead of
a six-membered lactone. In addition, the presence of a second
stereocentre rendered the stereochemical outcome of the reaction
rather unpredictable. However, the Strecker reaction proceeded
smoothly and resulted in only one diastereomer. The occurrence
of a diastereomeric product mixture when a glycine-residue was
used instead of the initial phenylalanine-residue indicated that
the stereochemical influence of the b-stereocentre was overruled
by the stereochemistry of the amino acid. This synthesis helped
to establish the absolute configuration of natural (−)-manzacidin
and (+)-manzacidin.70


Scheme 27 Asymmetric Strecker reaction in the total synthesis of
manzacidin A and C by Ohfune et al.70 Reagents and conditions:
(a) TMSCN, ZnCl2, iPrOH, rt, 18 h, (81–87%, single diastereomers).


The procedure presented above was also successfully utilised
for a number of natural product syntheses.71 Thus, an asymmet-
ric Strecker reaction was used for the synthesis of the Corey


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 406–430 | 419







intermediate 90 of lactacystin (91, Fig. 5).72,73 Further natural
products which have been successfully synthesised using Ohfune’s
asymmetric Strecker approach are kaitocephalin (92)74 and altemi-
cidin (93).71b


Fig. 5 Natural products synthesised via Ohfune’s asymmetric Strecker
approach.


Starting in the mid-nineties, impressive achievements were
made in the catalytic asymmetric Strecker reaction towards a-
monosubstituted amino acids.75 Thus, it was just a question of
time until related approaches towards a,a-disubstituted a-amino
acids would be reported. The first reaction of this kind was
published in 2000 by Vachal and Jacobsen.76 By reaction of N-
protected ketimines with hydrocyanic acid under the influence of
a resin-bound or soluble Schiff base catalyst (94a and 94b, respec-
tively), they prepared different a-methyl-a-arylglycine-derivatives
in essentially quantitative yield and 88–95% ee (Scheme 28).
A decrease in stereoselectivity was noted, when the ketimine
carried exclusively non-aromatic substituents. ortho-Substituted
aryl substituents, on the other hand, effected the destabilisation
of the resulting aminonitriles 95. Hydrolysis of 95 succeeded only
after formylation of the amine, since the unformylated species
underwent a retro-Strecker reaction under the required reaction
conditions. The free amino acid was subsequently obtained by
hydrogenation.


Shibasaki et al. developed a highly efficient gadolinium-
catalysed Strecker reaction using phosphinoyl imines 96 and
the chiral ligand 97a (Scheme 29).77 Phosphinoyl imines proved
to be favourable for high enantioselectivity over N-alkylated
ketimines,78 since they easily equilibrate between E- and Z-
configuration under the reaction conditions applied.77b Conse-
quently, the cyanide adds to the more reactive isomer, presumably
E, leaving the other isomer to equilibrate. The stoichiometric
addition of 2,6-dimethylphenol (DMP) as a proton source led to
a considerable improvement in reactivity and enantioselectivity.79


This was attributed to the formation of the active catalyst 99 from
the silylated species 98, which would act as an internal proton
donor in the course of the reaction. Further improvement was
made when the proton source and the reagent were combined and
stoichiometric amounts of hydrocyanic acid were used together
with only catalytic amounts of trimethylsilyl cyanide.80 These
catalytic amounts of the latter, however, proved to be essential


Scheme 28 First catalytic asymmetric Strecker synthesis towards
a,a-disubstituted a-amino acids according to Vachal and Jacobsen.76


Reagents and conditions: (a) HCN, toluene, −75 ◦C, 15–90 h; (b) HCO2H–
Ac2O (97–98%); (c) conc. HCl, 105 ◦C (95%); (d) H2, Pd/C, HCl,
MeOH–H2O (92–93% overall).


for the reaction, since the active catalyst 99 was generated only
from the silylated species, whereas hydrocyanic acid did not add
to the precatalyst directly. The active catalytic species in these
reactions was shown by ESI-MS measurements to be a 2 : 3
gadolinium : ligand complex. When gadolinium isopropylate
was used as the gadolinium source, minor amounts of a 4 : 5
complex were also detected in the catalyst solution. In contrast,
hexamethyldisilazyl gadolinium exclusively furnished the 2 : 3
complex.81 This gadolinium source led to a further enhancement
in stereoselectivity. By variation of crystallisation conditions, the
authors succeeded in isolating a 4 : 5 complex of gadolinium and
the ligand 97b.82 This complex surprisingly catalysed the Strecker
reaction to give products of the opposite absolute configuration,
although the stereochemistry of the ligand was essentially the
same as in the former reactions. The gadolinium-catalysed Strecker
reaction exhibited a broad substrate scope. Besides different aryl-
and heteroaryl-substituted imines, also indanone- and tetralinone-
derived substrates reacted in high yields and enantiomeric excess.
The applicability of this reaction to the synthesis of compounds
of higher complexity was demonstrated in the total synthesis of
sorbinil (100, Scheme 29)79 and (+)-lactacystin (91, see Fig. 5).81


Vallée et al. reported the heterobimetallic scandium binol-
complex 103 to catalyse the asymmetric Strecker reaction of
ketimine 102 (Scheme 30) with 95% ee at 50% conversion.83 At
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Scheme 29 Asymmetric catalytic Strecker reaction according to
Shibasaki et al.77 Reagents and conditions: (a) TMSCN, DMP or TMSCN,
HCN, EtCN, −40 ◦C, 0.25–54 h.


Scheme 30 Asymmetric catalytic Strecker synthesis according to Vallée
et al.83 Reagents and conditions: (a) 103, TMSCN, toluene, −20 ◦C;
(b) H2O.


longer reaction times, however, a decrease in the reaction rate
and in enantioselectivity was observed, which was attributed to a
possible catalyst poisoning or decay.


While the Strecker reaction makes use of the nucleophilic
addition of a “CO2H−”-synthon to imines, it is also possible to
add alkyl-groups to C=N double bonds (compare Fig. 1, path A).
If the substrate carries a carboxylic group or a suitable precursor,
this is another possibility to open access to amino acids.


Thus, L-proline-derived diketopiperazine 104 reacted in the
presence of hydrogen bromide with nitrogen heterocycles to give
disubstituted products in more than 95 : 5 diastereoselectivity
(Scheme 31).84 In some cases, isomerisation of the diketopiperazide
was observed to result in the racemic products 105 or 106.


Scheme 31 Addition of N-heterocycles to diketopiperazines according to
Jin and Liebscher.84 Reagents and conditions: (a) 48% HBr, R2X, dioxane,
rt or reflux.


After Carda and Marco had presented the synthesis of serine-
derivatives by nucleophilic addition of organolithium reagents
to protected erythrulose oximes,85 they also demonstrated the
nucleophilic addition of organolithium and organomagnesium
reagents to cyclic nitrone 108, derived from erythrulose acetonide
107 (Scheme 32).86 Thus, the reaction of 108 with different
organometallic reagents delivered the product in 50–80% yield
and diastereomeric ratios of 70 : 30 to >95 : 5. The addition
of a bulky tert-butyl-group could not be accomplished. The
products were converted to the benzyl-protected oximes 109, the
transformation of which towards the corresponding a-alkylated
serines had already been shown in preceding publications (see also
Scheme 33, steps c–i).85


Since the preparation of precursor 108 was rather inefficient,
the same research group introduced acyclic nitrone 111,
which was obtained from silyl-protected erythrulose acetonide
110 in 78% yield (Scheme 33).87 The addition of different Grignard
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Scheme 32 Nucleophilic alkylation of cyclic nitrones according to Carda
and Marco.86 Reagents and conditions: (a) NH2OH (74%); (b) acetone,
2,2-dimethoxypropane, TsOH (30%); (c) RM, Et2O, −78 ◦C, 1 h; (d) NaH;
BnBr, TBAI, THF, rt, 12 h.


Scheme 33 Nucleophilic alkylation of acyclic nitrones according to Carda
and Marco.87 Reagents and conditions: (a) BnNHOH (78%); (b) RMgX,
THF, −78 ◦C, 5 h; (c) RMgX, THF, −78 ◦C, 5 h, then Ac2O, rt, 30 min
(50–96%); (d) HIO4; (e) NaClO2; (f) CH2N2 (50–70%, 3 steps); (g) TBAF,
THF (87%); (h) H2 (70 psi), Pd(OH)2; (i) NaOH, EtOH (64%, 2 steps, for
R = Me).


reagents delivered the corresponding product in diastereomeric
ratios higher than 80 : 20. In most cases, the presence of equimolar
amounts of zinc bromide resulted in enhanced diastereoselectivity.
This was attributed to the stronger chelating effect exerted by zinc
compared to magnesium, and thus the better stabilisation of the
Cram’s chelated transition state. The conversion towards the free
amino acid was demonstrated in the synthesis of a-methylserine
(112).


A related strategy was pursued in the sequential double alkyla-
tion of tartaric acid-derived nitrile 113.88 The key reaction in this
approach is shown in Scheme 34. After the addition of a Grignard
reagent, the second alkyl-group was introduced by means of an
organocerium species. Chelation-control in the intermediate imine
anion 114 is thought to be responsible for the stereoselectivity of
the second addition step. The diastereomeric ratio of 115 was
between 14 : 1 and >40 : 1, depending on the size difference
of the substituents and the order of addition. Conversion to the
corresponding N-protected a,a-disubstituted a-amino acid was
accomplished in four additional steps by N-protection, cleavage
of the acetal and the resulting diol, and final oxidation of the
resulting aldehyde.


Scheme 34 Diastereoselective sequential nucleophilic double alkylation
of nitriles under chelation control according to Charette and Mellon.88


Reagents and conditions: (a) R1MgBr, toluene, 0 ◦C to rt; (b) R2CeCl2·
MgClBr, toluene, −78 ◦C to rt; (c) CbzCl, EtNiPr2, CH2Cl2 (95%);
(d) TsOH, MeOH; (e) NaIO4, THF, H2O; (f) KMnO4, NaH2PO4, tBuOH,
H2O (80%, 3 steps, for R1 = Ph, R2 = Me).


The nucleophilic addition of alkynes to cyclic nitrone 118 under
self-reproduction of stereocentres was demonstrated by Chavant
et al. (Scheme 35).89 Nitrone 118 was prepared from Seebach’s
imidazolidinone 116 by a two step oxidation. Since 118 proved
to be configurationally unstable, the storable precursor 117 was
synthesised in large quantities and oxidised immediately before
application. The addition of the alkynyl zinc species was highly
stereoselective and delivered only one diastereomer. However,
only alkylation with the trimethylsilyl species resulted in a stable
adduct (120). All other alkynes tested in the reaction delivered the
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Scheme 35 Nucleophilic alkylation of cyclic nitrones under self reproduc-
tion of stereocentres according to Chavant et al.89 Reagents and conditions:
(a) urea–H2O2, MeReO3, CH2Cl2, 20 ◦C, 10 h (65%); (b) MnO2, CH2Cl2,
20 ◦C, 2 h; (d) RC≡CH, Me2Zn, toluene, 20 ◦C, 18 h, then NH4Cl;
(e) TMSC≡CH, Me2Zn, toluene, 6 h, then NH4Cl.


cyclisation product 122. Since these products can theoretically also
arise from a 1,3-dipolar cycloaddition, mechanistic experiments
were carried out to confirm a tandem addition–cyclisation process
involving the intermediates 119 and 121.


The Mannich reaction is another example for a reaction
involving the addition of nucleophiles—in this case enolates—to
imines. However, ketimines are rather demanding substrates, due
to increased steric hindrances compared to aldimines. Moreover,
the E–Z-equilibrium of the imine double bond often hampers
control over the stereochemistry of the reaction.


This problem was addressed by Jørgensen et al., who introduced
cyclic ketimines of the type 123 as substrates for the catalytic
asymmetric Mannich reaction (Scheme 36).90 By integration into
a cyclic system, the imine double bond is fixed in Z-configuration.
The presence of a carbamate protective group additionally
enhances the electrophilicity of the substrate. Moreover, the
absence of a-protons suppresses enamine formation, which would
result in the deactivation of the substrate. The reaction of 123
with silyl enol ethers under catalysis of the zinc bisoxazolidine
complex 124 delivered products in excellent yield and generally
high enantiomeric excess above 80% ee. One exception was the
3-methoxy-substituted substrate with only 34% ee, which was


Scheme 36 Catalytic Mannich reaction according to Jørgensen et al.90


Reagents and conditions: (a) CH2Cl2, −78 ◦C; (b) EtOH or H2O, −78 ◦C
to rt; (c) Boc2O, DMAP, CH3CN, rt, 17 h (78%, for R = H); (d) Cs2CO3,
MeOH, rt, 2 h (79%, for R = H).


most probably due to electronic effects. Different enolates were
tested in the reaction with unsubstituted 123. In the cases, where
mixtures of syn- and anti-products were obtained, moderate
diastereoselectivity was observed towards the syn-product, which
also displayed the higher enantiomeric excess. The unsubstituted
carbamate 125 was cleaved, after Boc-protection, with caesium
carbonate. Spontaneous cyclisation of the cleavage product led to
lactone 126.


4 a,a-Disubstituted a-amino acids via stereospecific
ring-opening and rearrangement reactions


Various methods have been devised in the past utilising stere-
oselective ring-opening reactions of chiral aziridines to open
access to a,a-disubstituted a-amino acids.14 Satoh and Fukuda
presented the synthesis of long chain-substituted phenylalanine-
and aspartic acid-derivatives 131 and 132, respectively, by reaction
of aziridinyl species 129 with ethyl chloroformate and subsequent
ring-opening hydrogenation towards 130 (Scheme 37).91 The
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Scheme 37 Stereospecific ring-opening reaction of aziridines according to Satoh and Fukuda.91 Reagents and conditions: (a) LDA, PhC=NAr, THF,
−78 ◦C, 30 min (78%); (b) tBuOK, tBuOH, 70 ◦C, 40 min (94%); (c) MeMgBr, then tBuLi, THF, −78 ◦C, 1 min; (d) EtOCOCl, THF, −78 ◦C, 1 min
(64%, 2 steps); (e) H2, Pd(OH)2–C, MeOH, EtOAc; (f) ceric(IV) ammonium nitrate, CH3CN, H2O, 0 ◦C, 30 min (54%, 2 steps); (g) Ac2O, DMAP, pyridine
(97%); RuCl3, NaIO4, CCl4, CH3CN, H2O (60%).


synthesis of the aziridine 128 using chiral sulfoxide 127 was
highly diastereoselective and resulted in only one diastereomer. All
subsequent reactions in the sequence were stereospecific, and 131
was obtained in an optically pure state. Aspartic acid-derivative
132 was obtained from phenylalanine-derivative 131 by oxidation
with ruthenium chloride and sodium iodate.


Due to their broad applicability, numerous strategies have been
developed for the preparation of chiral epoxides, rendering this
substance class a very attractive starting material for asymmet-
ric transformations. Consequently, various methods have also
been developed for the conversion of chiral epoxides into a,a-
disubstituted a-amino acids.


Probably the most widely used asymmetric reaction towards
chiral epoxides is the Sharpless epoxidation.92 Sharpless demon-
strated that chiral 3-hydroxyepoxides undergo stereospecific ring-
opening upon treatment with azides to afford 1-azido-2,3-diols,
which can act as amino acid-precursors.93 However, the ring-
opening reaction of disubstituted epoxides of the type 133 by
various protocols proved to be rather difficult and gave the
undesired regioisomer due to the increased steric hindrance.94


The reaction finally proceeded with the desired regioselectivity,
when sodium azide was used in combination with a mild Lewis
acid (Scheme 38). The products were immediately submitted to
catalytic hydrogenation in the presence of Boc-anhydride to give
the N-protected diol 134. This was converted to the protected
amino acid 135 in two additional steps.


The stereospecific ring-opening reaction of a-chloroepoxides
137a and 137b, derived from stereochemically defined
dichloromethylcarbinols 136a and 136b, respectively, with sodium
azide gave a-azidoaldehydes 138a and 138b (Scheme 39).95 Oxida-
tion and subsequent hydrogenation then furnished the free amino
acid in good yield. Interestingly, the phenylsubstituted epoxide
137c resulted in products of the opposite absolute configuration.
The authors explained this result with a double inversion involving
the intermediate 139, which was also identified after stirring 137c
at room temperature in THF for 12 h. Treatment of 139 with
sodium azide resulted in aldehyde 140, which was transformed
into the free amino acid in the same manner as described above.


Scheme 38 Stereospecific ring-opening reaction of Sharpless epoxides
according to Pericás, Riera et al.94 Reagents and conditions: L-(+)-DET,
tBuOOH, Ti(OiPr)4, CH2Cl2, −20 ◦C, 4 h; (b) NaN3, LiClO4, CH3CN,
65 ◦C, 24 h; (c) H2, Pd/C, Boc2O, EtOAc, rt, 5 h; (d) KMnO4, NaIO4,
Na2CO3, dioxane, H2O, rt, 12 h (71–87%); (e) CH3I, KHCO3, DMF, rt,
12 h (72–95%).


A similar procedure was published by Satoh et al., who prepared
a 3 : 1 diastereomeric mixture of the sulfinyloxiranes 142a and 142b
from tetralone (141, Scheme 40).96 The main product 142a was
submitted to a stereospecific ring-opening reaction with sodium
azide, and the resulting aldehyde converted to the amino acid ester
143 by oxidation and subsequent hydrogenation.


Unsaturated c,d-epoxy esters can be stereospecifically opened
with azides under palladium-catalysis and double inversion of con-
figuration (Scheme 41).97 In the course of their studies, Miyashita
et al. also demonstrated the use of this reaction for the synthesis
of both enantiomers of a-methyglutamic acid-derivative 146.
Stereospecific epoxidation of the chiral unsaturated compound
144 was followed by a palladium-catalysed azide substitution
to furnish (R)-146 in 93% yield. The reaction is thought to
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Scheme 39 Stereospecific ring-opening reaction of a-chloroepoxides
according to Masaki et al.95 Reagents and conditions: (a) K2CO3, MeOH,
rt, 10 min; (b) NaN3, 15-crown-5, THF, rt, 12 h; (c) Jones oxidation;
(d) H2, Pd/C, EtOH, rt, 16 h; (e) THF, rt, 12 h.


Scheme 40 Stereospecific ring-opening reaction of epoxides according
to Satoh et al.96 Reagents and conditions: (a) LDA, THF, −78 ◦C (99%);
(b) tBuOK, tBuOH, THF, 0 ◦C (93%); (c) NaN3, NH4Cl; (d) I2, KOH,
MeOH; (e) H2, Pd/C, EtOAc (98%).


proceed through coordination of the intermediate allylic cation
to the palladium centre, followed by an intramolecular transfer
of the azide from the silyl-group to the uncoordinated face of the
allylic moiety. Concomitant hydrogenation of the double bond
and the azide in the presence of Boc-anhydride and subsequent
cleavage of the diol delivered (R)-146 in 68% yield. The opposite


Scheme 41 Palladium-catalysed stereospecific ring-opening reaction
of epoxides according to Miyashita et al.97 Reagents and conditions:
(a) mCPBA, CH2Cl2, 0 ◦C, 1 h; (b) TMSN3, Pd(PPh3)4, THF, rt, 1 h;
(c) NaN3, Ti(OEt)4, DMF, rt, 1 h; (d) H2, PtO2, Boc2O, EtOAc, rt;
(e) RuCl3, NaIO4, CCl4, CH3CN, H2O, rt, 2 h (68% overall).


enantiomer was prepared by reaction with sodium azide and
titanium tetraethylate under modified Sharpless conditions98 to
yield (S)-145 in 97%. The conversion to (S)-146 was carried out
under the same conditions as above.


The stereospecific ring-opening of the chiral cyclic sulfite
148 was demonstrated in the enantioselective synthesis of both
enantiomers of a-methylserine (Scheme 42).99 Sulfite 148 was
prepared in 93% ee from 147 by Sharpless dihydroxylation with
AD-mix a, basic hydrolysis, and esterification. Treatment of 148
with sodium azide resulted in a 1 : 4 mixture of the regioisomers
149 and 150, with an excess of the desired a-substituted product
150. Similar yields were obtained, when the sulfite 147 was first
oxidised to the corresponding sulfate and then treated with sodium
azide. Hydrolysis of the ester and subsequent hydrogenation
of the azide delivered the free amino acid 112 in 39% overall
yield with respect to 147. By application of AD-mix b in the
Sharpless dihydroxylation step, the opposite enantiomer of 112
was synthesised in equal yield and enantioselectivity.


An approach combining the stereospecific rearrangement of
Sharpless epoxides with a stereospecific Curtius rearrangement
was proposed by Matsushita et al. (Scheme 43).100 Thus, the
MABR-promoted rearrangement of 151 (MABR = methylalu-
minium bis(4-bromo-2,6-di-tert-butyl-phenoxide, 152) afforded
the aldehyde 153 in good to excellent yields. After oxidation,
the resulting acid was submitted to a Curtius rearrangement.
Since the addition of tert-butanol to cyanate 154 towards the
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Scheme 42 Stereospecific ring-opening reaction of cyclic sulfites accord-
ing to Avenoza, Peregrina et al.99 Reagents and conditions: (a) AD-mix a,
MeSO2NH2, tBuOH, H2O, 0 ◦C, 12 h; (b) LiOH·H2O, H2O, MeOH, rt,
2 h; (c) AcCl, MeOH, reflux, 12 h (85%); (d) SOCl2, CCl4, reflux, 4 h (90%);
(e) NaN3, DMF, 50 ◦C, 2 d; (f) 6 N HCl, reflux, 12 h; (g) H2, Pd/C, MeOH,
rt, 24 h (83%, 2 steps).


Scheme 43 Stereospecific MABR-promoted rearrangement of epoxides
according to Matsushita et al.100 Reagents and conditions: (a) 152, CH2Cl2,
−78 ◦C; (b) RuO4, NaIO4, CCl4, CH3CN, H2O (78–87%); (c) DPPA, Et3N,
toluene, reflux (62–75%); (d) BF3·OEt2, THF (81–98%).


N-Boc-protected amino alcohol did not occur, 154 was converted
to oxazolidinone 155 by treatment with boron trifluoride, which
was then, after Boc-protection, cleaved with caesium or potassium


carbonate, oxidised in 2 steps and esterified to furnish the N-
protected amino ester in high enantiomeric excess.


Cativiela et al. developed a methodology involving the auxiliary-
controlled asymmetric alkylation of a-cyanoesters, followed either
by Hofmann rearrangement of the corresponding amide, obtained
by hydrolysis of the cyano-group, or by Curtius rearrangement
of the previously hydrolysed carboxylic group, to yield both
enantiomers of a,a-disubstituted a-amino acids.101 However, this
strategy was limited to highly reactive electrophiles in the alky-
lation step. To open access also to long-chain substituted a,a-
disubstituted a-amino acids, such as a-methyllysine (160a), or 2-
amino-2-methylundecanoic acid (160b), the chiral a-cyanoester
156 was diastereoselectively alkylated with propargyl or allyl
halides 157a or 157b, respectively (Scheme 44). After separation
of the diastereomers, the main product was hydrogenated (after
substitution of the terminal halide by sodium azide in the case
of 158a) and saponified. The resulting a-cyano acid 159 was
subjected to a Curtius rearrangement and subsequently hydrolysed
to furnish 160a and 160b in 56 and 60% yield, respectively.


Scheme 44 Stereospecific Curtius rearrangement of a-cyanoesters ac-
cording to Cativiela et al.101 Reagents and conditions: (a) 157a or 157b,
K2CO3, acetone; (b) NaN3, TBAI, DMF (85%); (c) H2, Pd/C; (d) Ac2O,
pyridine (86%, 2 steps); (e) KOH, MeOH (56%); (f) SOCl2; (g) NaN3;
(h) toluene, MeOH, D; (i) HCl, D; (j) ion exchange; (k) H2, Pd/C (88%);
(l) toluene, D.


Vallribera et al. suggested a strategy using easily accessible
D-ribonolactone acetonide as chiral auxiliary for the diastere-
oselective alkylation of a-monosubstituted b-ketoesters 161, fol-
lowed by transesterification and subsequent stereospecific Schmidt
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rearrangement towards a,a-disubstituted a-amino esters 162
(Scheme 45).102


Scheme 45 Stereospecific Schmidt rearrangement of b-ketoesters accord-
ing to Vallribera et al.102 Reagents and conditions: (a) NaH; (b) R2Br,
THF, −78 ◦C to rt; (c) Ti(OEt)4, EtOH, reflux, 5 h (37–93%); (d) NaN3,
CH3SO3H, DME, −30 ◦C to rt, 24 h; (e) 6 N HCl, reflux, 24 h (65–81%).


A similar strategy was pursued by Tanaka et al.103 In this
case, a,a-disubstituted b-ketoesters were synthesised by diastere-
oselective alkylation of the acetal 163 (Scheme 46). While the
originally envisioned Beckmann rearrangement failed to deliver


Scheme 46 Stereospecific Schmidt rearrangement of b-ketoesters accord-
ing to Tanaka et al.103 Reagents and conditions: (a) LDA, R2X, THF,
HMPA, −78 ◦C to −40 ◦C; (b) BF3·OEt2, EtOH, H2O, rt, 3 h (73–85%);
(c) NaN3, CH3SO3H, CHCl3, reflux, 6 h.


the corresponding a,a-disubstituted a-amino acid in acceptable
yield, stereospecific Schmidt rearrangement furnished the N-
acylated amino ester 164 in moderate to excellent yield, depending
on the nature of substituents.


Ruble and Fu reported a catalytic asymmetric approach to the
Steglich rearrangement of O-acylated azlactones 165 to give C5-
acylated oxazinones 167 (Scheme 47).104 The application of the
planar chiral, ferrocene-derived 4-(pyrrilidino)pyridine-catalyst
166 gave rise to the products in 93–95% yield and 88–92% ee.


Scheme 47 Asymmetric catalytic Steglich rearrangement of azlactones
according to Ruble and Fu.104 Reagents and conditions: (a) t-amyl alcohol,
0 ◦C; (b) L-Ala-OMe (95%, for R = Me).


The final class of stereospecific rearrangement reactions to be
discussed herein is the class of [3,3]-sigmatropic rearrangements.
Very recent approaches in this context involve the formation of a
C-N bond by a [3,3]-sigmatropic rearrangement reaction.


Ichikawa et al. presented the stereospecific rearrangement
of isocyanate 171 towards cyanate 172 in the synthesis of a-
methylphenylalanine (Scheme 48).105 Stereoselective addition of
diethylzinc to the a,b-unsaturated aldehyde 168 afforded the
chiral allylic alcohol 169 in 80% ee. After the conversion to
carbamate 170, the enantiomeric excess was increased to 90% ee
by recrystallisation. Dehydration of 170 delivered isocyanate
171, which underwent a [3,3]-sigmatropic rearrangement reaction
towards cyanate 172. Due to its susceptibility towards hydrolysis,
172 was not isolated, but immediately converted to carbamate
173. Oxidative cleavage and hydrolysis finally furnished the free
amino acid. The enantiomeric excess of the corresponding amino
alcohol was determined to be 84% ee. Thus, the rearrangement
step was found to be 97% stereospecific. The applicability of this
rearrangement type was also demonstrated in the synthesis of
different natural products.106


A very similar strategy involving the same rearrangement type
was developed almost simultaneously by Roy and Spino.107 The
rearrangement of chiral carbamates 175 towards allylic cyanates
176 proceeded highly stereospecifically (Scheme 49). The chiral
carbamates 175 were obtained by diastereoselective addition of
vinyllithium or vinylalanes to p-menthanecarboxaldehyde (174)
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Scheme 48 3,3-Sigmatropic rearrangement of isocyanates according
to Ichikawa et al.106 Reagents and conditions: (a) (S)-N-methyl-a,a-
diphenylprolinol, ZnEt2, Et3N, cyclohexane, 5 ◦C, 16 h; (b) Cl3CCONCO,
CH2Cl2, 0 ◦C; (c) MeOH, K2CO3, 0 ◦C to rt (92%, 2 steps); (d) PPh3, Et3N,
CBr4, CH2Cl2, 0 ◦C, 20 min; (e) Bu3SnOMe, MeOH, 12 h (85%, 2 steps);
(f) O3, CH2Cl2, −78 ◦C, 10 min; (g) NaClO2, NaH2PO4, tBuOH, H2O,
isoprene (87%, 2 steps); (h) 6 N HCl, reflux, 6 h; (i) ion exchange (93%,
2 steps).


and subsequent protection of the hydroxy-group. The cyanates
176 resulting from the rearrangement reaction were converted to
Fmoc-protected amino acids by titanium-catalysed addition of 9-
fluorenemethanol and subsequent oxidative cleavage of the double
bond.


Conclusion


The incorporation of a,a-disubstituted a-amino acids has proved
to be very useful for influencing the conformational behaviour
of peptides and peptoids. This led to the targeted synthesis of
many substances with enhanced receptor affinity and physiolog-
ical properties. Moreover, previously unknown natural products
containing a,a-disubstituted a-amino acid moieties are constantly
being discovered, causing a growing demand for efficient methods
for their preparation.


Despite the existence of many powerful methods for the
synthesis of a,a-disubstituted a-amino acids, the challenge to
asymmetrically construct their fully substituted stereogenic car-
bon centre therefore keeps on inspiring many synthetic chemists.


Scheme 49 3,3-Sigmatropic rearrangement of isocyanates according to
Roy and Spino.107 Reagents and conditions: (a) ICH=C(CH3)R, tBuLi,
AlMe3, THF; (b) Cl3C(O)OCN, CH2Cl2, 0 ◦C; (c) K2CO3, MeOH, H2O (88
to >99%, 2 steps); (d) Tfa2O, Et3N, CH2Cl2, 0 ◦C; (e) 9-fluorenemethanol,
Ti(OtBu)4, benzene, 45 ◦C (84–95%); (f) O3, CH2Cl2; (g) PPh3; (h) NaClO2,
NaH2PO4, tBuOH, H2O, isoprene (81–98%).


Especially the emergence of asymmetric catalytic approaches, such
as the phase transfer-catalysed alkylation of Schiff base enolates,
the organocatalysed a-amination of a-disubstituted carbonyl
compounds, or asymmetric catalytic Strecker reactions, has given
a new edge to amino acid synthesis, and further breakthroughs
are to be expected in these areas. At the same time, auxiliary-
controlled methods—well-established strategies as well as newly
developed concepts—have lost none of their relevance, and still
find widespread application in natural product synthesis. Thus,
the field of a,a-disubstituted a-amino acid synthesis will remain
vivid and continue to inspire future generations of organic
chemists.
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K.-O. Westphalen, J. Schröder and K. Horn, Liebigs Ann. Chem.,
1988, 781.


13 For a review on the concept, see D. Seebach, A. R. Sting and M.
Hoffmann, Angew. Chem., Int. Ed. Engl., 1996, 35, 2708.


14 (a) C. Cativiela and M. D. Dı́az-de-Villegas, Tetrahedron: Asymmetry,
1998, 9, 3517; (b) C. Cativiela and M. D. Dı́az-de-Villegas, Tetra-
hedron: Asymmetry, 2000, 11, 645.


15 For other reviews, see: (a) T. Wirth, Angew. Chem., Int. Ed. Engl.,
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Inspired by the combination of unique structure and potent bioactivities exhibited by several family
members of the caged Garcinia xanthones, we developed a synthesis of simplified analogues that
maintain the overall caged motif. The caged structure of these compounds was constructed via a
site-selective Claisen/Diels–Alder reaction cascade. We found that the fully substituted caged structure,
in which are included the C18 and C23 geminal methyl groups, is necessary to maintain bioactivity.
Analogue 17 had comparable activity to the natural products of this family, such as gambogic acid.
These compounds exhibit cytotoxicity in a variety of tumor cell lines at low micromolar concentrations
and were found to induce apoptosis in HUVE cells. In addition, studies with HL-60 and HL-60/ADR
cells indicate that these compounds are not affected by the mechanisms of multidrug resistance,
conferred by P glycoprotein expression, typical of relapsed cancers and thus represent a new and potent
pharmacophore.


Introduction


The Garcinia genus of tropical plants has yielded a structurally
intriguing family of caged xanthone-derived natural products
that have interesting bioactivities and a documented value in
traditional Eastern medicine.1 The structure of forbesione (1,
Fig. 1) typifies this unusual architecture in which a 4-oxa-
tricyclo[4.3.1.03,7] dec-8-en-2-one scaffold has been built onto the
C-ring of a xanthone backbone.2 This motif is further customized
via substitutions at the A-ring and peripheral oxidations to pro-
duce a variety of structural subfamilies such as the morellins (2,3),3


the gaudichaudiones (4,5)4 and the gambogins (6,7).5 Recent
biological reports attest to the biological and pharmacological
potential of these compounds. For instance, desoxymorellin (3)
and gaudichaudione A (4) were found to exhibit potent cytotoxi-
city against several cancer cell lines.5b,6 In addition, gambogic acid
(6) was shown to induce apoptosis in T47D (breast cancer) via
a mechanism that is independent of cell cycle and may involve
binding to the transferring receptor.7 Related studies in MGC-803
(gastric carcinoma) cells indicated that 6 regulates expression of
Bax and Bcl-2 proteins that are known to play a crucial role in
apoptosis.8 In addition to its anticancer activity, gambogic acid
was shown to inhibit the growth of Gram positive bacteria.9


Inspired by the therapeutic potential of the caged Garcinia
xanthones, we sought to develop a chemical strategy that would
allow synthetic access to these metabolites, and thus facilitate their
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Fig. 1 Chemical structures of selected caged Garcinia xanthones.


thorough biological and pharmacological evaluation. Along these
lines, we have recently reported a unified strategy for the synthesis
of selected caged Garcinia xanthones.10,11 This strategy relies
on a biomimetic Claisen/Diels–Alder/Claisen reaction cascade12


that produces the pentacyclic motif of forbesione (1) from a
tricyclic prenylated xanthone. Subsequent functionalizations at
the periphery of the A ring of 1 produced desoxymorellin (3),
desoxygaudichaudione A (5) and gambogin (7).10,13 Herein we
present an application of this strategy to the synthesis of simplified
analogues of the parent structures and their biological evaluation.


Results and discussion


Synthesis of caged Garcinia xanthones


The synthesis of simplified analogues of the caged Garcinia motif
is shown in Scheme 1. ZnCl2-induced condensation14 of o-anisic
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Scheme 1 Reagents and conditions: (a) 8 (1.0 equiv.), 9 (1.1 equiv.), ZnCl2


(5.0 equiv.), POCl3, 65 ◦C, 8 h, 78%; (b) aq. NaOH (30%), MeOH, 100 ◦C,
3 d, 71%; (c) K2CO3 (2.2 equiv.), KI (2.2 equiv.), 12 (2.2 equiv.), CuI (0.2
equiv.), acetone, 45 ◦C, 3 h, 13 (35%) and 14 (50%); (d) Pd/BaSO4 (10%),
quinoline, EtOAc, 25 ◦C, 6 h, 89%; (e) DMF, 120 ◦C, 1 h, 78%; (f) K2CO3


(2.2 equiv.), H2C=CHCH2Br (2.4 equiv.), acetone, 45 ◦C, 2 h, 100%; (g)
DMF, reflux (153 ◦C), 16 h, 22 (32%) and 21 (27%); (h) MeOH : H2O 1/1,
100 ◦C, 0.5 h, 94%; (i) MeOH : H2O 1/1, 100 ◦C, 4 h, 22 (67%) and 21
(22%).


acid (8) with pyrogallol (9) in POCl3 produced benzophenone
adduct 10 that underwent a base-induced cyclization to form
xanthone 11 (55% yield over two steps). Conversion of 11 to
bis(dimethylallyloxy) xanthone 15 was accomplished by a two
steps procedure that involved propargylation of the C5 and C6
phenols with 2-chloro-2-methyl butyne (12) to form 1415 followed
by Lindlar reduction of the pendant alkynes16 (45% combined
yield). The main side-product of this sequence was alkene 13
formed by concomitant reaction of the C5 phenol at the vinyl
organometallic intermediate. Attempts to decrease the amount
of 13 by adding more equivalents of chloride 12 proved to be


fruitless. Nonetheless, this compound was easily separable from
desired product 15 via a simple chromatography on silica gel.
Heating of 15 in DMF (120 ◦C, 1 h) gave rise to the caged motif
17 via a Claisen-rearranged intermediate 16. The excellent site-
selectivity of this Claisen/Diels–Alder reaction cascade (C5 versus
C6 allylation) can be rationalized by considering that the electron-
ically deficient C9 carbonyl group polarizes selectively the O–C18
bond facilitating its rupture.10,17 In addition, recent computational
studies by Houk and co-workers on similar substrates have shown
that the Claisen rearrangement is reversible and that the rate of
the Diels–Alder reaction controls the product selection.18


In a similar manner compound 11 was allylated with allyl
bromide to afford adduct 18 in quantitative yield. We found that
this compound could undergo the Claisen/Diels–Alder reaction
only at elevated temperatures and prolonged heating (DMF, reflux,
16 h). In this case we isolated the regular caged structure 22
together with the neo isomer 21 in a ratio of 1.2 : 1 and a combined
yield of 59%.


It is interesting to note the difference in the Claisen/Diels–
Alder reaction between substrates 15 and 18. Compound 18,
lacking the geminal methyl groups at the C18 and C23 centers,
requires forcing conditions for the dearomatization thus producing
both constitutional isomers of the Claisen/Diels–Alder reaction
cascade. In contrast, substrate 15 undergoes a faster and smoother
dearomatization leading selectively to caged structure 17. This
finding may be attributed to the presence of the geminal methyl
group at C18 of 15 that stabilizes the partial positive charge,
formed at this carbon, during the transition state of the Claisen
rearrangement. Such polar transition states have been supported
by both computational studies and kinetic isotope effects in related
structures.19


Encouraged by recent reports on the solvent-induced accelera-
tion of the Claisen/Diels–Alder reaction in similar substrates,13d,20


we studied the effect of solvent and temperature for the conversion
of 18 to 21 and 22. Table 1 summarizes our findings. No reaction
was observed upon heating of 18 in deuterated toluene at 100 ◦C
for 4 hours (entry 1) and either longer reaction times (16 hours,
entry 2) or higher temperatures (120 ◦C, entry 3) led to only a
small improvement in product formation. Switching the solvent
from toluene to DMF led to an acceleration of the Claisen/Diels–
Alder reaction that started to proceed even at 100 ◦C after 4 hours
(compare entries 1 and 4). Increase of both temperature and
reaction time led to a substantial increase in product conversion
that reached 79% after heating at 150 ◦C for 16 hours (entry 7).
However, increase of the reaction temperature from 100 to 150 ◦C
led to a decrease in the selectivity of product formation (compare
ratios of 22 : 21 in entries 5 and 7). In deuterated methanol, this
reaction cascade started proceeding even at 60 ◦C, but the overall
product conversion was only 14% even after 16 hours (entry 8).
At 100 ◦C after only 4 hours of heating, this reaction proceeded at
65% conversion (entry 9) and was completed after 16 hours (entry
10). The rate acceleration of this reaction was even more dramatic
when a mixture of CD3OD : D2O 1 : 1 was used as the solvent.
In this case the cyclization proceeded in 73% yield after heating at
60 ◦C for 4 hours (entry 11), while it was completed after heating
at 100 ◦C for 4 hours (entry 12).


In short, the findings presented in Table 1 demonstrate clearly
that polar solvents can accelerate significantly the Claisen/Diels–
Alder reaction. In turn, this leads to an efficient product
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Table 1 Effect of solvent and temperature on the conversion of 18 to 21 and 22


Entry Solventa T/◦C t/h Conversion 21 + 22 (%) Ratio 22 : 21


1 Toluene-d8 100 4 <5 ND
2 Toluene-d8 100 16 12 2.1 : 1
3 Toluene-d8 120 16 23 1.8 : 1
4 DMF-d7 100 4 18 2.4 : 1
5 DMF-d7 100 16 25 2.3 : 1
6 DMF-d7 150 4 26 1.3 : 1
7 DMF-d7 150 16 79 1.2 : 1
8 CD3OD 60 16 14 2.9 : 1
9 CD3OD 100 4 65 2.5 : 1


10 CD3OD 100 16 100 2.3 : 1
11 CD3OD/D2O 60 4 73 3.0 : 1
12 CD3OD/D2O 100 4 100 2.8 : 1


a The reactions were carried out in sealed NMR tubes and monitored by 1H NMR spectrometry. In all cases the concentration of starting material 18 was
between 0.04–0.05 mmol.


conversion at relatively low temperatures (between 60–100 ◦C) and
an enhanced product selectivity. Similar observations have also
been made by the Nicolaou group13d and an explanation of this
effect, based upon previous theoretical and experimental work, has
been proposed.20 On a preparative scale, we found that heating of
18 in a mixture of MeOH : H2O (1 : 1) at 100 ◦C for 4 h led to the
isolation of a 3.1 : 1 mixture of 22 and 21 in a combined yield of
89%. Under these optimized conditions the conversion of 15 to 17
proceeded in 94% isolated yield after heating for 0.5 h (Scheme 1).


Cell proliferation studies


The ability of the synthesized caged Garcinia xanthones to inhibit
cancer cell growth was evaluated in promyelocytic leukemia cell
line, HL-60, using a 3H-thymidine incorporation assay. Cells were
incubated with increasing concentrations of the compounds for
48 h, and then pulsed with 3H-thymidine for 6 h. Gambogic acid
(6) and gambogin (7) were the most active among all compounds
tested and exhibited an IC50 value of 0.3 and 0.8 lM respectively
(Table 2). Their comparable activity suggests that the carboxylic
acid functionality of 6 does not contribute significantly to its
bioactivity. Interestingly, analogue 17 showed similar activity to
that of the natural products (IC50 = 1.5 lM), while the related
structures 21 and 22 were found to be relatively inactive, inducing
less than 10% growth inhibition at the highest concentrations
tested (2.0 lM). These findings suggest that the geminal methyl
groups at the C18 and C23 centers play an important role in the
bioactivity of the caged Garcinia xanthone system. In addition, we
found that none of the acyclic molecules tested (11, and 13–16)


Table 2 Inhibition of cell proliferation by caged Garcinia xanthones in
adriamycin sensitive and resistant promyelocytic leukemia cells


IC50/lM


Compound HL-60 HL-60/ADR


Forbesione (1) 2.2 2.0
Desoxymorellin (3) 1.0 1.1
Gambogic acid (6) 0.3 0.5
Gambogin (7) 0.8 1.1
17 1.5 1.4
21 Inactivea Inactivea


22 Inactivea Inactivea


a Less than 10% inhibition at 2.0 lM.


showed any growth inhibition at the concentrations tested (data
not shown). This supports the notion that the caged motif of this
family is essential for bioactivity.


Importantly, the compounds shown in Table 2 were also
evaluated in HL-60/ADR cells, a multidrug resistant clone
obtained by transfection of HL-60 cells with mdr-1.21 The results
of parallel experiments indicated that HL-60/ADR had similar
sensitivity to the anti-proliferative effects of the caged Garcinia
xanthones as the parental HL-60 cell line. This significant finding
suggests that the caged Garcinia xanthones are not subject to the
mechanism of chemo-resistance resulting from the expression of
mdr characteristic of many relapsed cancers.22


Active compounds having IC50 values less than 2 lM (com-
pounds 3,6,7 and 17) were selected for further evaluation in a panel
of solid and non-solid tumor cell lines (Table 3). The T-cell acute
lymphoblastic leukemia cell line (CEM) was the most sensitive
among all the cell lines tested. The IC50 values recorded in these
cells were in the submicromolar range (0.15–0.35 lM). The solid
tumor cell lines were slightly less sensitive than CEM cells with
IC50 values of the compounds ranging from 0.4 to 3.1 lM, with the
exception of compound 17 in A549 cells (IC50 > 4 lM). Although,
gambogic acid (6) was the most active among the compounds
evaluated, the differences in activities among them were small
(≤3-fold). This supports the notion that the caged structure of
these compounds is the major contributor for their activity.


Cell viability and apoptosis studies


In order to distinguish between cytostatic and cytotoxic effects,
two independent cell viability studies were performed. In the first,


Table 3 Inhibition of cell proliferation by caged Garcinia xanthones in
solid and non-solid tumor cells


Compound 3 6 7 17


Cell line Tissue type IC50/lM


A549 Lung 2.1 1.8 1.8 >4
HT29 Colon 1.2 0.7 1.0 3.1
MCF-7 Breast 0.9 0.4 1.1 NDa


M21 Melanoma 1.6 1.2 1.0 2.2
PC3 Prostate 1.2 0.4 1.1 NDa


CEM Leukemia NDa 0.15 0.35 0.3


a ND: not determined.
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Fig. 2 Effect of gambogin (7) on CEM cell viability. CEM cells were treated with increasing concentrations of 7 for 4 days. Cell viability was determined
by counting cells excluding trypan blue dye. Error bars represent standard deviation.


viability was determined in CEM cells treated with compound 7
for 4 days using the trypan blue exclusion assay. The results, shown
in Fig. 2, demonstrated that CEM cells were very sensitive to 7
with an IC50 of 0.3 lM in agreement with that found in the cell
proliferation studies (Table 3).


The second viability study was performed in HUVE (human
umbilical vein endothelial) cells treated with compound 17 for
24 h. Cell viability was determined using the WST assay that
measures metabolic activity of cells alive. Compound 17 was found
to be cytotoxic with an IC50 value of 1.38 lM. A proliferation
assay confirmed the WST assay (data not shown). This finding
suggests that compound 17 and related caged xanthones may have
a therapeutic potential as inhibitors of angiogenesis.23


The mechanism of cytotoxicity in HUVE cells was investigated
using an ELISA-based assay that distinguishes between apoptosis
and necrosis. This photometric assay allows the determination of
histone-associated DNA fragments that are released during cell
death. We found that the majority (>90%) of HUVE cells treated
with 17 underwent rapid apoptosis after 10 h in a dose-dependent
manner (Fig. 3). Cell necrosis was not detected at concentrations
lower than 1.5 lM and was only observed in a small subset of cells
(ca 10%) at much higher concentrations (>3 lM), indicating that
apoptosis is the predominant mechanism of cell death.


Fig. 3 Induction of HUVE cell apoptosis (black line) and necrosis (gray
line) by 17 at different concentrations after 10 h incubation time; A =
A405 nm − A490 nm; c = concentration of 17.


Conclusions


In conclusion, we present herein a study toward the design of
simplified structural analogues of the caged Garcinia natural
products and preliminary evaluation of their biologic activity in
a variety of tumor cell lines and HUVE cells. We found that
analogue 17, which maintains the basic structural motif of the
caged Garcinia xanthones but is devoid of any functionalization
of the xanthone A-ring, maintains the activity exhibited by
the more structurally complex natural products of this family.
In contrast, compounds 21 and 22 that lack the C18 and
C23 geminal methyl groups have substantially reduced activities,
suggesting that maintaining intact the caged C-ring is essential
for bioactivity. The active compounds had cytotoxicity at low
to sub-micromolar concentrations in solid and non-solid tumor
cell lines respectively and induced apoptosis in HUVE cells.
Remarkably, similar IC50 values were obtained for the compounds
tested in HL-60 and HL-60/ADR cell lines, suggesting that these
compounds are not subject to the mechanism of drug resistance
resulting from expression of mdr. Therefore, members of this
family of compounds may have therapeutic potential in relapsed
cancers typically resistant to standard chemotherapeutic agents.
In addition, the cytotoxicity observed in HUVE cells suggests that
these compounds are interesting leads for the development of new
inhibitors of angiogenesis. Future work is aimed at determining
tumor cell selectivity in vitro and in vivo with the possibility of
identifying more potent and more selective analogues.


Experimental


General notes


o-Anisic acid (8), pyrogallol (9) and 2-chloro-2-methyl butyne (12)
were purchased from Aldrich. Gambogic acid (7) was purchased
from Gaia Chemical Corporation (CT, USA). The synthesis
and spectroscopic characterization of compounds 1, 3 and 7
have been reported in reference 10. All reagents were obtained
(Aldrich, Acros) at highest commercial quality and used without
further purification except where noted. Air- and moisture-
sensitive liquids and solutions were transferred via syringe or
stainless steel cannula. Organic solutions were concentrated by
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rotary evaporation below 45 ◦C at approximately 20 mmHg.
All non-aqueous reactions were carried out under anhydrous
conditions, i.e. using flame-dried glassware, under an argon
atmosphere and in dry, freshly distilled solvents, unless otherwise
noted. Dimethylformamide (DMF) and quinoline were distilled
from calcium hydride under reduced pressure (20 mmHg) and
stored over 4 Å molecular sieves until needed. Yields refer to
chromatographically and spectroscopically (1H NMR, 13C NMR)
homogeneous materials, unless otherwise stated. Reactions were
monitored by thin-layer chromatography (TLC) carried out on
0.25 mm E. Merck silica gel plates (60F-254) and visualized
under UV light and/or developed by dipping in solutions of
10% ethanolic phosphomolybdic acid (PMA) or p-anisaldehyde
and applying heat. E. Merck silica gel (60, particle size 0.040–
0.063 mm) was used for flash chromatography. Preparative thin-
layer chromatography separations were carried out on 0.25 or
0.50 mm E. Merck silica gel plates (60F-254). NMR spectra
were recorded on Varian Mercury 400 and/or Unity 500 MHz
instruments and calibrated using the residual undeuterated solvent
as an internal reference. The following abbreviations were used
to explain the multiplicities: s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, b = broad. IR spectra
were recorded on a Nicolet 320 Avatar FT-IR spectrometer and
values are reported in cm−1 units. High resolution mass spectra
(HRMS) were recorded on a VG 7070 HS mass spectrometer under
chemical ionization (CI) conditions or on a VG ZAB-ZSE mass
spectrometer under fast atom bombardment (FAB) conditions.


(2-Methoxyphenyl)(2,3,4-trihydroxyphenyl)methanone (10).
To a 250 ml round-bottomed flask containing flame-dried under
vacuum ZnCl2 (10.2 g, 75 mmol) was added o-anisic acid (8)
(2.49 g, 15 mmol) and pyrogallol (9) (2.07 g, 16.5 mmol) followed
by POCl3 (20 mL). The reaction vessel was then equipped with a
reflux condenser and stirred under argon at 65 ◦C for 8 h. The red
colored reaction mixture was then cooled to 25 ◦C and poured
into a beaker of about 500 g of ice. The mixture was extracted
with ethyl ether (3 × 100 mL), and the combined organic layers
were dried over MgSO4, filtered, and concentrated. The crude
material was purified through column chromatography (30%
Et2O–hexane) to yield benzophenone 10 (3.04 g, 78%); yellow
solid; Rf = 0.65 (90% Et2O–hexane); 1H NMR (400 MHz, CDCl3)
d 7.45 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H), 7.26 (dd, J = 7.2, 2 Hz,
1H), 7.04–6.98 (m, 2H), 6.87 (d, J = 9.2 Hz, 1H), 6.42 (d, J =
9.2 Hz, 1H), 3.77 (s, 3H); 13C NMR (100 MHz, CDCl3) d 200.5,
156.2, 151, 150.1, 131.5, 130.8, 128.7, 127.4, 126.5, 120.2, 114.2,
111.3, 107.1, 55.7; HRMS calc. for C14H12O5 (M + H+) 261.0763,
found 261.0741.


3,4-Dihydroxy-9H-xanthen-9-one (11). To a solution of ben-
zophenone 10 (1.6 g, 6.15 mmol) in methanol (20 mL) was added
a solution of aqueous NaOH (30% w/w, 20 mL) and water
(10 mL). The green colored reaction mixture was then refluxed
at 100 ◦C for 3 days. The red colored reaction mixture was
cooled to 25 ◦C and acidified with aqueous HCl (10%, 600 mL).
The reaction mixture was partitioned between water and ethyl
ether (50 mL). The aqueous layer was then back extracted with
ethyl ether (2 × 50 mL). The combined organic layers were
dried over MgSO4, filtered, and concentrated. The crude material
was purified through column chromatography (20–40% Et2O in
hexanes) to yield xanthone 11 (0.99 g, 71%); yellow solid; Rf = 0.4


(90% Et2O–hexane); 1H NMR (400 MHz, DMSO) d 8.14 (dd, J =
8.0, 1.6 Hz, 1H), 7.82–7.78 (m, 1H), 7.62 (d, J = 7.6 Hz, 1H), 7.54
(d, J = 8.8 Hz, 1H), 7.43–7.39 (m, 1H), 7.0 (d, J = 8.8 Hz, 1 H);
13C NMR (100 MHz, DMSO) d 175.1, 155.3, 151.4, 146.2, 134.6,
132.5, 125.7, 123.8, 120.7, 117.9, 116.4, 114.6, 113.2; HRMS calc.
for C13H8O4 (M + H+) 229.0501, found 229.0509.


3,4-Bis(2-methylbut-3-yn-2-yloxy)-9H-xanthen-9-one (14). To
a round-bottomed flask containing xanthone 11 (500 mg,
2.19 mmol), KI (800 mg, 4.82 mmol), K2CO3 (666.2 mg,
4.82 mmol), and CuI (42 mg, 0.22 mmol) was added dry acetone
(20 mL). The reaction vessel was then equipped with a reflux
condenser, and the reaction was heated at 45 ◦C under argon. After
20 minutes, 2-chloro-2-methylbut-3-yne (12) (0.55 ml, 4.82 mmol)
was added, and the reaction was heated for two more hours.
The reaction was then cooled to 25 ◦C and acidified with 10%
HCl solution. The reaction mixture was partitioned between ethyl
ether (30 mL) and water. The aqueous layer was back-extracted
(2 × 30 mL), and the combined ethyl ether layers were dried
over MgSO4, filtered, and concentrated. The crude material was
purified through column chromatography (5–20% Et2O in hexane)
to yield compound 14 (394.8 mg, 50%); yellow solid; Rf = 0.45
(50% Et2O–hexane); 1H NMR (400 MHz, CDCl3) d 8.32 (dd, J =
8.0, 1.2 Hz, 1H), 8.06 (d, J = 9.2 Hz, 1H), 7.71–7.67 (m, 1H), 7.65
(d, J = 9.2 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 7.36 (dd, J = 8.0,
7.2 Hz, 1H), 2.66 (s, 1H), 2.29 (s, 1H), 1.83 (s, 6H), 1.76 (s, 6H);
13C NMR (100 MHz, CDCl3) d 176.5, 155.8, 155.7, 152.2, 134.2,
126.4, 123.7, 121.7, 117.9, 115.8, 74.8, 73.6, 30.6, 29.7; HRMS
calc. for C23H20O4 (M + H+) 361.1440, found 361.1464.


3,4-Bis(2-methylbut-3-en-2-yloxy)-9H-xanthen-9-one (15). To
a solution of xanthone 14 (230 mg, 0.64 mmol) in EtOAc
(10 mL) was added 10% Pd/BaSO4 (23 mg) and quinoline
(0.66 mL, 0.56 mmol). The reaction mixture was degassed using
argon and stirred under an atmosphere of hydrogen for 3 hours.
Spectroscopic analysis (1H NMR) of the crude mixture revealed
that the reaction had proceeded by ca. 35%. During that time,
an additional amount of 10% Pd/BaSO4 (10 mg) was added to
accelerate the reaction. After stirring for an additional 3 hours
under a hydrogen atmosphere, the reaction was stopped and
the reduction, estimated by 1H NMR of the crude, was found
to be quantitative. The reaction mixture was filtered through
a plug of silica gel, and the residue concentrated and purified
through a column chromatography (3–10% Et2O–hexane) to yield
15 (207.3 mg, 89%); yellow solid; Rf = 0.66 (70% Et2O–hexane);
1H NMR (400 MHz, CDCl3) d 8.26 (dd, J = 6.0, 1.6 Hz, 1H), 7.90
(d, J = 8.8, 0.8 Hz, 1H), 7.65–7.61 (m, 1H), 7.46–7.43 (m, 1H),
7.31–7.27 (m, 1H), 7.09 (dd, J = 9.2, 2.0 Hz, 1H), 6.29–6.10 (m,
2H), 5.18–5.11 (m, 3H), 4.99–4.96 (m, 1H), 1.54 (d, J = 2 Hz, 6H),
1.52 (d, J = 2.4 Hz, 6H); 13C NMR (100 MHz, CDCl3) d 176.2,
156.5, 155.5, 152.1, 143.0, 135.4, 134.0, 126.2, 123.8, 123.5, 121.2,
120.8, 120.7, 117.7, 117.6, 116.9, 116.4, 113.8, 112.8, 83.3, 81.9,
27.1, 26.9; HRMS calc. for C23H24O4 (M + H+) 365.1753, found
365.1740.


Caged xanthone 17. A solution of 15 (55 mg, 0.15 mmol) in
DMF (2.0 mL) was heated at 120 ◦C for 1 hour. The yellow
reaction mixture was cooled 25 ◦C and the mixture purified by
column chromatography (15–20% Et2O–hexane) to yield the caged
xanthone 17 (42.5 mg, 78%). Alternatively, a solution of 15 (39 mg,
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0.11 mmol) in MeOH–H2O 1 : 1 (2.0 mL) was heated at 100 ◦C for
0.5 hours. Purification as indicated above yielded caged xanthone
17 (36.6 mg, 94%); white solid; Rf = 0.55 (70% Et2O–hexane);
1H NMR (400 MHz, CDCl3) d 7.93 (dd, J = 8.0, 1.6 Hz, 1H),
7.53–7.49 (m, 1H), 7.42 (d, J = 6.8 Hz, 1H), 7.07–7.03 (m, 2H),
4.42–4.38 (m, 1H), 3.49 (dd, J = 6.8, 4.8 Hz, 1H), 2.67–2.61 (m,
2H), 2.45 (d, J = 9.6 Hz, 1H), 2.33 (dd, J = 13.6, 4.8 Hz, 1H), 1.72
(s, 3H), 1.30 (s, 6H), 0.89 (s, 3H); 13C NMR (100 MHz, CDCl3) d
202.7, 176.2, 159.4, 136.0, 134.7, 134.6, 133.5, 126.8, 121.7, 118.9,
118.8, 117.9, 90.2, 84.5, 83.5, 48.8, 46.8, 30.4, 29.8, 29.2, 25.4,
25.2, 16.8; HRMS calc. for C23H24O4 (M + H+) 365.1753, found
365.1765.


3,4-Bis(allyloxy)-9H-xanthen-9-one (18). To a flask contain-
ing xanthone 11 (500 mg, 2.19 mmol) and K2CO3 (666.2 mg,
4.82 mmol) was added dry acetone (20 mL), followed by allyl-
bromide (0.42 mL, 4.82 mmol). The reaction vessel was then
equipped with a reflux condenser, and the reaction was heated
at 45 ◦C under argon for two hours. The mixture was then
cooled to room temperature and acidified with 10% aqueous HCl
solution. The reaction mixture was partitioned between ethyl ether
(20 mL) and water (20 mL). The aqueous layer was back-extracted
(2 × 20 mL), and the combined ethyl ether layers were dried
over MgSO4, filtered, and concentrated. The crude material was
purified through a column chromatography (5–20% Et2O–hexane)
to yield allylated xanthone 18 (675.2 mg, 100%); white solid; Rf =
0.45 (50% Et2O–hexane); 1H NMR (400MHz, CDCl3) d 8.3 (dd,
J = 8.0, 1.6 Hz, 1H), 8.04 (d, J = 8.8 Hz, 1H), 7.69 (dt, J =
8.4, 1.2 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.35 (dd, J = 8.0,
7.2 Hz), 6.97 (d, J = 8.8 Hz), 6.23–6.03 (m, 2H), 5.49–5.32 (m,
3H), 5.38 (dd, J = 10.4, 0.8 Hz, 1H), 4.71 (dd, J = 6.4, 5.2 Hz);
13C NMR (100 MHz, CDCl3) d 176.2, 156.5, 155.9, 150.6, 134.3,
133.6, 132.1, 126.4, 123.7, 122.1, 121.4, 118.3, 118.1, 117.9, 116.6,
109.8, 74.7, 69.8; HRMS calc. for C19H16O4 (M + H+) 309.1127,
found 309.1134.


Caged xanthones 21 and 22. A solution of 18 (46.2 mg,
0.15 mmol) in DMF (2.0 mL) was refluxed (153 ◦C) for 16 h.
The yellow reaction mixture was then cooled to 25 ◦C and the
residue was column chromatographed (10–30% Et2O–hexane)
to yield a mixture of caged xanthones 21 (12.4 mg, 27%) and
22 (14.7 mg, 32%). Alternatively, a solution of 18 (25.1 mg,
0.08 mmol) in MeOH–H2O 1 : 1 (2.0 mL) was heated at 100 ◦C for
4 hours. Purification as indicated above yielded caged xanthones
21 (5.2 mg, 21%) and 22 (16.7 mg, 67%); 21: white solid; Rf =
0.55 (70% Et2O–hexane); 1H NMR (300 MHz, CDCl3) d 7.95 (d,
J = 7.8 Hz, 1H), 7.59–7.54 (m, 1H), 7.34 (d, J = 7.2 Hz, 1H),
7.11–6.98 (m, 2H), 5.29–5.15 (m, 1H), 4.68 (d, J = 9.9 Hz, 1H),
4.56–4.50 (m, 2H), 3.91 (d, J = 7.5 Hz, 1H), 3.54–3.44 (m, 1H),
2.61 (m, 2H), 2.23 (m, 3H); HRMS calc. for C19H16O4 (M + H+)
309.1127, found 309.1132. 22: white solid; Rf = 0.54 (70%, Et2O–
hexane); 1H NMR (400 MHz, CDCl3) d 7.92 (dd, J = 8.0, 2.0 Hz,
1H), 7.58–7.53 (m, 1H), 7.30 (d, J = 6.8 Hz, 1H), 7.18 (d, J =
8.4 Hz, 1H), 7.09–7.05 (m, 1H), 5.65–5.54 (m, 1H), 5.14–5.09 (m,
2H), 4.08 (dd, J = 8.4, 3.6 Hz, 1H), 3.94 (m, 1H), 3.47 (dd, J =
6.4, 4.4 Hz, 1H), 2.63 (dd, J = 14, 6 Hz, 1H), 2.57–2,48 (m, 1H),
2.28 (dd, J = 14, 7.6 Hz, 1H), 2.21 (d, J = 12.8, 5.6 Hz, 2H);
13C NMR (100 MHz, CDCl3) d 198.1, 175.4, 160.2, 136.6, 136.5,
134.5, 134.3, 134.2, 131.6, 131.4, 127.2, 126.9, 122.3, 121.9, 119.6,


119,1, 118.5, 118.2, 83.7, 76.2, 75.9, 45.7, 45.4; HRMS calc. for
C19H16O4 (M + H+) 309.1127, found 309.1133.


3H-Thymidine incorporation assay. Cells were plated in a 96-
well plate at 10–20 × 103 cells/well in RPMI supplemented
with 10% fetal bovine serum, 2 mM glutamine, 1% peni-
cillin/streptomycin (complete medium). The caged Garcinia xan-
thones were added to the cells at increasing concentrations and
0.1% DMSO was added to control cells. Cells were incubated for
48 h and then pulsed with 3H-thymidine for 6 h. Incorporation of
3H-thymidine was determined in a scintillation counter (Beckman
Coulter Inc., Fullerton, CA) after cells were washed and deposited
onto glass microfiber filters using a cell harvester M-24 (Brandel,
Gaithersbur, MD).


Trypan-blue exclusion assay. CEM cells were plated in a 24-
well plate in complete media at 50 × 103 cells/well. Cells were
treated with 7 at concentrations of 0.25, 0.5, 1.0 lM or with 0.1%
DMSO (control cells). Cells were incubated for 4 days and then
the number of viable cells was determined after the addition of
trypan-blue dye by counting the cells which exclude trypan-blue
in a hemocytometer.


WST assay. Compound 17 was dissolved in DMSO and fur-
ther diluted with Endothelial Cell Growth Medium (PromoCell,
Heidelberg, Germany) to obtain a final concentration as indicated.
HUVE cells (PromoCell, Heidelberg, Germany) were seeded into
each well of a 96-well cell culture plate at 7000 cells per well and
incubated at 37 ◦C for 24 h with the indicated concentrations of
each compound. The final volume was 100 lL per well. Control
samples were incubated with the solvent alone. Each experiment
was repeated in triplicate. Afterwards the WST-1 reagent was
added to the cells at 10 lL per well and the cells further incubated
at 37 ◦C for additional 3 h. Then the cell culture plate was agitated
thoroughly for 1 minute on a shaker at 200 U/min. The absorbance
of each sample was measured using a microplate reader at 440 nm.
The reference wavelength was 690 nm.


Apoptosis assay. The compounds were dissolved in DMSO
and further diluted with Endothelial Cell Growth Medium
(PromoCell, Heidelberg, Germany) to obtain final concentrations
as indicated. HUVE cells were seeded into each well of a 96-well
cell culture plate at 10000 cells per well and incubated at 37 ◦C
for 10 h with the indicated concentrations of each compound. The
final volume was 100 lL per well. Control samples were incubated
with the solvent alone. Each sample was repeated three times.
The proapoptotic effect was detected by using the Cell Death
Detection ELISAPLUS kit (Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufactor’s instructions. The kit con-
stitutes a photometric enzyme-immunoassay for the qualitative
and quantitative in vitro determination of cytoplasmic histone-
associated-DNA-fragments (mono- and oligo-nucleosomes) after
induced cell death. Due to the working procedure the kind of cell
death (apoptosis or necrosis) can be determined. The absorption
values A (A405 nm − A490 nm) measured give a quantitative indication
of the induced amount of apoptosis/necrosis. The higher the
absorption A, the higher the induction of apoptosis/necrosis at
the corresponding concentrations of the compounds.
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Dipropargyl amines are synthesized by a double direct
alkynylation of primary followed by secondary imines formed
in situ during an efficient, five-component, one-pot coupling
reaction cocatalyzed by ruthenium and copper in water.


Propargyl amines are important components of biologically
active compounds1 and useful synthetic precursors.2 Recently
we and others have developed methods allowing for the direct
alkynylation of imines formed in situ to generate propargyl amines
in one step.3–8 Depending on the substrates, this aldehyde–alkyne–
amine coupling (A3-coupling) can be successful using copper
in solid phase systems,3 copper-doped alumina with microwave
assistance,4 ruthenium–copper cocatalysis5 and gold,6 silver,7 and
iridium8 catalysis. The ruthenium–copper, gold, and silver solution
phase systems have shown greatest overall scope. Furthermore, the
use of copper catalysis has led to the development of asymmetric
A3-couplings by us9 and others.10


Dipropargyl amines are also important components of biologi-
cally active compounds.11 Furthermore, the biological activity can
differ significantly from the analogous compound with a mono-
propargyl amine substructure.12 More importantly, dipropargyl
amines have an important role in many current synthetic re-
search efforts. These include various types of cycloaddition13 and
cycloisomerization14 reactions, hydrative15 and reductive16 cycliza-
tions, aza-Wittig rearrangements,17 and macrocycle synthesis.18


Yet, despite their widespread use, currently reported methods for
the synthesis of dipropargyl amines have serious limitations. For
example, the use of highly reactive bases such as sodium hydride,19


or organometallic reagents20 in a separate step limits the efficiency.
An alternative has been to use propargyl bromides directly,21 but
these would also have to be pre-prepared in a separate step and
can be difficult to handle. Ishii et al. recently reported an iridium
catalyzed five component double A3-coupling leading directly to
dipropargyl amines.22 Yet, with this system the terminal alkyne is
limited to trimethylsilylacetylene and 1,4-dioxane or cyclopentyl
methyl ether were required as solvents at temperatures exceeding
75 ◦C for up to 15 h to get satisfactory yields. Formation of
dipropargyl amines by the microwave-assisted copper–alumina
systems was also reported possible, but this methodology is limited
to aminomethylation of alkynes.4


Herein we report the use of a ruthenium–copper cocatalyzed five
component double A3-coupling to synthesize dipropargyl amines
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from a range of simple amines, aldehydes, and alkynes in one pot
under mild conditions in water (Scheme 1).


Scheme 1 Five component-coupling to form dipropargyl amines.


Initial screening of reaction conditions showed that increasing
the reaction temperature can substantially decrease the yield
(Table 1, entries 1–2, 4–6), indicating that side reactions are a
problem. At 60 ◦C the yield is slightly better in toluene compared
to water, whereas at room temperature, with increased reaction
time, the opposite is true (Table 1, entries 4, 7, 10–11). This could
indicate that hydrolysis of one or both of the imine intermediates is


Table 1 Optimization of conditions for the double A3-couplinga


Entry Catalyst loading Solvent Temp/time Yield (%)b


1 RuCl3 (6.4%) Neatc rt/20 h 82
CuBr (15.3%)


2 RuCl3 (6.7%) Neatc 60 ◦C/20 h 62
CuBr (17.7%)


3 RuCl3 (5.9%) H2Od 60 ◦C/20 h 54
CuBr (15.4%)


4 RuCl3 (5.4%) H2O 60 ◦C/19 h 53
CuBr (14.9%)


5 RuCl3 (5.9%) H2O 100 ◦C/19 h 30
CuBr (17.2%)


6 RuCl3 (6.7%) H2O rt/24 h 61
CuBr (14.7%)


7 RuCl3 (4.9%) H2O rt/36 h 70
CuBr (16.3%)


8 RuCl3 (5.4%) H2O rt/61 h 60
CuBr (15.5%)


9 RuCl3 (9.5%) H2O rt/20 h 78
CuBr (16.6%)


10 RuCl3 (5.5%) Toluene rt/36 h 64
CuBr (15.3%)


11 RuCl3 (5.3%) Toluene 60 ◦C/20 h 60
CuBr (17.6%)


a 75 lL (0.82 mmol) aniline, 200 lL (1.8 mmol) phenylacetylene, 135 lL
(1.8 mmol at 37 wt% in H2O) formaldehyde, and 500 lL water were sealed
in a tube containing the specified mol% of RuCl3 and CuBr based on the
moles of aniline and agitated for the time specified. b Yields based on NMR
internal standard mesitylene. c 10 equivalents (900 lL) phenylacetylene
used (reaction not strictly neat since 93 lL H2O present from the 37 wt%
formaldehyde). d Solids were sealed in a tube which was subsequently
purged with nitrogen (liquids were degassed together by three freeze–
pump–thaw cycles before transferring to solids under nitrogen by cannula).
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a major side reaction in water, which is enhanced by temperature
substantially more than the desired A3-coupling. The exclusion
of oxygen from the reaction did not improve the yield (Table 1,
entry 3) indicating that the Glaser-type alkyne coupling was not
an important side reaction. When the reaction was performed
neat at room temperature, the yield was increased considerably
(Table 1, entries 1–2). This could indicate that even at room
temperature imine hydrolysis is still a problem. The water in
the neat examples comes from the formaldehyde solution, yet
the A3-coupling becomes more competitive over imine hydrolysis
because there is now almost double the number of equivalents
of alkyne relative to water. Increased temperature under these
pseudo-neat conditions substantially decreased the yield (Table 1,
entry 2). The conditions of entry 7 were used in preference to
the neat conditions since it was not practical to perform the
reaction neat with only 2.2 equivalents of alkyne due to insufficient
mixing/stirring. Increasing the ruthenium catalyst loading to
almost double can give an appreciable increase in yield, but
whether or not this increased expense is worth an increase in yield
of 8% is questionable. Optimum yield was obtained after reacting
between 24–36 h at room temperature (Table 1, entries 6–8), and
therefore lower temperatures were not attempted.


With optimized conditions (Table 1, entry 7) various substrates
were examined. The yield was only modestly reduced upon using


an aliphatic alkyne instead of phenylacetylene (Table 2, entries 3–
4). The yield, however, was highly dependent upon the nature of the
primary amine used. This substantiates the possibility that imine
stability/hydrolysis is a critical factor influencing the yields. The
linear aliphatic amines used gave the best yields (Table 2, entries 1–
2). However, methyl amine gave the lowest yield (Table 2, entry 9),
which could indicate that all or part of the reaction cycle occurs on
the water surface since the propargyl amine/imine intermediates
as well as methyl amine itself would be more soluble in water
than any of the other corresponding amines/imines. The lower
yield seen with cyclopentylamine (Table 2, entry 7) is likely the
result of steric effects; whereas, allylamine could have undergone
side reactions specific to the alkene functionality. Solid amines
can be used directly even though the system was heterogeneous
for all the reactions (Table 2, entries 5–6). A direct comparison of
para-anisidine and para-toluidine shows that electron donation to
the nitrogen improves the yield. Whether this is due to increased
stability of the imine to hydrolysis is unclear. When formaldehyde
was substituted with benzaldehyde in the reaction shown in
Table 2, entry 3, only the monopropargyl amine coupling product
was observed. Conditions are being optimized to allow for efficient
double A3-couplings using substituted aldehydes.


In conclusion we have developed a highly efficient method to
synthesize a variety of dipropargyl amines under mild conditions.


Table 2 Synthesis of bis-propargyl amines via [Ru]–[Cu] catalyzed double A3-couplinga


Entry Amine Alkyne Product Yield (%)b


1 84 (82)


2 79 (78)


3 PhNH2 70 (62)


4 PhNH2 63 (53)


5 63 (51)


6 47 (44)


7 45 (45)


8 60 (59)


9 MeNH2 15


a Conditions used based on entry 7 in Table 1. All reactions were performed at 0.82 mmol scale with 2.2 equiv. alkyne, 2.2 equiv. formaldehyde, 5 mol%
RuCl3, 15 mol% CuBr, 500 lL H2O, agitated at room temperature (22 ◦C) for 36 h; b Yields based on NMR with an internal standard (mesitylene) and
isolated yields after column chromatography (50:1 hexanes : EtOAc) in parentheses.
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The scope of the system and the application of the methodology
are under investigation.
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Molecular springs


A macroscale spring is a device typically composed of a coiled ma-
terial, capable of being stretched (tension springs) or compressed
(compression springs). For metal springs, a simple atomistic
description states that atomic interactions are displaced from
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an equilibrium state when a force is applied, thus accessing a
higher-energy state. A spring’s restoring force is the return to the
equilibrium state of atomic structure and bonding. This is true of
both coiled and non-coiled springs, such as leaf springs and spiral
springs.


Given the above description, one could define almost any
conformationally flexible molecule as a spring. For example,
consider a force applied to a molecule such that bond lengths, bond
angles, and/or dihedral angles are perturbed from equilibrium,
thus raising the energy of the molecule. Once the force is released,
the molecule will return to its equilibrium conformation (that is,
assuming a transition state between conformers is not reached
in the process). Although most molecules can fit this definition
to some extent, fewer satisfy the requirements of maximizing
extension (or compression) within a deep-well global minimum.
For example, conversion of a hydrocarbon from an all s-trans
to all s-cis conformation would be analogous to compression.
However, the energy barriers that lead to other conformers are
easily overcome, thereby negating the concept of a restoring force.
In other terms, the path between s-trans and s-cis does not exist in
a sufficiently deep energy well on the potential energy surface to
avoid diversion to other conformations. Fig. 1 reports the analogy
between spring function and bond rotation, using bithiophene as
the example molecule. Oligothiophenes will serve as the basis of
our molecular spring.


Fig. 1 Showing the reversible behavior of macroscopic springs and
molecules (bithiophene), as they are physically displaced from equilibrium
geometry. As long as the displacement corresponds to energy less than the
transition state boundaries, the perturbation will be reversible.


Helicenes1–9 are one class of molecules capable of functioning
as molecular springs. Their rigid helical backbone does not
allow for multiple conformations, and the equilibrium conformer
lies in a sufficiently deep energy well to allow restoration after
compression and extension. The dynamic behavior of helicenes,
specifically for application as actuator materials,10–12 is currently
being investigated by the King group at the University of Nevada,
Reno.13 By definition, helicenes are conjugated, and it is no
coincidence that they are highlighted here as an example. For
reasons that will be introduced later in this article, compositional
requirements for our molecular spring include both a helical and
conjugated backbone, and our preference is a motif other than a
traditional helicene.


Our building block of choice is the aromatic heterocycle,
thiophene (Fig. 2). Poly- and oligothiophenes have served as
major workhorses in organic materials applications, serving
the spectrum of electronic properties from semiconductors to
“synthetic” metals.14–17 In addition to the “tunable” electronic
properties of oligomers and polymers, the thiophene ring itself
has two synthetic attributes that are highly desirable for our
purposes. First, the thiophene ring has two pairs of reactive sites
for carbon–carbon bond formation, with each pair having unique
chemical reactivity. In general, the 2- and 5-positions (a-positions)
are more reactive than the 3- and 4-positions (b-positions) with
respect to electrophilic aromatic substitution, Grignard formation
of the corresponding halothiophenes, thienyl lithium formation,
and cross-coupling reactivity. Second, thiophyne is rarely observed
under conditions that would otherwise convert o-substituted
benzene to benzyne. The selective bromination at a-positions, and
lithium–halogen exchange occurring exclusively at the 2-position
of 2,3-dibromothiophene (without thiophyne formation18) are key
transformations in many of our synthetic strategies.10,19–25


Fig. 2 Showing (a) a prototypical helicene composed of seven fused
[6]annulenes; (b) the aromatic heterocycle, thiophene; (c) repeat unit
of s-trans-a-polythiophene; (d) a helical a,b-oligothiophene composed
of seven rings; and (e) illustrating the selectivity and reactivity of
2,3-dibromothiophene: treatment with BuLi results exclusively in the
2-lithio species. Thiophyne and the 3-lithio species are not observed.


How does one make a helical oligothiophene? First, let us
consider the more traditional, linear polythiophenes. Seminal
work by McCullough and co-workers has taught that head-to-
tail regiochemically pure polythiophenes that are all-a-fused, all
s-trans, and co-planar offer the highest conductivities of all b-
alkyl-substituted a-polythiophenes.26–28 Key terms were bolded for
emphasis. While it is conceivable to envision the same a-fused
polymer to exist in a helical conformation (i.e., all s-cis), Merck
Molecular Force Field (MMFF) calculations report an energetic
penalty for each bithiophene unit converted from s-trans to
s-cis. Specifically, a conformer search of a 13-mer oligothiophene
establishes the planar (all s-trans) conformer as the global
minimum, with the helical (all s-cis) conformer lying ca. 13 kcal
mol−1 higher in energy (Fig. 3). Between these extremes exist
other possible combinations of s-cis and s-trans conformers. Thus,
a-oligothiophenes are significant for their preference to be co-
planar; a scenario optimal for high conductivity, but not helicity.
As both the physical length and effective conjugation length of
an unsubstituted, s-trans a-oligthiophene increases, both the band
gap (Eg = ELUMO − EHOMO) and solubility decrease. Thus, electronic
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Fig. 3 One helical turn of a 13-mer a-oligothiophene (s-cis) is predicted
by MMFF to be 13 kcal mol−1 higher in energy than the linear conformer
of the same system (s-trans).


conductivity can be conveniently tuned by length and degree of
co-planarity, but solubility issues must also be addressed, typically
by addition of alkyl side-chains.


In contrast to all-a-fused oligothiophenes, our efforts have
focused on a,b-oligothiophenes (ortho-oligothiophenes).23–25 The
sterics associated with this regioisomer preclude the co-planarity
of adjacent thiophene rings. Subjecting a,b-tetrathiophene regioi-
somers to the same MMFF conformer search process described
above yields opposite results: the global minimum of each
regioisomer is a compact helix. Higher in energy (ca. 0.8–
2.2 kcal mol−1) exists an extended helical conformer. These results
are summarized in Fig. 4. Another report from our laboratory
claimed a,b-oligothiophenes to be “reliable helical scaffolds.”23


Fig. 4 Showing three a,b-tetrathiophene oligomers, and reporting di-
hedral angles for both the global minimum structure (compact helix;
also shown as ball-and-stick structure), and higher energy extended helix
conformer. The energy difference between compact and extended helix is
also given. All values were determined from MMFF conformer searches.


The synthesis of a,b-oligothiophenes is facilitated by unique
reactivity of the a- and b-thienyl positions (as described above).
Scheme 1 reports three different synthetic routes that we have
used to prepare helical oligomers. Note that the synthesis
accommodates either thiophenes or phenyl rings at each terminus
(thus, the term “oligoaryl” should technically be used). In general,
biaryls and teraryls are prepared by nickel catalyzed cross-
coupling chemistry,29 and halogenation is used to direct lithiation
(via lithium–halogen exchange). The resultant organolithium
species can be converted to an organostannane for tandem
cross-coupling (Scheme 1a), used as the nucleophile for a
double addition–elimination with octafluorocyclopentene
(Scheme 1b),30–32 or oxidatively coupled using Fe(III) (Scheme 1c).33


In addition to an overview of our synthetic methods and oligomer
composition, Scheme 1 also reports the structures determined
using single crystal X-ray analysis. In all cases, the compact helical
conformation observed in the single crystal X-ray structural
analysis was predicted by MMFF calculation of the equilibrium
conformer. The inset in Scheme 1a shows an overlay of three
structures: the experimentally determined single crystal X-ray
analysis structure, and two calculated global minimum conformers
(MMFF and BLYP/6–31G(d)). The similarity found between
experimentally determined and predicted structure is excellent.


The MMFF calculated energy well associated with each S–
C–C–S dihedral angle between adjacent thiophene rings was
found to be the most dominant force biasing the compact helical
conformation.23 The barriers to this energy well can be visualized
by molecular dynamics calculations. Fig. 5 shows the superimposi-
tion of four frames of a molecular dynamics simulation of a helical
pentaaryl (individual frames colored as blue, green, yellow, black).
The selected frames illustrate that motion about the torsional angle
associated with the two thiophene rings labeled as A and B in
Fig. 5. The “unspectacular” range of motion portrayed in Fig. 5
is what is most significant, as it illustrates that adjacent rings
approach, but reverse direction prior to eclipsing or passing one
another (this dynamics calculation is available as a movie file in the
ESI†). Not surprisingly, the motion is reminiscent of a vibrating
spring.


Fig. 5 Showing four frames of a dynamics calculation on a helical
pentaaryl. Rings labeled A and B approach, but do not eclipse or pass
one another, thus maintaining the helical conformation. Animation of this
dynamics calculation is available as a movie in the ESI.†


Molecular muscles


Our interest in helical oligomers originated from possible appli-
cation in the emerging field of bio-inspired nanotechnology. Using
more traditional terms, we are interested in integrating physical
organic and polymer chemistry to prepare macromolecules with
dynamic properties that may be attenuated by external forces.
Namely, we are interested in preparing “molecular muscles” that
are capable of expansion and contraction under an electrical
bias.10–12,22,25,34,54 Our first effort in this area focused on a polymer of
thiophene-fused [8]annulene repeat units. Each unit of the polymer
is defined as an “actuator synthon,” capable of lengthening and
contracting as a function of redox state. The polymer can be
envisioned as mechanically mimicking a bellows, whereby each
[8]annulene monomer is one convolution of the bellows, and the
pitch of each convolution changes as a function of oxidation state
(see Fig. 6). This earlier work is reviewed elsewhere, and will not
be further discussed here (an animation of the pitch range of a
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Scheme 1


Fig. 6 The thiophene-fused [8]annulene (tetra[2,3-thienylene]) is envi-
sioned as one convolution of a bellows. For the corresponding polymer, a
change in pitch for each convolution is induced by a change in redox state,
yielding an additive expansion or contraction process (i.e., bellows-like
expansion and contraction). An animation of the pitch change for a single
convolution is provided as a movie file in the ESI.†


single thiophene-fused [8]annulene is provided as a movie file in
the ESI†).


To compliment our bellows-concept, an actuator based on a
spring seemed to us a valid proposal.13 Ideally, there would be a
conjugated helix (our molecular spring, above), with the possibility
for p-orbital interactions not only in a side-on sense between
adjacent rings, but also in a head-on sense between adjacent
turns of the helix. Calculations predicted that upon oxidation
or reduction, such a helix would contract from its equilibrium


neutral conformer length. We propose that the contraction process
is driven by increased orbital interaction, thus best delocalizing the
charge. Fig. 7 illustrates this concept, showing (a) neutral redox
state: non-ideal overlap of adjacent orbitals (red; representing
orbital interaction between adjacent rings) and minimal head-
to-head orbital interactions (red–blue), and (b) charged redox


Fig. 7 Showing (a) equilibrium conformer of a conjugated helix, and
(b) contracted form of the same helix, as a result of oxidation or
reduction. The red–red orbital interaction represents side-on overlap,
and the red–blue orbital interaction represents head-to-head overlap.
Contraction (form b) is believed to increase both types of overlap.
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state: improved side-on and head-to-head orbital interactions
(both red–red and red–blue, respectively). Here, note that the
length of the helix is a function of the dihedral angles between
adjacent rings. Thus, side-on orbital interactions increase as
dihedral angles decrease. Commensurately, a decrease in dihedral
angles shortens the helix, thereby increasing head-on orbital
interactions.


To test this theory, we geometry optimized both compounds
Hex-1 and Hex-12+ (HF 6–31G(d)). Fig. 8 shows the three unique
bonds (labeled a, b, and c) associated with the three unique
dihedral angles for the given helical hexamer. In the neutral form,
the calculated bond lengths range from (a) 1.475 Å, (b) 1.48 Å,
and (c) 1.476 Å. The corresponding dihedral angles are (a) 63.6◦


and (b = c) ca. 46◦.


Fig. 8 (a) Defining the bonds in Hex-1 (see corresponding text). (b) Space
filling models of Hex-1 (left) and Hex-12+ (right, contracted form).


The equilibrium geometry of Hex-12+ reports the desired
contraction. Bond a develops considerable double bond char-
acter, with its length decreasing from 1.775 Å to 1.339 Å. The
corresponding dihedral angle reduces from 63.6◦ to 5.3◦. The
dihedral angles associated with bonds b and c also decrease in
value from 46◦ to 37.5◦. Summing the NBO35–40 atomic charges
for each ring reveals that ca. 50% of the 2+ charge is localized
onto the central bithiophene unit. The closest carbon–carbon
atomic contacts in Hex-12+, reflecting the head-to-head orbital
interaction discussed above, is 3.42 Å. In the neutral form, this
same distance is 3.64 Å. In accord with prediction, contraction
and oxidation are commensurate, and reinforce the applicability
of helical oligoarenes to function as molecular muscles. This
contraction can be viewed in Fig. 8b, which shows space-filling
models of Hex-1 and Hex-12+.


What else can be speculated from calculation? The follow-
ing concepts, entitled “Molecular Rheostats” and “Molecular
Precessing Gyroscopes,” have foundation in theory, and are
supported by initial calculations. However, any discussion of
these applications mandates assumptions to be made. Others have
established relevant experimental groundwork. However, for our
purposes, what exists are puzzle pieces yet to be connected. The


missing puzzle pieces are esoteric single-molecule experiments
likely to be commonplace in the near future, but not at present.
Regardless, design and synthesis can continue, with theory serving
(at least temporarily) as the surrogate experimental proof. We
thank the editors and reviewers for allowing not only the standard
review of our published work, but also a preview of potential
applications (muscles, rheostats, and rotors). Our speculation is
intentional, and is offered to further stimulate discussion about the
future of molecular machines, devices, and related phenomena.


Molecular rheostats


A rheostat can be defined as a variable resistor that is attenuated
by a mechanical process. In our design, the macroscopic process
of “turning a knob” to attenuate resistance (and hence current), is
mimicked at the molecular level by stretching a conjugated helix.
Specifically, we investigate the possibility of integrating scanning
tunneling microscopy (STM) experiments with helical oligomers,
as a route into force-attenuated conductivity (i.e., a molecular
rheostat).


The requisite experiment is based on STM experiments recently
reported to yield reproducible measurements of single-molecule con-
ductivity.41 In this remarkable work, Venkataraman and Nuckolls
showed that single molecule conductivity of terminal aliphatic and
aromatic diamines could be reproducibly measured via STM. By
adsorbing one amine terminus onto a gold surface and the other
onto the STM tip, conductance was measured as a function of
tip–surface distance until either end was desorbed. The choice
of amino functionality in the experiments was vital due to the
single coordination geometry that exists between amine nitrogens
and a gold surface. Amines only add to unsaturated gold sites,
the so-called “adatoms,” via donation of the nitrogen lone-
pair to a vacant Au orbital, in a well defined geometry. More
commonly employed functional groups, such as thiols, add in
multiple geometries. This, combined with the consideration that
amines are not subject to oxidative oligomerizations, leads to
consistent conductivity curves for a given substrate over many
cycles. It was found that clear conductance data could be obtained
for aliphatic substrates as large as 1,8-octanediamine, and that a
minimal steric bulk about the nitrogen led to the most well defined
conductance. For our purposes, we emphasize that accurate
measurements of single-molecule conductivity may be obtained
via STM, simultaneous with physical “pulling” on the molecule
of interest. The assumption is that the STM tip may serve both
as the mechanical element of the rheostat, as well as the probe to
accurately measure changes in conductance through the extending
helix.


Our design of a molecular rheostat requires the following four
ideal characteristics:


Helical oligomers (“molecular springs”) must demonstrate an
effective conjugation length that varies as a function of molecular
conformation.


(1) Any changes in conjugation must translate to changes in
molecular conductance.


(2) The termini of the helix must be functionalized to allow
adsorption between metal surface and STM tip adatoms.


(3) Using the STM tip to generate mechanical force, the helix
must stretch from a compact helical conformation (dihedral angles
<90◦) to an extended helical conformation (>90◦).
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To simplify calculations of the molecular rheostat, we first
reduced the composition of the helical oligomer to a helical
s-cis-z-polyene (1,3,5,7,9-decapentene). The length of this helix
is a direct function of the dihedral angles between adjacent –
HC=CH– moieties of the backbone. In an ideal case, the fully
extended system, registering 180◦ dihedral angles throughout,
would experience complete overlap of the pi-system, establishing
a conjugation maximum.


With one end of the helix fixed in space, a unidirectional exter-
nal force could be applied such that the helix is pulled from its com-
pact coil conformation to its fully extended state. Commensurately,
conjugation would decrease to a minimum as dihedral angles
approach 90◦. Further extension would again increase conjuga-
tion (dihedral angles >90◦). Overall, orbital overlap (effective
conjugation length) should respond non-linearly as a function
of lengthening from a compact coil to a fully extended state.


We employed outer valence green function (OVGF) calculations
to gain ionization potentials (Ip) and electron affinities (Ea), and
used these differences in energy as a qualitative predictor of single
molecule conductivity. The assumption is that extent of orbital
overlap attenuates effective conjugation length, which in turn
affects electron/hole mobility, l. Conductivity and mobility are
related by eqn (1).


r = nel (1)


where r = conductivity, n is the number, e the type of carrier, and
l is carrier mobility. This assumption served the basis for ionore-
sistive conjugated polymers of the type previously reported by
Swager and Marsella.42,43 In both cases, induced conformational
changes are anticipated to be the cause of changes in conductivity.
In this present work, we calculate the energies of Ip (i.e., HOMO)
and Ea (i.e., LUMO), and use this difference as a probe of effective
conjugation; the smaller the difference, the greater the effective
conjugation, the greater is the potential for increased carrier
mobility, and the higher the molecular conductivity.


A HF/6–31G(d) OVGF analysis of a C2-symmetric helical
decapentaene was performed, whereby C=C–C=C dihedral an-
gles were constrained to values of 30◦, 60◦, 90◦, 120◦, 150◦, and
180◦ (corresponding to an extension from compact coil to linear
conformer; see Fig. 9). By definition, these values also report the
angle between atomic p-orbitals on adjacent ethylene moieties
of the polyene. A first-approximation mandates that there are no
long-range orbital interactions at the 90◦ conformer, as all ethylene
moieties are oriented such that adjacent p-orbitals are orthogonal
and non-interacting.


The Ip and Ea determined from OVGF calculations are plotted
in Fig. 1, as change in Ip and Ea relative to the 30◦ starting point.
Note the plot is relative to the 30◦ dihedral angle conformer, versus
dihedral angle, and should not be misinterpreted as a crossing of
Ip and Ea at ca. 150◦. The values posted adjacent to data points
report the pole strength, which is a measure of probability of
each corresponding excitation (maximum value of pole strength is
1.0). Thus, there are four parameters for each dihedral: ionization
potential, electron affinity and the two corresponding values of
pole strength. The most striking trend in the OVGF data is
the non-linear change of both Ip and Ea, with inflection points
occurring at the 90◦ dihedral conformation. This trend matches
the predictions made above. Given that p-orbital overlap, Ip,
and Ea should qualitatively reflect conductance, it follows that
a uniaxial force that extends the molecular helix should be capable
of attenuating single-molecule conductance, thus establishing a
molecular rheostat. More detailed computations are currently
underway, as are the syntheses of helical oligomers specifically
designed to meet the above criteria and goals.


Precessing molecular gyroscopes


Herein we have made several allusions to macroscopic objects
being reproduced at the molecular level. This is illustrated in our
previous discussions of molecular springs and rheostats. A more


Fig. 9 Conceptually illustrating the molecular rheostat: adatom adsorption of a conjugated helix serves as the variable resistor, which is attenuated by
unidirectional pulling by the STM tip (left). In turn, orbital overlap varies from 30◦ to 180◦, reaching a minimum of overlap at the 90◦ angle (orthogonal
orbitals), and a maximum of overlap at 180◦. The graph on the right reports energies of ionization potential (red; HOMO) and electron affinity (black;
LUMO), relative to the 30◦ dihedral angle starting point. Pole strengths are also reported adjacent to data points (see text). In theory, molecular
conductivity is measured by the STM, and correlates with the HOMO–LUMO gap determined from the data plot.
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general question regarding this concept is, can macroscopic and
molecular machines share intrinsic property characteristics? Or
does the interface of classical mechanics and quantum mechanics
complicate (or doom) the translation? Kelly has published a
spectacular paper on this topic, targeting the concept of a
molecular ratchet, illustrating clearly the disconnection that may
occur during the molecularization of a macroscopic device.44–46


In this final section, we hypothesize on the molecularization of a
precessing gyroscope.


By definition, and as shown in Fig. 10, a precessing gyroscope
contains two orthogonal axes of rotation. Precession about the y-
axis results from rotation about the x-axis. The Newtonian forces
that dictate rate of precession include the vector product of the
angular momentum of the rotor (L), which is a result of the rotor’s
moment of inertia (I = 0.5 mr2) and angular velocity (x), and the
torque (s = mgr′). The precession rate (X) is estimated by eqn (2):


X ≈ mgr′/Ix (2)


Before further discussion of precessing molecular rotors, we
note that Michl has compiled an excellent review of molecular
rotors and motors,47 summarizing the contributions of his own
group, and those of Moore,48 Garcia-Garibay,49 Tour,50 Gladysz,51


and many others. Other critical work to be mentioned includes
Gimzewski’s visualization of a single-molecule rotor on a Cu(100)
surface52 and Feringa’s light-driven rotor anchored to a gold


Fig. 10 Depicting a precessing gyroscope. Two orthogonal axes of
rotation are attached to a fixed base (black) and rotor (marble). Precession
about the y-axis results from rotation about the x-axis.


nanoparticle surface.53 The collective precedent for our explo-
ration includes the properties of the molecular rotors described
in this review, as well as the potential to monitor rotary motion
on a surface.


Relating eqn (2) to a molecule adsorbed to a surface mandates
that the term, “g” be (re)defined by intramolecular and molecule–
surface attractive forces, since the universal constant of gravitation
(6.7 × 10–11 N m2 kg−2) is not relevant. All other terms of the
equation will be presumed applicable. The questions we pursue
are, will rotation and precession be correlated at the molecular
level (as it is in the macroscopic world)? If yes, does it vary as
a function of intramolecular and surface attractive forces? The
first part of this two-part question is answered by the intrinsic
properties of certain molecules, as can be shown in the case of
2,5-heptadiyne.


The frequencies for 2,5-heptadiyne (HF/3–21G(d)) were calcu-
lated, and displacement vectors are shown in Fig. 11. If one methyl
group of 2,5-heptadiyne is presumed to be fixed in space, the
resulting system becomes analogous to the precessing gyroscope
motif, in the sense that one methyl group is the base, one is the
rotor, and they are connected by two (nearly) orthogonal axes of
rotation. Using this frame of reference, we may re-define the three
lowest energy vibrations as the following processes (from highest


Fig. 12 Showing hypothetical precessing gyroscope, PG-1. The inset
illustrates the VDW cut-off volume (red sphere) used in the molecular
dynamics calculations. The green sphere locates the region of halogen
functionalization. Note halogens are outside of the VDW cut-off.


Fig. 11 Showing the as-calculated frequency displacement vectors for 2,5-heptadiyne, and illustrating how, when fixed to a surface, they translate to be
analogous to the processes associated with precessing gyroscopes.
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Fig. 13 Evolution of precessing gyroscopic motion in PG-1 (AdR–Br3): (TOP) early in dynamics run where (a) describes waggle about methylene group
and is a minor periodic function, (b) represents nutation of gyroscope (indicated by yellow double-headed arrow), blue major wave is precession (blue
curved arrow), and red waves represent rotation (red curved arrow). (BOTTOM) after 4 nanoseconds, an equilibrium state is reached; nutation and waggle
have been almost completely translated into precession (blue) and rotation (red).


to lowest energy): (i) nutation (77.33 cm−1), (ii) rotation/anti-
precession (11.37 cm−1), and (iii) rotation/precession (10.44 cm−1,
see Fig. 11). Thus, the lowest frequency mode corresponds to that
motion analogous to a macroscopic precessing gyroscope (i.e.,
eqn (1)). Under ideal conditions, 2,5-heptadiyne may function
as a precessing gyroscope. Throughout the remainder of this
discussion, “ideal” implies that rotor–solvent effects are ignored.


Our second study subjected the bisadamantyl precessing gyro-
scope (hypothetical) compound PG-1, to a dynamics calculation.
To mimic a surface, we defined one adamantyl unit as stationary
(AdS), and the other as a rotor (AdR). To AdR was attached three
halogens (AdR–Cl3, AdR–Br3, and AdR–I3), resulting in three new
compounds, each differing in rotor mass. By limiting van der
Waals (VDW) interactions in the dynamics simulations to 7 Å,
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these halogens do not interact with AdS. Fig. 12 illustrates that
the allowed VDW interactions are roughly limited to the atoms
enclosed within the red balloon. The green balloon represents sites
for halogen substitution.


To emphasize, the halogen substitution will perturb the rotor
mass term, and thus the moment of inertia, but not the attractive
force term, g. For each of the three unique molecular dynamics
reactions, the correlated rates of rotation and precession varied
according to mass, but the term “g” was found to be nearly
constant (1.98 ± 0.06 × 1020 m/s2 mol).


Lastly, and perhaps most visually impacting, is the obvious
evolution of correlated precession and rotation, as determined
by molecular dynamics. This is reported in Fig. 13; showing
molecular dynamics data related to compound PG-1 (AdR–Br3).
As described in the caption of Fig. 13, early molecular dynamics
events of compound PG-1 include waggle, nutation, rotation,
and precession. Upon equilibrium, waggle and nutation (higher
energy vibrational modes; see Fig. 12) convert to pure rotation
and precession, and eqn (2) is obeyed. A movie file showing the
early stages of conversion to rotation and precession is provided
in the ESI.†


In practice, achieving a system that obeys the properties of a
classical precessing gyroscope should be possible by thermally
biasing high populations of the lowest vibrational mode. Given
that rotor mass, rotation, and precession are related, it is feasible to
engineer a macromolecule with a rotor massive enough to promote
precession in the Hertz frequency range (and, ideally, without
interference from surface phonons).


It is worth noting that although coupled rotation–precession is
governed by eqn (2), the phenomenon of molecular gearing54 is
not as rigorously quantified, in the sense that slippage can take
place at random intervals. In other terms, the pure rotation–
precession mechanism is not prone to slippage (i.e., mistakes),
as is the process of gearing. Furthermore, the relative rates of
rotation within a precessing gyroscope and a geared system are
not governed by the same laws of physics (i.e., eqn (2) versus
gearing ratios), thus creating unique rotational profiles for each
class of rotor. We emphasize that the ethynyl “axles” employed
ensure that all rotating bodies are beyond intramolecular VDW
radii, ensuring that gearing is not taking place.


In summary, to the field of molecular devices we have sup-
plemented the concepts of molecular springs, molecular rheostats,
and gyroscopes. Beyond the concrete discussion of synthesis, com-
putational chemistry has provided predictions of physical prop-
erties. In the ideal “silicon world” of computational chemistry,
the concepts are sound and the possibilities are intriguing. Now,
this exercise in the sublime must bear the burden of experimental
proof. The speculative nature of this review (preview?) was entirely
intentional (i.e., aspiring to works similar to Hopfield’s proposal
of a “shift register memory,”55), and hopefully adding productively
to the list of challenges on queue for future studies.
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The synthesis and properties of nicked dumbbell and dumbbell DNA conjugates having A-tract base
pair domains connected by rod-like stilbenedicarboxamide linkers are reported. The nicked dumbbells
have one to eight dA–dT base pairs and are missing a sugar–phosphate bond either between the linker
and a thymine nucleoside residue or between two thymine residues. Chemical ligation of all of the
nicked dumbbells with cyanogen bromide affords the dumbbell conjugates in good yield, providing the
smallest mini-dumbbells prepared to date. The dumbbells have exceptionally high thermal stability,
whereas the nicked dumbbells are only marginally more stable than the hairpin structures on either side
of the nick. The structures of the nicked dumbbells and dumbbells have been investigated using a
combination of circular dichroism spectroscopy and molecular modeling. The base pair domains are
found to adopt normal B′-DNA geometry and thus provide a helical ruler for studies of the distance
and angular dependence of electronic interactions between the chromophore linkers.


Introduction


Bis(oligonucleotide) conjugates having synthetic linkers connect-
ing short complementary base pair domains can form stable DNA
or RNA hairpin structures. The rod-like stilbenedicarboxamide
linker SA (Chart 1a), initially reported by Letsinger and Wu,1


forms stable hairpin structures (Chart 1b) possessing as few as
three A–T base pairs or two G–C base pairs.1 We subsequently
observed that the addition of a second SA as a capping group
results in a further increase in thermal stability for capped hairpin
structures (Chart 1b), permitting the formation of compact folded
structures possessing a single A–T base pair.2


We have employed capped hairpins with (A–T)n base pair
domains (A-tracts) to investigate the distance and angular de-
pendence of exciton coupling,2,3 energy transfer,4 and electron
transfer5 between hairpin linker and capping chromophores.
Experimental results and molecular modeling are consistent with
p-stacked structures with restricted conformational mobility for
the capping chromophore. In order to confirm this proposal we
sought to “fix” the conformation of the capping chromophore
by removal of the nick between the chromophore and base pair
domain. We report here the preparation and chemical ligation
of nicked dumbbells (Chart 1c) as a method for the efficient
synthesis of synthetic dumbbell structures possessing (A–T)n base
pair domains connected by the synthetic SA linkers. The properties
of both the nicked dumbbells and dumbbells are dependent upon
the number of base pairs. The melting temperatures of the nicked
dumbbells are lower than those of either hairpin or capped hairpin
structures having the same number of base pairs, whereas the
dumbbells are highly resistant to melting. CD spectra are sensitive
to the presence/absence of a nick and the number of base pairs.
Comparison of the calculated nicked dumbbell and dumbbell


Department of Chemistry, Northwestern University, Evanston, Illinois,
60208-3113, USA. E-mail: fdl@northwestern.edu


structures indicates that the presence of the nick has little effect
upon duplex geometry.


Results


Syntheses of nicked dumbbells and dumbbells


The nicked dumbbells nN (n = 1–6, 8, Chart 1c) were prepared
by means of conventional phosphoramidite chemistry.1 They were
purified by HPLC and characterized by UV and CD spectroscopy
and by MALDI-TOF mass spectrometry. Chemical ligation of
the nicked dumbbell with CNBr followed the procedure of
Carriero and Damha (see Experimental section).6 The progress
of the ligation reactions of nN (n = 1–5) was monitored by
HPLC and the resulting dumbbells purified by HPLC. HPLC
traces for 1N after ligation with and without added starting
material are shown in Fig. 1. Conversions of nicked dumbbell
to dumbbell conjugates were 67–94%, as determined by analytical
HPLC. Preparative HPLC yields were 60–85%. In the cases of
6N and 8N the nicked dumbbell and dumbbell had similar HPLC
retention times, necessitating use of denaturing PAGE gels for
dumbbell purification (Fig. 2).


Electronic absorption spectra and thermal dissociation profiles


The UV absorption spectra of the nicked dumbbells nN and
dumbbells nD are shown in Fig. 3. The long-wavelength bands
of the SA-linked conjugates are assigned to the allowed p,p*
transition of stilbene linker SA.7 These bands are red-shifted by
ca. 10 nm in the conjugates vs. the stilbene linker. The bands for 1N
and 1D are slightly blue-shifted compared to the conjugates with
longer base pair domains, as previously observed for a capped
hairpin having a single A–T base pair.2 The 260 nm band is
assigned to the overlapping absorption of the nucleobases and
the weaker stilbene absorption. The 260/335 nm absorbance ratio
increases with the ratio of the number of base pairs to stilbenes
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Chart 1 (a) Structure of the hairpin loop region of synthetic hairpins having a stilbenedicarboxamide (SA) linker. (b) Schematic structures of a hairpin
(H), capped hairpin (C), nicked dumbbell (N), and dumbbell (D) conjugates having four dA–dT base pairs connected by a SA linker. (c) Schematic
structures of nicked dumbbells having 1–6 and 8 A–T base pairs.


within the conjugate structure. The 260 nm band is also blue shifted
as the number of base pairs increases from 1 to 4, as previously
observed for the capped hairpins.2 No shift in the absorption
maxima is observed for n > 4 for either nicked dumbbells or
dumbbells.


Thermal dissociation profiles for the nicked dumbbell and
dumbbell conjugates in 10 mM phosphate buffer determined at
260 nm using a Peltier temperature controller with a heating rate
of 0.5 ◦C min−1 are shown in Fig. 4. Hyperchromism is observed for


the 260 nm bands of all of the SA-linked conjugates. Conjugates
1N and 2N do not have well-defined melting transitions, even
with added 0.1 M NaCl. Melting temperatures determined from
the derivatives of these profiles are reported in Table 1, along
with values of Tm obtained for several of the nicked dumbbells
with added 0.1 M NaCl. All of the SA-linked dumbbells have
Tm values > 80 ◦C and thus the reported values are not highly
accurate. Also reported in Table 1 are the values of Tm for the
corresponding hairpins and capped hairpins.2
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Fig. 1 HPLC trace of ligated product mixture obtained from 1N (solid
line) and product mixture after addition of unligated starting material
(dashed line).


Fig. 2 Denaturing gel of nicked dumbbells nN (n = 4, 6, and 8) and their
corresponding ligation mixtures (tracks indicated by asterisk).


Fig. 3 UV spectra of (a) nicked dumbbells nN (n = 1–6 and 8) and
dumbbells nD (n = 1–5) in aqueous solution (ca. 5 lM conjugate, 10 mM
sodium phosphate buffer).


Circular dichroism spectra


The CD spectra of the nicked dumbbells nN and dumbbells nD
(n = 1–4) are shown in Fig. 5 along with the previously published
spectra for the capped hairpins nC (Chart 1b). The CD bands in
the 290–350 nm spectral region are attributed to exciton coupling


Table 1 Melting temperatures (◦C) for hairpins, capped hairpins, nicked
dumbbells, and dumbbellsa


n nHb nCc nNd ,e nDd


1 48.9 >80
2 62.6 91
3 42 63.8 36(42) 91
4 49 67.6 37 88
5 70.1 40 88
6 59 72.1 42(50) 84
8 72.5 45(56) 84


a Structures shown in Chart 1b, n = number of base pairs. b Data from ref.
1 for 1.0 A260 unit mL−1 in 10 mM TrisHCl, pH 7, with 0.1 M NaCl. c Data
from ref. 2 for capped hairpins in sodium phosphate buffer containing
0.1 M NaCl. d Data for 5 lM solutions (10 mM sodium phosphate buffer,
pH 7.2, no added salt) obtained with a heating rate of 0.5 ◦C. e Values in
parentheses for solutions containing 0.1 M NaCl.


Fig. 4 Thermal dissociation profiles for (a) nicked dumbbells nN (n = 3–6
and 8) and (b) dumbbells nD (n = 1–5) determined at 260 nm (ca. 5 lM
conjugate, 10 mM sodium phosphate buffer).


between the two SA chromophores. The sign and intensity of these
bands is dependent upon the length of the base pair domains, as
previously observed for the capped hairpins.2 The CD bands in the
200–290 nm spectral region are attributed to coupling between the
dA–dT base pairs.8 The intensity and structure of these CD bands
increase with the length of the base pair domain. These changes
are most noticeable for the shorter base pair domains and become
relatively insignificant for base pair domains consisting of four or
more dA–dT base pairs.


Molecular dynamics simulations


Minimized structures for the nicked dumbbells and dumbbells
were calculated using the AMBER force field as previously
described for the capped hairpin structures.9 The Amber 7.0
program suite was used to run molecular dynamics simulations
in the explicit water and no added salt.10 The total simulation time
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Fig. 5 CD spectra of nicked dumbbells nN, dumbbells nD, and capped
hairpins nC, n = 1–4 (5 lM conjugate, 10 mM sodium phosphate buffer,
0.1 M NaCl).


for each conjugate structure was 4.0 ns with a time step of 2 fs.
The mass-weighted root mean square deviations (RMSd) do not
have large fluctuations with respect to the MD-averaged structure,
indicating that the simulations have reached equilibrium. RMSd
values increase with the length of the DNA base pair domain, as
expected for a flexible DNA structure. Minimized structures for
6N and 6D are shown in Fig. 6. These structures represent local
minima arrived at from idealized B-DNA input structures.11 The
average angle and distance between the stilbene long axes of the
nicked dumbbells and dumbbells are reported in Table 2, along
with published data for the capped hairpins.2


Discussion


Synthesis and structure of the nicked-dumbbells


Nicked dumbbells possessing SA linkers (Chart 1c) were prepared
by methods similar to those employed for the preparation of


Fig. 6 Minimized structures for 6D (left) and 6N (right, with nick shown
in inset) obtained from molecular dynamics simulations.


capped hairpins having SA linkers.2 Based on the observation
of hyperchromism upon heating (Fig. 4a) and the appearance of
the CD spectra (Fig. 5), SA-linked nicked dumbbells possessing
three or more dA–dT base pairs appear to adopt folded structures
at low temperatures, similar to those of the analogous capped
hairpins. Even the shortest nicked dumbbells possessing only one
or two base pairs display weak SA–SA exciton coupling in their
CD spectra (Fig. 5), indicative of partially ordered structures.2


The melting temperatures of the SA-linked nicked hairpins are
distinctly lower than those previously reported for the analogous
capped hairpins (Table 1).2 For example, the nicked hairpin 5N
has a Tm = 40 ◦C, whereas the capped hairpin with a 5-mer
base pair domain has a Tm = 70 ◦C. The values of Tm for the
nicked dumbbells having 3 or more base pairs are not strongly
dependent upon the number of base pairs, as previously observed
for the capped hairpins.2 This suggests that base pair dissociation
is initiated at the point of the nick and proceeds toward the hairpin
linkers and that a nick between thymine bases is more susceptible
to base pair disruption than is the capped end of a hairpin. It is


Table 2 Calculated dihedral angles and distances between terminal SA chromophores in nicked dumbbell, dumbbell, and capped hairpin conjugates


Dihedral angle/degrees Distance/Å


na nN nD nC nN nD nC


1 19 ± 11 36 ± 14 33 ± 12 7.4 ± 0.3 7.5 ± 0.4 7.2 ± 0.3
2 80 ± 10 70 ± 12 59 ± 13 10.6 ± 0.4 10.7 ± 0.4 11.7 ± 0.7
3 100 ± 11 113 ± 8 102 ± 18 14.5 ± 0.6 14.2 ± 0.5 14.3 ± 0.7
4 139 ± 14 142 ± 12 131 ± 15 17.7 ± 0.6 17.7 ± 0.6 17.7 ± 0.6
5 147 ± 17 163 ± 9 162 ± 8 20.9 ± 0.5 20.8 ± 0.5 21.0 ± 0.5
6 209 ± 11 209 ± 10 213 ± 10 24.3 ± 0.7 24.3 ± 0.7 24.2 ± 0.6
8 271 ± 13 256 ± 13 257 ± 12 30.9 ± 0.7 30.9 ± 0.7 30.8 ± 0.6
Averageb 34 ± 2 32 ± 2 35 ± 1 3.38 ± 0.02 3.36 ± 0.02 3.36 ± 0.03


a Number of base pairs separating the SA chromophores. b Average angle and distance per base pair.
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interesting to note that values of Tm for 6N and 8N in the presence
of 0.1 M NaCl are somewhat higher that the values for SA-linked
hairpins with stems consisting of 3 and 4 dA–dT base pairs at the
same salt concentration (Table 1).1 Thus base-stacking between
the two segments of the nicked dumbbell provides protection from
thermal dissociation.


Information about the structures of the SA-linked nicked
dumbbells can be inferred from their CD spectra (Fig. 5).
The bisignate CD bands observed in the 290–360 nm spectral
region are attributed to exciton-coupling between the two SA
chromophores.12 The rotational strength of an isolated CD
transition is determined by the imaginary part of the dot product
between the electronic and magnetic transition dipoles. In the
case of small Davydov splitting between chromophores whose
transition dipoles (li and lj) are perpendicular to the distance
vector Rij, the complex expression for the rotational strength can
be simplified to provide eqn (1),


De ≈ ± p


4k
l2


i l
2
j R


−2
ij sin(2h) (1)


where De is the molar CD (M−1 cm−1) and k is the wavelength.2


According to eqn 1, the EC–CD intensity should display a Rij
−2


dependence and have maximum intensity when the dihedral angle
h between the chromophore transition dipoles is 45◦ or 135◦ (with
an inversion in sign) but zero intensity when they are parallel
or perpendicular. The signs of the EC–CD bands for the nicked
dumbbells are similar to those for the analogous capped hairpins
or dumbbells, however the band intensities are weaker for the
shortest dumbbells, which have 1–3 A–T base pairs. The CD band
intensities both in the long wavelength region and in the 200–
290 nm region attributed to base pair exciton coupling are similar
for nicked dumbbells, capped hairpins, and dumbbells having four
or more base pairs (Fig. 5).


Additional information about the structures of the SA-linked
nicked dumbbells is provided by their calculated structures
obtained from molecular dynamics simulations (Table 2). Even
the shortest of the nicked dumbbells is found to have a compact
folded structure in which the linkers are approximately parallel.
The weak EC–CD spectra for the nicked dumbbells having short
base pair domains are consistent with their calculated SA–SA
dihedral angles (eqn 1), which are closer to 0◦ (1N) or 90◦ (2N)
than are the calculated angles for the corresponding dumbbells or
capped hairpins.


The calculated structure of 6N shown in Fig. 6 displays p-
stacking of the base pairs on either side of the nick. This is con-
sistent with the X-ray crystal structure of a ternary nicked duplex
system consisting of the 12-mer template d(CGCGAAAACGCG)
and the 6-mers d(CGCGTT) and d(TTCGCG), which displays
normal B-DNA geometry with stacking of the dT–dT bases on
either side of the nick.13


Synthesis and structure of the dumbbells


Both enzymatic and chemical methods have been reported for
the formation of dumbbell structures having non-nucleotide
linkers via the ligation of nicked dumbbells.14 Letsinger and co-
workers reported a chemical ligation procedure for the synthesis
of dumbbells, including a mini-dumbbell possessing two G–C
base pairs connected by SA linkers. These dumbbells possess
an unnatural phosphorthioate linker.15,16 Cyanogen bromide has


been widely used for the chemical ligation of nicked duplexes and
dumbbells.17 Chemical ligation of nicked dumbbells or duplexes
requires that the reactive groups be in reasonably close proximity,
as is the case for the 5′-hydroxyl and 3′-phosphate groups in the
minimized structure for 6N shown in Fig. 6. Chemical ligation
of 1N requires reaction of the 3′-phosphate with the free hydroxyl
group of the capping SA. The high ligation yield for 1N is indicative
of a folded, p-stacked structure for 1N and expands the scope of
CNBr ligation to un-natural linkages.


The dumbbells have substantially higher values of Tm than the
corresponding nicked dumbbells (Table 1). The values of Tm for
the SA-linked capped hairpins are intermediate between those
of the nicked dumbbells and dumbbells. As previously reported
by Herrlein and Letsinger,15 even very short mini-dumbbells are
highly resistant to base-pair dissociation. We note that the values
of TM for the SA-linked dumbbells actually decrease slightly with
the length of the base pair domain, suggesting that melting may
occur from the interior rather than the ends of the longer base pair
domains.


As previously noted, the long-wavelength CD bands attributed
to SA–SA exciton coupling are much stronger for the SA-
linked dumbbells with short base pair domains than for the
corresponding nicked-dumbbells (Fig. 5). However, the sign and
intensity of the CD bands of the dumbbells and capped hairpins
display a similar dependence on the length of the base pair
domain, in accord with our earlier proposal that the capped
hairpins adopt structures in which the capping group is aligned
with the adjacent base pair in a manner that provides optimum
stabilization for the capped structure.2 Solution 1H NMR studies
further support a restricted p-stacked geometry for a stilbene-
capped duplex structure adjacent to a long base pair domain.18


The calculated structure of 6D displays distinct curvature
(Fig. 6), as is commonly observed for A-tracts possessing 3–7
dA residues.19 Several models have been proposed to explain the
A-tract curvature. McLaughlin et al. have recently reported that
A-tract curvature is strongly mediated by metal ion binding in
the minor groove and can be eliminated by deletion of a thymine
carbonyl oxygen near the middle of the A-tract.20 The presence
of a mid-strand nick also reduces the extent of curvature in the
calculated structure for 6N (Fig. 6).


The calculated end-to-end distances and average rise for the
nicked dumbbells, dumbbells, and capped hairpins (Table 2) are
similar and relatively independent of the length of the base pair
domain. The calculated dihedral angles between SA long axes
are also similar for the three types of conjugate having three
or more dA–dT base pairs. It is interesting to note that the
calculated fluctuations in the average dihedral angles between SA
chromophores do not increase as the base pair domains become
longer (Table 2). This suggests that an increase in twisting angle
in one part of the duplex may be compensated for by a decrease
in another part.


Electronic interactions in base pair domains


The 260 nm absorption band attributed to the A–T base pairs in
SA-linked nicked dumbbells and dumbbells undergoes a blue shift
as the number of base pairs is increased from 1 to 4, but little
further shift with additional base pairs (Fig. 3). A similar shift is
observed for the SA-linked capped hairpins.2 These observations
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establish that the UV band shape and maximum for A-tracts
possessing four or more base pairs are independent of the length
of the base pair domain.


The CD spectra of the nicked dumbbells, dumbbells, and capped
hairpins in the A–T base pair region (200–290 nm) display similar
dependence upon the length of the base pair domain (Fig. 5).
The presence of characteristic CD maxima near 220 nm and
280 nm and minimum near 250 nm is well-established in conjugates
having four or more base pairs. The most noticeable domain-length
dependent change is the appearance of a shoulder or maximum
near 260 nm. Appearance of a distinct shoulder requires 4 base
pairs and a resolved 260 band maximum requires 6 base pairs for
the SA-linked conjugates. The relative intensity of the 256 nm band
in poly(dA) sequences is known to increase with the length of the
A-tract in complementary poly[d(AnTn)] duplexes.8 A shoulder
is observed for poly[d(A5T5)], but not for poly[d(A3T3)] and a
resolved band maximum is observed for poly[d(A9T9)].


Concluding remarks


The use of CNBr for the chemical ligation of nicked dumbbells
extends the scope of this widely applicable method to the synthesis
of mini-dumbbells possessing non-nucleotide SA linkers with A-
tract base pair domains. The dumbbell 1N possesses a single A–T
base pair and is the shortest dumbbell reported to date. The success
of the ligation procedure is a consequence of the compact folded
structures of the precursor nicked dumbbells in which the reactive
3′-phosphate and 5′-hydroxyl groups can readily approach each
other. We are currently extending the use of CNBr ligation for
the preparation of mini-dumbbells having other non-nucleotide
linkers.21


The thermal stability of the nicked dumbbells is slightly greater
than that of hairpins having half the number of base pairs,
indicating that p-stacking between bases on either side of the
nick imparts additional stability to the nicked dumbbell. The
exceptional stability of the mini-dumbbells suggests that melting of
the nicked dumbbells is initiated at the nick. Molecular modeling
of both the nicked dumbbell and dumbbell structures indicates that
their base pair domains adopt normal B- or B′-DNA structures.


The regular B-DNA structure of the mini-dumbbells makes
them well-suited for studies of distance and angular dependence
of electronic interactions between the linker chromophores. As
seen in Fig. 5, the CD spectra of the shortest dumbbells display
stronger exciton coupling between the stilbene linkers than is
the case for either the nicked dumbbells or capped hairpins. As
will be reported elsewhere, the electronic excited states of the
mini-dumbbells undergo distance-dependent symmetry-breaking
to yield charge-separated states with positive and negative charges
on the two stilbene linkers.


Experimental


Materials


The preparation of trans-N,N ′-bis(3-hydroxylpropyl)stilbene-
4,4′-dicarboxamide (SA) and its conversion to the mono-
protected, mono-activated diol by sequential reaction with
4,4′-dimethoxytrityl chloride and with 2-cyanoethyl diisopropy-
lchlorophosphoramidite have been elsewhere described.1 Nicked


Table 3 MALDI-TOF mass spectral data


conjugatea Calcd. Observed


1N 1524.25 1524.11
1D 1506.24 1507.08
2N 2141.65 2141.16
2D 2123.64 2124.59
3N 2759.05 2757.64
3D 2741.04 2739.13
4N 3376.45 3373.26
4D 3358.44 3360.55
5N 3993.85 3997.44
5D 3975.84 3973.58


a Conjugate structures are shown in Chart 1.


dumbbell sequences were synthesized by means of conventional
phosphoramidite chemistry using a Millipore Expedite DNA
synthesizer following the procedure of Letsinger and Wu1 starting
from 3′-phosphate CPG as solid support. Following synthesis, the
conjugates were first isolated as trityl-on derivatives by reverse
phase (RP) HPLC, then detritylated in 80% acetic acid for 30 min,
and repurified by RP-HPLC as needed. RP HPLC analysis was
carried out on a Dionex chromatograph with a Hewlett-Packard
Hypersil ODS-5 column (4.6 × 250 mm) and a 1% gradient of
acetonitrile in 0.03 M triethylammonium acetate buffer (pH 7.0)
with a flow rate of 1.0 mL min−1. Gels were run using 20% PAGE
containing 8.3M urea in 1 × TBE buffer.


Typical ligation procedure6


45 uL of 10−4 M nicked dumbbell in 250 mM MES buffer with
20 mM Mg2+ was denatured at 95 ◦C for 5 min and allowed
to cool slowly to room temperature. It was then stored in 4 ◦C
refrigerator overnight. The ligation reaction was carried out by
adding 5 uL of 5 M CNBr in anhydrous acetonitrile to the DNA
solution at 0 ◦C. After 5 min, 0.5 mL of ice cold 2% LiIClO4


was added and the reaction was kept in dry ice for at least 0.5 h.
The suspension was then centrifuged, washed by cold acetone,
and the white pellet at the bottom of the tube was dried in air
or in SpeedVac before subject to further purification (PAGE or
HPLC). Molecular weights of all nicked dumbbells and dumbbell
conjugates were determined by means of MALDI TOF mass
spectroscopy following desalting. Mass spectral data is provided
in Table 3.


Electronic spectroscopy


UV spectra and thermal dissociation profiles were determined
using a Perkin-Elmer Lambda 2 UV spectrophotometer equipped
with a Peltier sample holder and a temperature programmer
for automatically increasing the temperature at the rate of
0.5 ◦C min−1. Circular dichroism spectra were obtained using a
JASCO J-715 Spectropolarimeter equipped with a Peltier sample
holder and temperature controller.
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The naturally occurring heterocyclic amino acid ibotenic acid (Ibo) and the synthetic analogue
thioibotenic acid (Thio-Ibo) possess interesting but dissimilar pharmacological activity at ionotropic
and metabotropic glutamate receptors (iGluRs and mGluRs). Therefore, a series of Thio-Ibo analogues
was synthesized. The synthesis included introduction of substituents by Suzuki and Grignard reactions
on 4-halogenated 3-benzyloxyisothiazolols, reduction of the obtained alcohols, followed by
introduction of the amino acid moiety by use of 2-(N-tert-butoxycarbonylimino)malonic acid diethyl
ester. The obtained Thio-Ibo analogues (1, 2a–g) were characterized in functional assays on
recombinant mGluRs and in receptor binding assays on native iGluRs. At mGluRs, the activity at
Group II was retained for compounds with small substituents (2a–2d), whereas the Group I and Group
III receptor activities for all new compounds were lost. Detection of NMDA receptor affinity prompted
further characterization, and two-electrode voltage-clamp recordings at recombinant NMDA receptor
subtypes NR1/NR2A-D expressed in Xenopus oocytes were carried out for compounds with small
substituents (chloro, bromo, methyl or ethyl, compounds 2a–d). This series of Thio-Ibo analogues
defines a structural threshold for NMDA receptor activation and reveals that the individual subtypes
have different steric requirements for receptor activation. The compounds 2a and 2c are the first
examples of agonists discriminating individual NMDA subtypes.


Introduction


(S)-Glutamic acid (Glu) is the main excitatory neurotransmitter
in the central nervous system and activates ionotropic glutamate
receptors (iGluRs) as well as metabotropic glutamate receptors
(mGluRs). The mGluRs and iGluRs are both implicated in
fundamental physiological processes and are involved in the devel-
opment of several neurological diseases.1–4 Within the last decade
many selective compounds have emerged providing important
pharmacological tools, but the pharmacological coverage of the
Glu receptors is still incomplete.2


According to activation by the selective agonists, the iGluRs
are divided into N-methyl-D-aspartic acid (NMDA), (S)-2-amino-
3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid (AMPA) and
kainic acid (KA) receptors. Seven NMDA (NR1, NR2A-D,
NR3A-B), four AMPA (GluR1-4) and five KA (GluR5-7 and
KA1-2) receptor subunits have been identified.1 The native
iGluRs are tetrameric combinations of the respective subunits,
of which NMDA and AMPA receptors are likely heteromeric
and KA receptors may be either homomeric or heteromeric in
composition.1,5,6 Functional NMDA receptors are heteromeric
assemblies typically of two NR1 subunits and two NR2 subunits,
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that are activated by simultaneous binding of glycine and Glu.
The NR1 subunits provide the glycine binding sites and the NR2
subunits form the Glu binding sites.5


Eight subtypes of mGluRs have been characterized and these
are divided into three groups according to protein sequence
identity and signal transduction pathways: Group I (mGluR1
and mGluR5), Group II (mGluR2 and mGluR3) and Group III
(mGluR4, mGluR6, mGluR7 and mGluR8).2,4


Ibotenic acid (Ibo) is a naturally occurring amino acid, which
was isolated from the mushroom Amanita muscaria.7 Ibo is
a conformationally 3-isoxazolol analogue of Glu (Fig. 1), and
interacts with KA receptors (low affinity), NMDA receptors and
Group I and Group II mGluRs.8,9 The thio-analogue of Ibo,
thioibotenic acid (Thio-Ibo) synthesized by Bunch et al.10 shows
a pharmacology different from that of Ibo.8 Both Ibo and Thio-
Ibo activate Group I and Group II mGluRs with similar potency,
but interestingly the agonist potency of Thio-Ibo at Group III
mGluRs is increased more than 500-fold compared to Ibo. This
difference in the activity profile of Thio-Ibo as compared to Ibo


Fig. 1 Chemical structures of (S)-Glu, Ibo, and Thio-Ibo. The depicted
structures are the uncharged forms of the ligands.
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was ascribed to a lowering of the relative energy for the preferred
mGluR4 active conformation.8


Based on the unique pharmacology of Thio-Ibo, a selection of
analogues was chosen as model compounds in order to further
investigate the structure–activity relationship at both iGluRs and
mGluRs.


Eight different substituents were chosen from three categories:
(1) a-substituents (compound 1). Some mGluR agonists have
successfully been converted into antagonists by introducing sub-
stituents in the a-position of the amino acid.4,11 (2) Halogen
and alkyl substituents (compounds 2a–d), in analogy with other
series of subtype selective Glu receptor active compounds.12,13 (3)
Aromatic substituents (compounds 2e–g) (Fig. 2).


Fig. 2 Chemical structures of the new Thio-Ibo analogues 1 and 2a–g.


Results


Chemistry


Direct functionalization of a protected Thio-Ibo derivative was
not feasible and instead the amino acid analogues were prepared
via 3-benzyloxyisothiazoles.


An amino acid synthon, ketimine 3, for the preparation of
a-methyl amino acids, was prepared by an aza-Wittig reaction
(Scheme 1).14 Regioselective lithiation of the 5-position of 4 was
accomplished with LDA,10 and further reaction with ketimine 3
resulted in the protected amino acid 5. Ketimine 3 exists as a


tautomeric mixture (Scheme 1) as observed by NMR, and this
may explain the moderate yield (36%) of the protected amino acid
5. The ester 5 was hydrolyzed under basic conditions yielding 6.
Subsequent treatment with hydrogen bromide in glacial acetic acid
removed the Boc and benzyl protecting groups to give compound
1. This two-step deprotection procedure was found to be more
efficient than acidic deprotection of 5 in one step.


Scheme 1 Reagents and conditions: a) THF, reflux, 30%; b) LDA, Et2O,
−78 ◦C, then imine 3, −78 ◦C, 36%; c) LiOH (aq), THF, rt, 75%; d) HBr,
AcOH, rt, 21%.


The 4-substituted Thio-Ibo derivatives (2a–g) were prepared
from the corresponding 4-substituted 3-benzyloxyisothiazoles
(7a–7g) (Scheme 2).


Earlier reports by Lewis et al. on the synthesis of 3-isothiazolol
and 4-methylisothiazolol have involved cyclization reactions of
3,3′-dithiodipropionamides.15 In 1994, Beeley et al. reported very
low yields using this method to synthesize 3-isothiazolol.16 More-
over, the acyclic starting materials for the synthesis of 4-substituted


Scheme 2 Reagents and conditions: a) 7a: NCS, MeCN, 58%; 7b: NBS, MeCN, 88%; 8: ICl, K2CO3, CHCl3, 82%; b) iPrMgCl, RCHO, THF; 9d: 84%
(from 8); 9f: 86% (from 8); 9g: 26% (from 8) or 43% (from 7b); c) TFA, Et3SiH, CH2Cl2; 7d: 70%; 7f: 54%; 7g: 65%; d) iPrMgCl, DMF, THF, 82% (from
8); e) NaBH4, MeOH, 98%; f) 11: MsCl, Et3N, THF; 12: SOCl2; h) 7c: MeB(OH)2, PdCl2(PPh3)2, K2CO3, DMF, MW 160 ◦C, 5 min, 32% (from 7b); 7e:
PhB(OH)2, PdCl2(PPh3)2, K2CO3 (aq), DMF, 94% (from 8).
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compounds are difficult to obtain.16,17 The synthetic difficulties
and low yields described by Beeley et al. are in accordance with
our own experience concerning the synthesis of 3-isothiazolol
and 4-substituted analogues. We found that introduction of the
substituents on O-protected 3-isothiazolol after the cyclization
represented a more convenient approach. Halogenations of alkyl
protected 3-isothiazolol with iodo monochloride or bromine in
acetic acid occurs selectively in the 4-position of the isothiazole.18


In contrast, when chlorinating agents such as sulfuryl chloride
or chlorine are used on 3-isothiazolol, additional chlorination at
C-5 follows rapidly.15 The benzyl protecting group in compound
4 did not withstand the acidic halogenation conditions previously
described and the syntheses of 7a, 7b and 8 were accomplished
employing non-acidic conditions (Scheme 2).


The 4-iodo (8) or 4-bromo (7b) compounds were suitable
starting materials for magnesium–halogen exchange followed by
Grignard reactions with various aldehydes leading to alcohols
9d, f and g. Treatment of 9d, f and g with trifluoroacetic acid
and triethylsilane gave the respective isothiazoles 7d, f and g.
However, the final step was not applicable for the synthesis of
methyl compound 7c.


Alcohol 9c was effectively obtained via the aldehyde 10 and
various other reductive methods were tried for the synthesis of 7c
from 9c. Treatment of 9c with sulfur trioxide in pyridine, followed
by LiAlH4,19 conversion of 9c to mesylate 11 followed by reduction
with LiAlH4 or NaBH4,20 conversion of 9c to chloride 12 with
subsequent reduction using NaBH4


21 and treatment of 10 with
tosylhydrazide followed by catecholborane and NaOAc22 were all
unsuccessful.


Due to the difficulties with reducing the alcohol functionality in
9c, we investigated the possibility of introducing the methyl group
by a Suzuki cross-coupling reaction. The conditions reported by
Molander23 resulted in very low yields, but microwave heating
and the use of methyl boronic acid and PdCl2(PPh3)2 limited by-
product formation sufficiently to give an isolated yield of 32% of
7c. Standard aryl–aryl Suzuki reaction was applied to give the
phenyl compound 7e in excellent yield (Scheme 2).


The 4-subsituted isothiazoles (7a–7g) underwent lithiation
followed by addition of 2-(N-tert-butoxycarbonylimino)malonic
acid diethyl ester (Scheme 3). With substituents in the 4-position,
we found that prolonged lithiation times compared to the lithiation
time used for the unsubstituted analogue (4)10 improved the yields,
and the protected amino acids 13a–g were isolated in 38–62% yield.
Basic hydrolysis of the diesters followed by acid decarboxylation
yielded 14a–g. Acids 14a–g were deprotected with hydrogen
bromide in glacial acetic acid giving 2a–g as zwitterions upon
treatment of the corresponding hydrobromides with propylene
oxide. Compound 1c was isolated as the hydrobromide salt due to
instability of the zwitterion.


pKa Values


The pKa values of Thio-Ibo and derivatives 2a–2d were determined
by potentiometric titration (Table 1). However, due to instability of
the compounds at low pH in aqueous solution, the determination
of pKa of the carboxyl group was not reliable. The pKa value of the
3-hydroxy group in Thio-Ibo was approximately one unit higher
than that of Ibo.24 When aliphatic substituents were introduced
in the 4-position of Thio-Ibo a slight decrease in acidity was


Scheme 3 Reagents and conditions: a) LDA, 2-(N-tert-butoxycar-
bonylimino)malonic acid diethyl ester, Et2O, −78 ◦C, b) LiOH (aq), THF,
c) HBr, AcOH, rt.


Table 1 pKa values for heterocyclic 3-hydroxy moiety and amino groups
determined by potentiometric titration


OH NH2


3-Isoxazolola 5.85 −
3-Isothiazolola 7.54 −
Ibob 5.04 8.16
Thio-Ibo 5.9 7.8
2a 4.7 7.8
2b 4.5 7.6
2c 6.3 8.3
2d 6.3 8.2


a Ref. 25. b Ref. 24.


observed. Halogen substituents, on the other hand, significantly
increased the acidity of the 3-isothiazolol group (Table 1).


Pharmacology


The Thio-Ibo analogues 1, 2a–2g were characterized pharmaco-
logically in receptor binding assays at native AMPA, KA and
NMDA receptors and in functional assays using recombinant
NMDA receptors and mGluRs.


None of the compounds (1, 2a–2g) showed affinity for AMPA
and KA receptor binding sites (IC50 > 100 lM). However, com-
pounds 2a–2c containing chloro, bromo and methyl substituents
displayed NMDA receptor affinities comparable with that of Thio-
Ibo, using [3H]CGP39653 as the NMDA receptor radioligand
(Table 2). The a-methyl analogue 1 was inactive (IC50 > 100 lM)
at NMDA receptors. Introduction of larger substituents, such
as ethyl (2d), phenyl (2e) and benzyl (2f), lead to a decrease in
affinity at NMDA receptors, and the 2-phenylethyl analogue 2g
was inactive.


The observed NMDA receptor affinity of 2a–2d prompted a
functional characterization of these compounds at NMDA recep-
tor subtypes. Glu, Ibo, Thio-Ibo and 2a–2d were characterized by
two-electrode voltage-clamp recordings on Xenopus oocytes ex-
pressing diheteromeric combinations of the recombinant NMDA
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Table 2 Receptor binding affinities at iGluRs in rat cortical membranesa


[3H]AMPA
IC50/lM


[3H]KA
IC50/lM


[3H]CGP39653
K i/lM


Glu 0.34b 0.38b 0.20c


Ibo >100d 22d 5.3d


Thio-Ibo >100d >100d 13d


1 >100 >100 >100
2a >100 >100 19 [18;21]
2b >100 >100 21 [19;24]
2c >100 >100 14 [13;15]
2d >100 >100 41 [37;46]
2e >100 >100 86 [74;99]
2f >100 >100 80 [75;86]
2g >100 >100 >100


a Values are expressed as the antilog to the log mean of three individual
experiments. The numbers in brackets [min;max] indicate ± S.E.M.
according to a logarithmic distribution of K i. b Ref. 26. c Ref. 27. d Ref.
8.


receptor subunits NR1 and NR2A-D (Fig. 3 and Table 3).
Ibo and Thio-Ibo were found to be partial agonists at all four
subunit combinations, with maximal activities ranging from 57–
79% relative to Glu. The chloro-substituted compound 2a was a
partial agonist at the NR1/NR2A, NR1/NR2B and NR1/NR2D
subtypes, as illustrated by the concentration–response curves in
Fig. 3, whereas 2a was an antagonist at the NR1/NR2C subtype
combination as illustrated by the electrophysiological traces in
Fig. 4. Compounds 2b and 2d were antagonists at all four
subunit combinations (data not shown), and compound 2c was
a partial agonist at NR2B and NR2D containing receptors and
an antagonist at NR2A and NR2C containing receptors (Fig. 3
and 4).


The compounds were also tested for activity at mGluRs
using mGluR1, mGluR2 and mGluR4 as representatives of
metabotropic Group I, II and III receptors, respectively. In
contrast to Ibo and Thio-Ibo, none of the compounds 1 and 2a–
2g showed any activity at mGluR1 at 1 mM. Only compound
2a showed activity as a partial agonist at mGluR4 (Table 4). At
mGluR2, activity was lost for compounds 1 and 2e–g, whereas
compounds containing smaller substituents (2a–2d) retained
mGluR2 agonist activity comparable to that of Ibo and Thio-
Ibo. None of the compounds had antagonist activity at any of the
mGluRs (at 1 mM).


Table 4 Pharmacological activities at cloned mGluRs expressed in CHO
cellsa


EC50/lM [pEC50 ± S.E.M.]


mGluR1 mGluR2 mGluR4


(S)-Glu 13b 4.4b 13b


Ibo 43 [4.37 ± 0.01]b 110 [3.97 ± 0.04]b >1000b


Thio-Ibo 12 [4.96 ± 0.11]c 52 [4.30 ± 0.06]c 2.6 [5.63 ± 0.14]c


1 >1000 >1000 >1000
2a >1000 150 [3.89 ± 0.16] 295 [3.53 ± 0.18]d


2b >1000 89 [4.05 ± 0.02] >1000
2c >1000 140 [3.94 ± 0.20] >1000
2d >1000 140 [3.92 ± 0.13] >1000
2e >1000 >1000 >1000
2f >1000 >1000 >1000
2g >1000 >1000 >1000


a Functional data were obtained from CHO cell lines stably expressing
the mGluR1a, 2 or 4a receptor subtype. Results on mGluR1a receptors
were obtained by measurement of intracellular Ca2+ levels and results
for mGluR2 and 4a were determined by measurement of intracellular
cAMP. Data are given as means of at least three independent experiments.
b Ref. 9. c Ref. 8. d Partial agonism (relative efficacy = 54%).


Molecular modeling


Ligand binding domains from all three classes of iGluRs have
been crystallized and homology models have been constructed.1,28


The X-ray crystal structures of soluble AMPA-selective GluR2
constructs of the extracellular Glu binding domain (S1S2) cut off
from the membrane spanning part have revealed a clamshell-like
binding domain which closes around the ligand.29 This activation
of the GluR2 receptor leads to a positive correlation between the
agonist efficacy of the ligand and the degree of domain closure it
can induce. We have recently performed a mutation study using a
homology model of the Glu binding domain of NR2B based on
the crystal structure of the glycine binding domain of NR1.30 The
published crystal structure of the Glu binding domain of NR2A31


prompted us to rebuild the model of NR2B–S1S2 using Prime 3.532


now including two water molecules in the binding site. Although
there are small changes from the previous structure, the models
of NR2B produce similar results in the ligand–protein docking
experiments. Automated flexible docking of compounds 2a–2d in
the new NR2B model using Glide 3.532 resulted in binding modes
for all four compounds that were the same as for 2c shown in
Fig. 5A. The amino acid moiety binds like Glu in the NR2A


Table 3 Electrophysiological activities at recombinant NMDA receptors expressed in Xenopus oocytesa


NR1/NR2A NR1/NR2B NR1/NR2C NR1/NR2D


EC50/lM Relative Imax EC50/lM Relative Imax EC50/lM Relative Imax EC50/lM Relative Imax


Glu 2.9 [2.5;3.2] 1 1.8 [1.5;2.1] 1 1.5 [1.3;1.7] 1 0.51 [0.47;0.56] 1
Ibo 40 [36;44] 0.68 ± 0.07 27 [25;28] 0.76 ± 0.04 39 [35;43] 0.66 ± 0.02 17 [16;18] 0.78 ± 0.01
Thio-Ibo 124 [112;139] 0.62 ± 0.06 109 [105;113] 0.79 ± 0.02 115 [110;120] 0.57 ± 0.01 49 [43;55] 0.73 ± 0.01
2a 190 [177;205] 0.17 ± 0.04 322 [272;382] 0.39 ± 0.07 —b 234 [220;248] 0.42 ± 0.04
2b —b —b —b —b


2c —b 245 [233;257] 0.24 ± 0.02 —b 327 [295;363] 0.29 ± 0.03
2d —b —b —b —b


a EC50-values are expressed as the antilog of the mean of the log of at least three individual experiments. The numbers in brackets [min;max] indicate ±
S.E.M. according to a logarithmic distribution. The Imax-values ± S.E.M. are relative to maximal steady-state currents evoked by glutamate. b No response
to 1 mM.
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Fig. 3 A–D: Mean concentration–response curves obtained by two-electrode voltage-clamp recordings at NR1/NR2A-D receptors expressed in Xenopus
oocytes.


Fig. 4 Two-electrode voltage-clamp recordings showing antagonist ac-
tivities of compound 2c at NR1/NR2A and of compounds 2a and 2c at
NR1/NR2C.


structure and the heterocycle is positioned by hydrogen bonds to
the hydroxyl group and amide N-H of T691. In this binding mode
the substituents in the 4-position of the heterocycle points like an
interdomain wedge between H486 and V686 that are part of the
upper and lower domain in the clamshell structure (Fig. 5B). Thus,


it seems likely that the decreasing efficacy with increasing size of
the substituent arises from steric clash with these two residues,
resulting in steric hindrance of clamshell closure. This finding is
in agreement with our mutation study on NR2B, where His486
and Val686 are mutated to residues of increased size resulting in
decreased efficacy of ligands containing substituents protruding
towards this region.30


Discussion


The striking difference in the pharmacological profiles of Ibo
and Thio-Ibo8 prompted the synthesis of a series of a- and 4-
substituted analogues of Thio-Ibo. Direct functionalization of a
protected Thio-Ibo derivative was not feasible and instead the
analogues were prepared via 4-substituted 3-benzyloxyisothiazole
derivatives. Incorporation of substituents into the molecule of
Thio-Ibo significantly narrowed the pharmacological profile com-
pared to Thio-Ibo. Most of the activity at mGluRs was lost
although four compounds were equipotent with Thio-Ibo as
weak agonists at mGluR2. However, the NMDA receptor binding
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Fig. 5 A: (S)-2c (green carbon atoms) docked in a homology model of
NR2B binding domain showing residues within 5 Å (grey carbon atoms).
B: (S)-2c docked in a homology model of NR2B showing the protein
backbone as well as residue H486 (upper residue) and V686 (lower residue).
H486 from S1 (dark blue) and V686 from S2 (light blue) may be important
determinants for the agonist efficacy of the Thio-Ibo analogues.


site seemed to accommodate most of the substituents in the 4-
position. In particular, analogues containing smaller substituents
retained affinity similar to that of Thio-Ibo. Therefore, the 4-
substituted chloro, bromo, methyl and ethyl Thio-Ibo analogues,
2a–2d, were characterized at recombinant NMDA receptors. In-
terestingly, this series of compounds displayed quite heterogeneous
pharmacological profiles on these subtypes. Thio-Ibo analogues
containing the more bulky bromo and ethyl substituents, 2b and
2d, did not activate any of the NMDA receptor subtypes. In
contrast, the smaller chloro and methyl substituents in 2a and
2c mediate agonist activity at several NMDA receptor subtypes,
and Thio-Ibo activates all subtypes. It is notable that the change
in efficacy, when substituent bulk is increased, is different between
the individual subtypes. Thus, the relative agonist efficacy of Thio-
Ibo at NR1/NR2A is approximately 4-fold higher than that of the
chloro derivative (2a), whereas methyl substitution (2c) leads to


antagonism at this subtype. In contrast, only a minor decrease in
relative agonist efficacy is observed for 2a and 2c at NR1/NR2B
and NR1/NR2D. At NR1/NR2C agonist activity is lost for all
four Thio-Ibo analogues (2a–2d).


The determination of the pKa values has substantiated that the
compounds may function as Glu bioisosteres. The pKa values
of the 3-isothiazolol, representing the distal carboxylic acid in
Glu, are in the range of 4.5–6.3 as compared with Ibo which has
a pKa value of 5.04. Thus, at physiological pH the compounds
are expected to be virtually fully ionized. No correlation between
pharmacological activity and the range of pKa values observed
can be concluded.


In this series of Thio-Ibo derivatives it seems plausible, that
the increased bulk of the substituents could limit domain closure
due to steric clashes. The observed differences in efficacy across
subtypes may reflect that the Thio-Ibo analogues are recognized
by the individual subtypes in a dissimilar manner or that activation
of the receptor subtypes are differently coupled to binding of the
Thio-Ibo derivatives. A difference in relative efficacy at various
subtypes based on variations in the recognition of the ligands
does not seem likely, given that the residues in the ligand binding
domain of the NMDA receptor are fully conserved throughout the
different NR2 subtypes. Consequently, it may be hypothesized that
the ligands induce similar conformational changes in the ligand
binding domain in all subtypes, but that the energy barrier to acti-
vate the ion channel part of the receptor varies among the subtypes.


In conclusion, the substituted Thio-Ibo analogues 2a and 2c are
the first examples of NMDA receptor agonists that differentiate
among the individual receptor subtypes.


Experimental


Chemistry


Detailed experimental procedures and compound characteriza-
tion data of compounds 1, 2b–g, 3, 5, 6, 7b–c, f–g, 9c,f–g, 10, 11,
12, 13b–g, 14b–g are described in supplementary information.†


(RS)-2-Amino-(4-chloro-3-hydroxy-5-isothiazolyl)acetic acid
(2a). (RS)-(3-Benzyloxy-4-chloro-5-isothiazolyl)-(N-tert-butoxy-
carbonylamino)acetic acid (14a) (236 mg, 0.6 mmol) was dissolved
in AcOH (3 mL). 10% HBr in AcOH (3 mL) was added. After
stirring for 8 h the reaction was concentrated in vacuo. The
solid was triturated with Et2O, redissolved in 70% EtOH (aq),
treated with propylene oxide whereupon the zwitterion of 2a
was isolated as colorless crystals, which turned light brown
overnight (104 mg, 84%). Mp. >140 ◦C (Found: C, 28.6; H, 2.5;
N, 13.1. Calc. for C5H5ClN2O3S: C, 28.8; H, 2.4; N, 13.4%); TLC
(nBuOH–H2O–AcOH–EtOAc 1 : 1 : 1 : 1) Rf 0.4; dH(DMSO-d6)
4.60 (s, 1H).


3-Benzyloxy-4-chloroisothiazole (7a). 3-Benzyloxyisothiazole
(4) (3.0 g, 16 mmol) was dissolved in MeCN (50 mL) and NCS
(2.3 g, 17 mmol) was added. The mixture was left stirring for 3 d
at rt. The mixture was concentrated to approximately 2 mL and
EtOAc was added. The organic solution was washed with H2O
(2×), followed by brine and dried using MgSO4. Concentration
in vacuo followed by FC (petroleum ether–toluene 1 : 0–1 : 1) gave
pure 7a (2.0 g, 58%) as a clear oil and 0.2 g of 3-benzyloxy-4-chloro-
5-chloroisothiazole as a yellow oil (Found: 226.0082 [M + H+].
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Calc. for C10H9ClNOS: 226.0093 [M + H+]); TLC (petroleum
ether–toluene 1 : 1) Rf 0.6; dH(CDCl3) 5.41 (s, 2H), 7.30–7.44 (m,
5H), 8.15 (s, 1H); dC(CDCl3) 71.0 (CH2), 111.1 (C), 127.9 (CH),
128.1 (CH), 128.4 (CH), 135.9 (C), 143.2 (CH), 163.6 (C); m/z
(EI) 225 (9%, M+), 190, 106, 91.


3-Benzyloxy-4-ethylisothiazole (7d). 1-(3-Benzyloxy-4-iso-
thiazolyl)ethanol (9d) (1.00 g, 4 mmol) was dissolved in dry
CH2Cl2 (15 mL) under N2 and cooled to 0 ◦C. Triethylsilane
(1.15 mL, 7 mmol) was added followed by the addition of
trifluoroacetic acid (10 mL). The mixture was left at ∼5 ◦C
overnight with no stirring. H2O (20 mL) was added to the cooled
reaction mixture followed by extraction with Et2O (3×). The
combined organic phases were washed with satd. NaHCO3 (aq)
until a pH of 7 was reached. The organic phase was washed with
brine and dried with MgSO4. A silane impurity was removed
under high vacuum overnight. FC (petroleum ether–toluene 2 :
1–1 : 1) afforded 7d as a clear oil (0.66 g, 70%) (Found: 220.0789
[M + H+]. Calc. for C12H14NOS: 220.0796 [M + H+]); TLC
(petroleum ether–toluene 1 : 1) Rf 0.3; dH(CDCl3) 1.22 (t, J 7,
3H), 2.52 (dq, J 1 and 7, 2H), 5.42 (s, 2H), 7.23–7.45 (m, 5H),
8.03 (t, J 1, 1H); dC(CDCl3) 13.6 (CH3), 19.8 (CH2), 70.3 (CH2),
127.8 (CH), 128.0 (CH), 128.3 (C), 128.5 (CH), 137.0 (C), 142.5
(CH), 167.1 (C); m/z (EI) 219 (6%, M+), 202, 186, 106, 91.


3-Benzyloxy-4-phenylisothiazole (7e). 3-Benzyloxy-4-iodoiso-
thiazole (8) (700 mg, 2.2 mmol) was dissolved in dry DMF (14 mL)
under N2. PhB(OH)2 (540 mg, 4.4 mmol) and PdCl2(PPh3)2 (77 mg,
0.1 mmol) was added under N2. 3M K2CO3 (aq) (1.5 mL) was
added and the mixture was left refluxing at 75 ◦C overnight under
N2. The reaction mixture was cooled to rt and H2O (20 mL) was
added. The reaction mixture was extracted with Et2O (3×). The
combined organic phases were washed with 2 M NaOH (2 ×
20 mL). The organic phase was further washed with H2O and brine
and dried using MgSO4. The mixture was concentrated in vacuo
and purified using FC (petroleum ether–toluene 1 : 1) giving 7e as
a clear oil (552 mg, 94%) (Found: 268.0791 [M + H+]. Calc. for
C16H14NOS: 268.0796 [M + H+]); TLC (petroleum ether–toluene
1 : 1) Rf 0.27; dH(CDCl3) 5.54 (s, 2H), 7.31–7.42 (m, 6H), 7.45–7.49
(m, 2H), 7.67–7.70 (m, 2H), 8.53 (s, 1H); dC(CDCl3) 70.8 (CH2),
126.1 (C), 127.6 (CH), 127.7 (CH), 127.7 (CH), 128.0 (CH), 128.5
(CH), 128.6 (CH), 132.2 (C), 136.7 (C), 144.9 (CH), 165.8 (C);
m/z (EI) 267 (11%, M+), 162, 134, 106, 91.


3-Benzyloxy-4-iodoisothiazole (8). 3-Benzyloxyisothiazole (4)
(3.0 g, 16 mmol) was dissolved in CHCl3 (20 mL). Dry K2CO3


(3.2 g, 22 mmol) was added followed by ICl (3.8 g, 24 mmol) in
CHCl3 (10 mL). The reaction mixture was refluxed for 2 d under
N2. The reaction was quenched with 10 mL of 1 M Na2SO3 (aq),
followed by extraction with CH2Cl2. The combined organic phases
were dried with MgSO4, concentrated in vacuo and purified by FC
(petroleum ether–toluene 1 : 1) giving 8 as a clear oil (4.1 g, 82%)
(Found: 317.9455 [M + H+]. Calc. for C10H9INOS: 317.9450 [M +
H+]); TLC (petroleum ether–toluene 1 : 1) Rf 0.4; dH(CDCl3) 5.44
(s, 2H), 7.30–7.47 (m, 5H), 8.46 (s, 1H); dC(CDCl3) 65.0 (C), 71.3
(CH2), 127.8 (CH), 128.2 (CH), 128.6 (CH), 136.3 (C), 151.6 (CH),
167.9 (C); m/z (EI) 317 (3%, M+), 190, 106, 91.


1-(3-Benzyloxy-4-isothiazolyl)ethanol (9d). 8 (3.00 g, 9.5 mmol)
was dissolved in dry THF (30 mL) under N2. The mixture was


cooled to −30 ◦C and iPrMgCl in Et2O (5.7 mL, 2 M, 11 mmol)
was added to the mixture. The mixture was slowly warmed to 0 ◦C
and left at 0 ◦C for 20 min before acetaldehyde (0.53 mL, 9.5 mmol)
in THF (2 mL) was added. The mixture was left at rt overnight.
The reaction was quenched with satd. NH4Cl (aq) (10 mL) and
additional H2O (40 mL) was added. The pH was adjusted to ∼7
using 1 M HCl (aq). The aqueous mixture was extracted with
EtOAc (3×) and the combined organic phases were washed with
brine and dried with MgSO4. FC (toluene–EtOAc 9 : 1) gave 9d
as a brown oil (1.88 g, 84%) (Found: 236.0759 [M + H+]. Calc.
for C12H14NO2S: 236.0745 [M + H+]); TLC (toluene–EtOAc 9 : 1)
Rf 0.22; dH(CDCl3) 1.48 (d, J 7, 3H), 2.63 (br s, 1H), 4.87 (dq, J
7, 1H), 5.43 (s, 2H), 7.32–7.44 (m, 5H), 8.27 (s, 1H); dC(CDCl3)
22.9 (CH3), 63.8 (CH), 70.6 (CH2), 127.9 (CH), 128.2 (CH), 128.5
(CH), 130.2 (C), 136.4 (C), 143.6 (CH), 165.6 (C).


2-(3-Benzyloxy-4-chloro-5-isothiazolyl)-2-(N -tert-butoxycar-
bonylamino)malonic acid diethyl ester (13a). 7a (1.00 g, 4.4 mmol)
in Et2O (10 mL) was added over 5 min to freshly prepared
LDA (5.8 mmol) in Et2O (40 mL) at −78 ◦C under N2. The
mixture was left stirring at −78 ◦C for 2 h. 2-(N-tert-Butoxy-
carbonylimino)malonic acid diethyl ester (1.30 g, 4.8 mmol) in
Et2O (5 mL) was added slowly. The mixture was warmed over
1 h to −30 ◦C. Satd. NH4Cl (aq) was added and the mixture was
warmed to rt. The mixture was extracted with EtOAc (3×), washed
with brine, dried with MgSO4. and concentrated in vacuo. FC
(petroleum ether–toluene–EtOAc 4 : 4 : 1) yielded 13a as a yellow
oil (0.93 g, 42%). Starting material 7a was recovered (0.25 g, 25%).
TLC (petroleum ether–toluene–EtOAc 4 : 4 : 1) Rf 0.3; dH(CDCl3)
1.24 (t, J 7, 2 × CH3, 6H), 1.39 (s, tBu, 9H), 4.24–4.34 (m, 2 ×
CH2, 4H), 5.42 (s, CH2, 2H), 6.64 (br s, NH, 1H), 7.30–7.44 (m,
5H); dC(CDCl3) 13.9 (CH3), 28.1 (CH3), 63.9 (CH2), 65.8 (C), 70.5
(CH2), 81.2 (C) 109.4 (C), 128.0 (CH), 128.2 (CH), 128.5 (CH),
136.2 (C), 153.3 (C), 154.5 (C), 162.3 (C), 165.2 (C).


(RS)-(3-Benzyloxy-4-chloro-5-isothiazolyl)-(N-tert-butoxycar-
bonylamino)acetic acid (14a). The title compound was prepared
according to the procedure described for 6 starting with 13a
(900 mg, 1.80 mmol) and a reaction time of 3 1


2
h. Purification


using FC (CH2Cl2–MeOH–AcOH 100 : 5 : 2) followed by
recrystallization (EtOAc–petroleum ether) yielded 14a as colorless
crystals (337 mg, 47%). Mp. 128.9–129.2 ◦C (Found, C, 51.13;
H, 4.93; N, 6.84. Calc. for C17H19ClN2O5S: C, 51.19; H, 4.80;
N, 7.03%); TLC (CH2Cl2–MeOH–AcOH 100 : 5 : 2) Rf 0.19;
dH(CDCl3) 1.30 and 1.45 (2 × br s, tBu, 9H), 5.43–5.66 (m, CH2,
a-H, NH (0.4H), 3.4H), 7.33–7.47 (m, phenyl, 5H), 8.10 (br s,
COOH, 1H); dC(CDCl3) 28.2 (CH3), 52.8 (CH), 70.8 (CH2), 83.4
(C), 110.9 (C), 128.1 (CH), 128.4 (CH), 128.7 (CH), 136.1 (C),
156.8 (C), 158.5 (C), 163.4 (C), 170.3 (C).


Pharmacology


iGluR receptor binding. Rat brain membrane preparations
used in the receptor binding experiments for iGluRs were
prepared according to the method described by Ransom and
Stec.33 Affinities for native AMPA, KA and NMDA receptors
were determined using 5 nM [3H]AMPA,34 5 nM [3H]KA35 and
2 nM [3H]CGP39653,36 respectively, with some modifications (see
Hermit et al.8 for further details).
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Two-electrode voltage-clamp electrophysiology. For expression
in Xenopus oocytes, rat NR1-1a (GenBank U11418) cDNA was
subcloned into a pCI-IRES-neo vector and rat NR2A (GenBank
D13211), NR2B (GenBank M91562), NR2C (GenBank D13212),
and NR2D (GenBank D13214) cDNAs were subcloned into
a pCI-IRES-bla vector containing a T7 site upstream from
the 5′ untranslated region. Constructs used for expression in
Xenopus oocytes were linearized by restriction enzymes in order
to produce cRNAs, using mMessage mMachine kits.37 Oocytes
were surgically removed from mature female Xenopus laevis as
previously described27 and co-injected with cRNA encoding NR1-
1a and NR2B at a 1 : 1 ratio and maintained at 18 ◦C in Barth’s
solution (in mM: 88 NaCl, 1.0 KCl, 2.4 NaHCO3, 0.41 CaCl2,
0.82 MgSO4, 0.3 Ca(NO3)2, and 15 HEPES pH 7.6) supplemented
with 100 IU mL−1 penicillin and 100 lg mL−1 streptomycin
(Invitrogen, Carlsbad, CA). The electrophysiological recordings
and data analysis were performed as previously described.30


mGluR activity. Chinese hamster ovary (CHO) cell lines stably
expressing rat mGluR1a, mGluR2 and mGluR4a were prepared as
previously described38 (see also Clausen et al.27 for further details).


Measurement of intracellular Ca2+ levels and cyclic AMP
formation: pharmacological activity at mGluR1a was assessed by
measurement of intracellular Ca2+ levels as previously described.13


Pharmacological activity at mGluR2 and mGluR4a was assessed
by measuring intracellular cAMP levels as previously described39


(see also Clausen et al.27 for further details).


Molecular modeling


A homology model of the agonized ligand binding domain of
NR2B was constructed using the crystal structure of the soluble
NR2A–S1S2 construct in complex with Glu (Protein Data Bank
code 2A5S) as a template. The sequence of NR2B was aligned with
NR2A and truncated so that a sequence consisting of residues
D404–R540 from S1, followed by the GT linker and residues
Q662–H826 from S2 forms a virtual NR2B–S1S2 construct.
Residues are numbered according to the sequence of total NR2B
protein. From this sequence, a model structure of NR2B was
generated using Prime 3.5.32 Glu and water molecules 6 and 48
from 2A5S were added to the resulting structure and submitted
to the standard preparation and refinement procedure in Glide
3.532 to assign charges, add hydrogens, and perform a series of
constrained minimizations (OPLS-AA force field). On this final
model, Van der Waals and electrostatic grids within a 20 Å3


box around the ligand were calculated using Glide 3.5, and these
grids were then used for ligand docking. The ligands 2a–2d were
submitted to a conformational search (Monte Carlo) in tri-ionized
forms using the MMFFs force field and water as solvent in
Macromodel 9.032 The lowest energy conformations were docked
with Glide 3.5 to the agonist binding site of the NR2B–S1S2
model using the automated flexible procedure. Default parameters
were used. All figures of the models were prepared using PyMol
software.32
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A series of ansa-quinones has been prepared by chemical synthesis, and evaluated by biological
techniques. Thus, 19-membered ansa-lactams, simplified analogues of the naturally occurring Hsp90
molecular chaperone inhibitor geldanamycin, were obtained by concise routes, the key steps being the
combination of a ring-closing metathesis to give a 17-membered ring followed by Claisen rearrangement
to effect ring expansion. The methodology was also used to prepare an “unnatural” 18-membered ring
analogue. In ATPase enzyme assays, the synthetic ansa-quinones were weak inhibitors of Hsp90.


Introduction


The ATP-dependent molecular chaperone heat shock protein 90
(Hsp90) is one of the most abundant proteins in eukaryotic cells.
It plays a major role in regulating the stabilization, activation and
degradation of a range of so-called client proteins,1–3 including
several key proteins involved in cell cycle regulation and signal
transduction. These client proteins also include a number of
known over-expressed or mutant oncogenic proteins such as C-
RAF, B-RAF, ERBB2, AKT, telomerase and p53, many of which
are associated with the six hallmarks of cancer.4,5 Consequently,
inhibition of Hsp90 will disrupt multiple cancer causing pathways
simultaneously. Not surprisingly, therefore, Hsp90 has become an
attractive target for novel cancer therapeutic agents, and has been
the subject of several recent reviews.4,6–14


Most inhibitors of Hsp90 block the ATP-binding site, a
conserved pocket in the N-terminal domain,15–18 and it is dis-
ruption of ATP binding (and subsequent hydrolysis) that leads
to proteasomal degradation of client proteins.19 Known inhibitors
include the natural products geldanamycin 1a and radicicol 2, both
of which have been co-crystallized with the yeast protein and their
bound structures determined by X-ray crystallography,17 and in
solution by NMR spectroscopy.20 In view of the intense interest
in Hsp90, several synthetic inhibitors have been developed. Many
of these are ATP mimics and are based on the purine framework
as exemplified by PU3 3a and PU24FC1 3b, and the related aryl-
and heteroaryl-sulfanyl compound PU-H58 4.21–29 However, other
families of inhibitors are now emerging, in particular the 3-(2,4-
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dihydroxyphenyl)pyrazoles,30 as in CCT018159 5a,31,32 G3130 5b,33


and VER-49009 5c,34,35 whilst another group contains the 1-aryl-
2-naphthol moiety as in compound 636 (Fig. 1). Of the above
Hsp90 inhibitors, radicicol 2 (also known as monorden), is the
most potent in vitro,37 although it has little or no activity in vivo.38,39


Geldanamycin 1a, a member of the ansamycin class of antibi-
otics, was isolated from Streptomyces hygroscopicus var. geldanus
in 1970,40 and its structure determined by Rinehart and co-
workers.41 The ansamycins as a class display a range of biological
activities, and a number of analogues of geldanamycin derived
from the natural product have been synthesized and evaluated.42,43


Although initial studies focused on geldanamycin’s ability to lower
cellular levels of the oncogene erbB-2, it was the report in 1994
that geldanamycin was a potent inhibitor of Hsp90 that sparked
interest in this natural product,44 and following this discovery, a
number of geldanamycin analogues have been evaluated as Hsp90
inhibitors. For the most part, these are semi-synthetic derivatives
derived by functionalization of the natural product, primarily
at the 17-position,45–48 and include linked geldanamycin dimers
designed to modulate Hsp90 dimerization.49 Variations on the 7-
carbamate are also known.50 Conjugates with steroids,51,52 a kinase
inhibitor,53 and the monoclonal antibody HerceptinTM54 have also
been investigated, as have a small range of “unnatural” analogues
derived by genetic engineering of the Streptomyces hygroscopicus
strain.55,56 Finally, given the in vitro potency of radicicol as
an inhibitor of Hsp90, a number of compounds incorporating
features of both geldanamycin and radicicol have been prepared
and evaluated. These chimeric structures are known as radamide,
radester and radanamycin.57–60


As a result of these efforts, a derivative of geldanamycin, 17-
allylamino-17-desmethoxygeldanamycin (17-AAG) 1b, is the first-
in-class inhibitor of Hsp90 to enter phase II clinical trial.61–64


The fact that the (more soluble) derivative 17-DMAG 1c is
also undergoing evaluation,65 coupled with recent studies on the
time-dependent binding of geldanamycin to Hsp90,66 and the
suggestion that it may be the hydroquinone form of 17-AAG that
is more active,67–70 highlights the intense interest in this class of
compound.71
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Fig. 1 Structures of Hsp90 inhibitors.


Whilst the success to date with 17-AAG validates the potential
of geldanamycin analogues as potential chemotherapeutic agents,
the range of semi-synthetic analogues that can be readily accessed
by chemical manipulation of natural material is severely limited.
Likewise, although the total synthesis of geldanamycin has been


achieved by Andrus et al.,72,73 the molecule is too complex to
contemplate a drug development programme based around the
total synthesis of novel derivatives. However, the de novo synthesis
of simpler derivatives is a realistic proposition. Therefore in
continuation of our interest in analogues of natural products
as Hsp90 inhibitors,74 we undertook the design and chemical
synthesis of a series of ansa-quinones as simple analogues of
geldanamycin, and their biological evaluation. The results of this
integrated chemistry–biology approach are described herein.


Results and discussion


The starting point for our work was a consideration of the detailed
structure of geldanamycin 1a bound in the ATP-pocket in the N-
terminal domain of yeast Hsp90,17 and of 17-DMAG 1c in the
corresponding binding site in the human protein.75 The important
features of the binding to the yeast protein are shown in Fig. 2(c),
which shows the key role played by the C-7 carbamate that is
involved in hydrogen-bonding interactions with Gly83, Thr171,
Asp79 and Leu34. The C-11 hydroxyl group forms a hydrogen
bond to Lys44 whilst the quinone oxygen interacts with Lys98.
The macrocyclic amide bond is involved in hydrogen-bonding
interactions with Gly123 and Phe124, but, critically, appears to
have to undergo trans to cis isomerization to allow the antibiotic
to adopt the tightly folded conformation within the protein.76


It is clear from the above analysis that any simplified ana-
logues of geldanamycin should retain the key structural features
adumbrated above, i.e. the ansa-quinone macrolactam motif
with appropriately positioned hydroxyl and carbamate groups on
the periphery. These criteria could be met by a much simpler
compound, which lacks the five methyl and methoxy groups
which adorn the natural ansa-chain, and is therefore much more
amenable to synthesis. Such a compound 7b (Fig. 2(b)), which
is simplified further by removal of the C-11 hydroxyl and C-14
methyl groups, was shown by molecular modelling to be able
to adopt the required folded conformation whilst retaining all
the remaining hydrogen-bonds (Fig. 2(d)). The conformation of
analogue 7b is slightly rigidified by the presence of the trans-alkene
bond at C13–C14. Although the simplified analogue 7b retains the
19-membered ring ansa-quinone structure of the natural product
with the key carbamate functionality at C-7, the corresponding
compounds with the carbamate at C-8, and with an “unnatural”
18-membered ring should also bind to the enzyme. The synthesis
of a range of such simplified geldanamycin derivatives is described
herein.77,78


The ansamycin antibiotics are usually synthesized by a route
that involves formation of the amide bond to access the macro-
cycle, and until recently alternative approaches were rarely con-
sidered. However, the advent of reliable catalysts for ring closing
metathesis (RCM) has rendered this reaction highly suitable for
macrocycle construction,79 and the method has recently been
used by others for the synthesis of geldanamycin analogues.80–83


However, the novel feature of our route is the combination of
the RCM reaction (to form a 17-membered macrocycle) with the
Claisen rearrangement (which results in ring expansion to the 19-
membered ansa-ring). Preliminary studies have demonstrated the
feasibility of such a new use of the Claisen rearrangement.77


In order to establish the required methodology, the synthesis
of two very simple ansa-quinones 16a and 16b was carried
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Fig. 2 (a) Structure of geldanamycin 1a; (b) structure of the simplified analogue 7b; (c) geldanamycin bound in ATP-site of yeast Hsp90 (from X-ray
crystal structure PDB ID 1A4H15†); (d) molecular modelling derived structure of analogue 7b bound in ATP-site of yeast Hsp90.


out initially (Scheme 1). Thus 2-methyldodeca-1,11-dien-3-ol 8,
prepared by addition of isopropenylmagnesium bromide to 9-
decenal, underwent Mitsunobu reaction with 2-nitrophenol to give
9a. Reduction of the nitro group with indium metal,84 followed
by DCC-mediated coupling to 4-pentenoic acid gave the RCM–
Claisen substrate 11a. Treatment of triene 11a with Grubbs’
catalyst [benzylidene bis(tricyclohexylphosphine) dichlororuthe-
nium] gave the 17-membered macrocycle 12a in good yield, with
reaction occurring at the less hindered terminal CH=CH2 bond.
Unfortunately, however, the macrolactam 12a was formed as a
1 : 1 mixture of cis-and trans-isomers at the 4,5-double bond.
Hydrogenation gave a single characterizable tetrahydro derivative
13a in excellent yield.


The Claisen rearrangement of allyl ether 12a was effected
by heating in boiling xylenes (bp 138–141 ◦C) and gave the
ring expanded 19-membered ansa-lactam 14a in 66% yield as a
mixture of isomers. As far as we are aware this transformation
of an n-membered 1,2-bridged macrocycle into an ansa-bridged
(n + 2)-membered ring represents a new use for the Claisen
rearrangement. Since the Claisen rearrangement itself can result
in a mixture of isomers at the newly formed 13,14-double bond,
the reaction was carried out in the presence of sodium carbonate,
conditions which are reported to favour the formation of the (E)-
alkene.85 However, due to the complexity of the 1H NMR spectrum
of 14a, we were unable to determine precisely the number of
isomers present, although it appeared to be a mixture of two
major components (2.5 : 1). If the Claisen rearrangement was
conducted at a higher temperature in 1,2-dichlorobenzene (bp


179–180 ◦C), then an additional complication ensued, namely the
formation of benzoxazoles 15 by cyclodehydration of the phenolic
amide. Finally oxidation of the phenol 14a using Fremy’s salt
(potassium nitrosodisulfonate) gave the ansa-quinone 16a (as a
mixture of alkene isomers). The synthetic sequence was repeated
starting from 5-methoxy-2-nitrophenol to give the 17-methoxy-
ansa-quinone 16b as shown in Scheme 1.


Unsurprisingly, the ansa-quinones 16 lacking the critical car-
bamate functionality at C-7 showed no activity as inhibitors
of Hsp90 (data given later), and therefore our RCM–Claisen
methodology was adapted for the synthesis of quinones bearing a
carbamate at appropriate positions on the ansa-chain (Schemes 2
and 3). The synthesis was initially carried out in the racemic series,
and started from the known 7,7-dimethoxyheptanal 17, obtained
by ozonolysis of cycloheptene under Schreiber’s conditions.86,87


Addition of allylmagnesium chloride was followed by protection
of the resulting alcohol as its tert-butyldiphenylsilyl ether 19a.
Deprotection of the dimethyl acetal gave the corresponding alde-
hyde that was immediately reacted with isopropenylmagnesium
bromide to give the methyl substituted 12-carbon chain 20a as a
mixture of diastereomers. No attempt was made to separate the
diastereomers since the second stereocentre is eventually lost in the
Claisen rearrangement. Mitsunobu reaction of alcohol 20a with 5-
methoxy-2-nitrophenol gave the nitrophenyl ether 21a, reduction
of which with indium–acetic acid in THF gave the aniline 22a.


Initially the aniline 22a was coupled to (E)-2-methyl-2,4-
pentadienoic acid, prepared by Wittig reaction of acrolein with
(carboethoxyethylidene)triphenylphosphorane followed by ester
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Scheme 1


hydrolysis,88,89 using DCC, but this proved unsatisfactory and
therefore the corresponding acid chloride was used to obtain
the desired amide 23a. Ring-closing metathesis of 23a resulted in
formation of the desired 17-membered lactam 24a in good yield,
but as a mixture of isomers. The aromatic Claisen rearrangement
of allyl aryl ethers is ideally suited to microwave conditions, and
reaction times are shortened dramatically.90–100 Therefore, heating
lactam 24a in xylene under microwave irradiation effected the
Claisen rearrangement to give the ring-expanded ansa-lactam 25a.
Deprotection of the silyl ether with fluoride gave the 7-hydroxy
ansa-lactam 26a which after crystallization was obtained as a
single (E,Z,E)-isomer at the 2,3-, 4,5- and 13,14-double bonds
respectively, the structure being confirmed by X-ray crystallogra-
phy (Fig. 3).‡ Two points are noteworthy: firstly the deprotection
of the silyl ether was surprisingly difficult and probably reflects the
hindered nature of the 7-position as a consequence of the folded


‡ CCDC reference numbers 624769. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b615378j


Fig. 3 X-Ray crystal structure of ansa-lactam 26a.


conformation of the ansa-chain. Secondly, notwithstanding the
fact that the ansa-lactam 26a could be obtained as single isomer,
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Scheme 2


the facile (E/Z)-isomerization of, presumably, the 13,14-double
bond was a constant problem.


Indeed following oxidation of the phenol 26a with Fremy’s salt
the ansa-quinone 27a was obtained as a ca. 6 : 1 mixture of
isomers. Finally, the C-7 carbamate was introduced by reaction


of the alcohol 27a with sodium cyanate and trifluoroacetic acid
(TFA) in dichloromethane101 to give the ansa-quinone carbamate
7a (Scheme 2).


With a route to the C-7 substituted ansa-quinone success-
fully established, the sequence was repeated to obtain chiral
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Scheme 3


non-racemic material. Thus 7,7-dimethoxyheptanal 17 was sub-
jected to Brown’s chiral allylation methodology102,103 to give the
(S)-homoallylic alcohol (S)-18 in good yield. Analysis of the
corresponding benzoate ester by HPLC on a chiral stationary
phase established the enantiomeric excess of (S)-18 as 93%. Pro-
tection of the alcohol with the more labile tert-butyldimethylsilyl
group, deprotection of the acetal, and addition of vinylmagnesium
bromide gave the 12-carbon side chain 20b as a mixture of
diastereomers. The methyl group at the eventual 14-position was


omitted in this series of compounds in an attempt to prevent the
facile isomerization of the 13,14-double bond. Mitsunobu reac-
tion, nitro reduction and coupling to 2-methyl-2,4-pentadienoic
acid proceeded as before, albeit with some minor modifications,
to give the RCM-substrate 23b. Cyclization of 23b mediated by
Grubbs’ catalyst gave the 17-membered lactam 24b as a mixture
of diastereomers, Claisen rearrangement of which, again under
microwave irradiation, gave the ansa-lactam 25b as a single isomer.
Deprotection, oxidation and installation of the carbamate then
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gave the desired ansa-quinone carbamate 7b (Scheme 2). The
assignment of E,Z-geometry to the 2,3- and 4,5-alkenes was
confirmed by NOE experiments.


Although the ansa-quinones 7 are simplified analogues of gel-
danamycin they still share the 19-membered ring structure of the
natural product with a carbamate positioned at C-7 on the ansa-
chain. However, our synthetic route is sufficiently flexible to allow
the preparation of “unnatural” analogues. Therefore the ansa-
quinones 37a containing an 18-membered ring, and 37b containing
a 19-membered ring but with the carbamate at C-8 on the ansa-
chain were also prepared starting from 6,6-dimethoxyhexanal
28104 as shown in Scheme 3. The chemistry proceeded as before,
although again problems of isomerization of the alkene resulting
from Claisen rearrangement were encountered.


The novel compounds were evaluated in the malachite green
assay for Hsp90 ATPase activity,105 and for their ability to inhibit
the growth of HCT116 human colon cancer cells using the
colorimetric sulforhodamine B (SRB) assay;106 the results are
shown in Table 1. It is immediately apparent that these “stripped
down” analogues of geldanamycin exhibit only weak activity as
inhibitors of Hsp90, notwithstanding the fact that molecular
modelling suggested that such compounds should bind to the
enzyme’s ATP-site. Presumably the structures have been simplified
too much, with the loss of the C-11 hydroxyl hydrogen bond being
most likely responsible for their poor potency as Hsp90 inhibitors.
Interestingly, inhibition of cell growth was seen at 25–40 lM,
presumably due to alternative mechanisms.


In summary, a versatile route to simplified analogues of the nat-
urally occurring ansa-quinone geldanamycin has been developed.
The route involves a ring-closing metathesis to give a 17-membered
ring followed by Claisen rearrangement to effect ring expansion.
Biological evaluation of these novel analogues showed that they
were poor inhibitors of Hsp90. Studies involving the synthesis of
further geldanamycin analogues, in particular those containing a
C-11 hydroxyl group, are in progress.


Experimental section


Chemistry


General. Commercially available reagents and solvents were
used throughout without further purification. Indium powder
was ∼100 mesh purchased from Aldrich. ‘Light petroleum’ refers
to the fraction that boils between 40 ◦C and 60 ◦C. Microwave
reactions were carried out in a CEM DiscoverTM 300 W microwave.
Analytical thin layer chromatography was carried out using
aluminium backed plates coated with Merck Kieselgel 60 GF254.
Developed plates were visualized under ultra-violet light (254
nm) and/or potassium permanganate, ethanolic anisaldehyde,
or ninhydrin dip. Flash chromatography was carried out using
Merck Kieselgel 60 H silica. Fully characterized compounds were
chromatographically homogeneous.


IR spectra were recorded on a Nicolet Magna 550 spectrometer
with internal calibration. Spectra were recorded as potassium
bromide discs, as solutions in CHCl3, or as films between sodium
chloride plates. NMR spectra were recorded on a Bruker AM
300 or Bruker Advance DRX 400 spectrometer at the frequencies
stated. Chemical shifts are recorded in ppm and J values in Hz.
Chemical shift values are referenced against residual chloroform


at 7.27 ppm (dH) and 77.1 ppm (dC), and are accurate to ±0.01 ppm
and ±0.10 ppm respectively. In reporting the NMR data for
mixtures of diastereoisomers, signals arising from the major and
minor isomers are reported separately if possible; in the 1H NMR,
the integration of signals is consistent within each isomer, e.g. a
methyl group is reported as 3 H for both isomers even though the
peaks are unequal in area when the ratio of isomers is >1 : 1.
In the 13C NMR spectra, signals corresponding to CH, CH2, or
CH3 groups are assigned from DEPT. Mass spectra (CI and EI)
were obtained from EPSRC national mass spectrometry centre,
Swansea or on an Agilent 6890 series GC and Micromass GCT.


Lactam 24a. N-[2-(9-tert-Butyldiphenylsiloxy-2-methyl-
dodeca-1,11-dien-3-yloxy)-2-methoxyphenyl]-2-methylpenta-2,4-
dienamide 23a (0.35 g, 0.53 mmol) in anhydrous dichloromethane
(100 mL) was slowly added to a solution of Grubbs’ catalyst
(0.13 g, 0.16 mmol, 30 mol%) in anhydrous dichloromethane
(952 mL) under reflux. The mixture was heated under reflux
for 24 h then concentrated in vacuo. The crude product was
purified twice by flash chromatography on silica, eluting with
ethyl acetate and light petroleum (1 : 9) to give the title compound
as a colourless sticky solid (0.27 g, 81%) as a mixture of three
isomers (Found: MH+, 638.3663. C40H51NO4Si + H requires
638.3665); mmax (film)/cm−1 3426, 3063, 2935, 2853, 1665, 1593,
1516, 1484, 1048; dH (400 MHz; CDCl3) mixture of isomers
8.34–8.27 (1 H, m, ArH), 8.02 (1 H, s, NH), 8.00 (1 H, s,
NH), 7.73–7.71 (4 H, m, ArH), 7.47–7.38 (6 H, m, ArH),
6.90 (1 H, d, J 11.1, CMe=CHCH=CH), 6.87 (1 H, d, J, 10.8,
CMe=CHCH=CH), 6.52–6.39 (2 H, m, ArH), 6.32 (1 H, t, J 11.1,
CMe=CHCH=CH), 6.25–6.17 (1 H, m, CMe=CHCH=CH),
6.07–5.97 (1 H, m, CMe=CHCH=CH), 5.89–5.84 (1 H, m,
CMe=CHCH=CH), 5.69–5.62 (1 H, m, CMe=CHCH=CH),
4.98 (2 H, s, MeC=CH2), 4.97 (2 H, s, MeC=CH2), 4.92 (2 H, s,
MeC=CH2), 4.90 (2 H, s, MeC=CH2), 4.55–4.45 (1 H, m,
ArOCH), 3.97–3.91 (1 H, m, CHOTBDPS), 3.77 (3 H, s, OMe),
3.76 (3 H, s, OMe), 2.69–2.22 (2 H, m, CH2), 2.09 (3 H, s, Me),
2.07 (3 H, s, Me), 2.02 (3 H, s, Me), 2.01 (3 H, s, Me), 1.74 (3 H, s,
Me), 1.68–1.42 (8 H, m, 4 × CH2), 1.11 (9 H, s, t-Bu), 1.10
(9 H, s, t-Bu), 1.09 (9 H, s, t-Bu); dC (100 MHz; CDCl3) mixture
of isomers 168.6 (C), 168.23 (C), 168.2 (C), 156.0 (C), 155.9 (C),
155.63 (C), 155.6 (C), 148.1 (C), 148.0 (C), 147.4 (C), 143.9 (C),
143.6 (C), 143.1 (C), 142.3 (C), 138.1 (CH), 137.8 (CH), 135.94
(CH), 135.9 (CH), 135.87 (CH), 135.2 (C), 134.9 (C), 134.4 (C),
134.32 (C), 134.3 (C), 134.25 (C), 134.2 (C), 133.2 (CH), 132.9
(C), 132.85 (C), 132.7 (CH), 132.2 (CH), 132.1 (CH), 129.7 (CH),
129.68 (CH), 129.6 (CH), 127.64 (CH), 127.61 (CH), 127.6 (CH),
126.9 (CH), 126.8 (CH), 125.7 (CH), 125.5 (CH), 125.3 (CH),
125.2 (CH), 122.4 (C), 122.3 (C), 121.7 (C), 121.6 (C), 120.4 (CH),
120.2 (CH), 118.7 (CH), 118.6 (CH), 112.6 (CH2), 112.5 (CH2),
112.2 (CH2), 112.1 (CH2), 103.9 (CH), 103.8 (CH), 103.7 (CH),
103.68 (CH), 101.2 (CH), 101.0 (CH), 100.8 (CH), 100.77 (CH),
82.3 (CH), 82.2 (CH), 81.9 (CH), 81.4 (CH), 72.8 (CH), 72.6
(CH), 72.1 (CH), 71.8 (CH), 55.4 (Me), 55.42 (Me), 41.9 (CH2),
41.7 (CH2), 37.6 (CH2), 36.9 (CH2), 35.7 (CH2), 35.2 (CH2), 34.9
(CH2), 34.4 (CH2), 34.3 (CH2), 34.26 (CH2), 33.5 (CH2), 29.4
(CH2), 29.1 (CH2), 28.5 (CH2), 28.1 (CH2), 27.2 (CH2), 27.1 (CH),
26.9 (CH), 26.0 (CH2), 25.5 (CH2), 25.4 (CH2), 25.1 (CH2), 24.9
(CH2), 24.7 (CH2), 24.4 (CH2), 24.1 (CH2), 22.7 (Me), 19.4 (C),
19.39 (C), 19.3 (C), 19.2 (C), 18.9 (Me), 18.5 (Me), 18.3 (Me), 18.2


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 531–546 | 537







Table 1 Inhibition of yeast Hsp90 by novel ansa-quinones


Compound Structure ATPase assay IC50/lM SRB assay IC50/lMa


Geldanamycin 1a >4.8 >0.067


17-AAG 1b >8.7 >0.099


16a >100 26


16b >100 28


27a >100 32


7a >50 32
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Table 1 (cont.)


Compound Structure ATPase assay IC50/lM SRB assay IC50/lMa


7b >100 40


36a >100 nd


37a >100 nd


36b >100 nd


37b >100 nd


a nd = not determined.
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(Me), 13.5 (Me), 13.49 (Me), 13.4 (Me), 13.3 (Me), 11.5 (Me);
m/z (CI) 638 (MH+, 93%), 620 (20), 580 (25), 560 (47), 422 (28),
382 (100), 297 (24), 239 (37), 199 (57), 179 (53).


Claisen rearrangement of lactam 24a to ansa-lactam 25a. Lac-
tam 24a (0.395 g, 0.620 mmol) was dissolved in xylene (4 mL) in
a sealed tube. The mixture was heated at 150 ◦C for 40 min in
a microwave reactor (300 W). The crude product was purified by
flash chromatography on silica, eluting with ethyl acetate and light
petroleum (3 : 7) to give the title compound as a colourless sticky
oil (0.225 g, 57%) (Found: MH+, 638.3675. C40H51NO4Si + H
requires 638.3665); mmax (film)/cm−1 3421, 2935, 2863, 1650, 1583,
1521, 1491; dH (300 MHz; CDCl3) 8.20 (1 H, d, J 8.9, ArH), 8.08
(1 H, s, NH), 7.73–7.69 (4 H, m, ArH), 7.44–7.37 (6 H, m, ArH),
6.83 (1 H, d, J 11.1, CMe=CHCH=CH), 6.52–6.49 (2 H, m, ArH,
OH), 6.25 (1 H, t, J 11.0, CMe=CHCH=CH), 5.73 (1 H, q, J 8.3,
CMe=CHCH=CH), 5.59 (1 H, t, J 6.2, ArCH2CMe=CHCH2),
3.84–3.77 (1 H, m, CHOTBDPS), 3.81 (3 H, s, OMe), 3.52 (2 H, q,
J 15.4, ArCH2), 2.52–2.25 (2 H, m, CH2), 2.11–2.00 (5 H, m, Me,
CH2), 1.59 (3 H, s, Me), 1.55–1.44 (2 H, m, CH2), 1.34–1.26 (4 H,
m, 2 × CH2), 1.08 (11 H, br, t-Bu, CH2); OH not observed; dC


(75 MHz; CDCl3) 168.5 (C), 154.0 (C), 145.9 (C), 136.8 (C), 134.8
(C), 134.6 (C), 134.5 (CH), 129.9 (CH), 128.7 (CH), 127.9 (CH),
127.87 (CH), 126.4 (CH), 125.6 (CH), 121.7 (C), 117.7 (CH), 112.8
(C), 103.1 (CH), 73.8 (CH), 56.4 (Me), 38.5 (CH2), 36.6 (CH2), 34.6
(CH2), 30.1 (CH2), 29.0 (CH2), 27.7 (CH2), 27.5 (Me), 26.3 (CH2),
19.9 (C), 16.0 (Me), 13.3 (Me); m/z (CI) 638 (MH+, 88%), 620
(37), 580 (32), 560 (53), 382 (100), 199 (32), 179 (23).


Ansa-lactam 26a. Ansa-lactam 25a (0.126 g, 0.200 mmol) was
dissolved in anhydrous THF (3 mL) and tetra-n-butylammonium
fluoride (1 M in THF; 0.50 mL, 0.50 mmol) was added. The
mixture was stirred under an atmosphere of nitrogen at room
temperature for 24 h, then quenched by the addition of saturated
ammonium chloride solution (3 mL). The mixture was then
extracted with ethyl acetate (3 × 10 mL), th extracts combined,
washed with water (3 × 10 mL), brine (10 mL), dried (MgSO4),
filtered and evaporated in vacuo. The crude product was purified
by flash chromatography on silica, eluting with ethyl acetate and
light petroleum (1 : 4) to give the title compound as a colourless
solid (0.050 g, 63%); mp 185–187 ◦C (Found: MH+, 400.2485.
C24H33NO4 + H requires 400.2488); mmax (KBr)/cm−1 3406, 2929,
2856, 1652, 1645, 1616, 1558, 1539, 1520, 1507; dH (400 MHz;
CDCl3) 8.22 (1 H, d, J 9.0, ArH), 8.17 (1 H, br, NH), 6.99 (1 H,
d, J 11.4, CMe=CHCH=CH), 6.57 (1 H, s, ArOH), 6.50 (1 H, d,
J 9.0, ArH), 6.48 (1 H, t, J 11.6, CMe=CHCH=CH), 6.44 (1 H,
br, OH), 5.95 (1 H, q, J 8.3, CMe=CHCH=CH), 5.65 (1 H, t, J
7.1, ArCH2CMe=CH), 3.81 (3 H, s, OMe), 3.53 (2 H, q, J 15.4,
ArCH2), 2.53–2.52 (1 H, m, CHOH), 2.15–2.14 (2 H, m, CH2),
2.03 (3 H, s, Me), 1.58 (3 H, s, Me), 1.57–1.26 (10 H, m, 5 × CH2);
dC (100 MHz; CDCl3) 167.9 (C), 153.7 (C), 145.6 (C), 136.6 (C),
134.9 (C), 132.8 (CH), 128.6 (CH), 126.8 (CH), 125.8 (CH), 121.2
(C), 117.4 (CH), 112.4 (C), 102.8 (CH), 71.8 (CH), 56.0 (Me), 38.0
(CH2), 36.3 (CH2), 34.4 (CH2), 29.4 (CH2), 29.1 (CH2), 27.6 (CH2),
25.7 (CH2), 15.5 (Me), 12.9 (Me); m/z (CI) 400 (MH+, 100%), 382
(18).


Crystal data for 26a. C24H33NO4, M = 399.51, triclinic, space
group P1̄, a = 8.8832(12), b = 10.3813(15), c = 12.0879(17) Å,
a = 81.631(2), b = 81.670(2), c = 78.225(2)◦, U = 1072.0(3) Å3,
F(000) = 432, Z = 2, Dc = 1.238 Mg m−3, l = 0.083 mm−1(Mo–Ka,


k = 0.71073 Å). The data were collected at T = 125(2) K, 6794
reflections were measured on a Bruker SMART CCD diffrac-
tometer equipped with an Oxford Cryostream low-temperature
device (x-scan, 0.3◦/frame) yielding 3816 unique data (Rmerg =
0.0133). Conventional R = 0.0681 for 3131 reflections with I ≥
2r, GOF = 1.032. Final wR2 = 0.0834 for all data (278 refined
parameters). The hydroxy hydrogen atoms were refined subject to
a tight distance constraint. (O–H −0.980(1) Å). The largest peak
in the residual map is 1.515 e Å−3, near C(15).‡


Oxidation of ansa-lactam 26a to ansa-quinone 27a. Ansa-
lactam 26a (0.052 g, 0.130 mmol) was dissolved in acetone (30 mL)
and Fremy’s salt (0.140 g, 0.520 mmol) in sodium dihydrogen
phosphate buffer (15 mL) was added. The mixture was stirred
for 2 h, then diluted with ethyl acetate (60 mL) and washed with
water (2 × 20 mL), brine (20 mL), dried (MgSO4), filtered and
evaporated in vacuo. The crude product was purified by flash
chromatography on silica, eluting with ethyl acetate and light
petroleum (1 : 4) to give the title compound as an orange oil
(0.040 g, 74%) as a mixture of isomers (Found: MH+, 414.2294.
C24H31NO5 + H requires 414.2280); mmax (film)/cm−1 3360, 2925,
2853, 1680, 1650, 1598, 1511; dH (300 MHz; CDCl3) major isomer
8.73 (1 H, br, NH), 7.25 (1 H, s, quinone-H), 7.04 (1 H, d, J 11.3,
CMe=CHCH=CH), 6.45 (1 H, t, J 11.0, CMe=CHCH=CH),
6.06 (1 H, q, J 9.4, CMe=CHCH=CH), 5.23 (1 H, td, J 7.4,
1.1, ArCH2CMe=CH), 4.10 (3 H, s, OMe), 3.85–3.76 (1 H, m,
CHOH), 3.15 (2 H, s, ArCH2), 2.52–2.44 (1 H, m, CHOH), 2.40–
2.25 (1 H, m, CHOH), 2.03–1.97 (5 H, m, Me, CH2), 1.63–1.55
(7 H, m, Me, 2 × CH2), 1.43–1.20 (4 H, m, 2 × CH2); OH not
observed; minor isomer 8.89 (1 H, br, NH), 7.26 (1 H, s, quinone-
H), 7.04 (1 H, d, J 11.3, CMe=CHCH=CH), 6.45 (1 H, t, J 11.0,
CMe=CHCH=CH), 6.06 (1 H, q, J 9.4, CMe=CHCH=CH),
5.09 (1 H, t, J 5.5, ArCH2CMe=CH), 4.13 (3 H, s, OMe), 3.85–
3.76 (1 H, m, CHOH), 3.15 (2 H, s, ArCH2), 2.52–2.44 (1 H,
m, CHOH), 2.40–2.25 (1 H, m, CHOH), 2.03–1.97 (5 H, m, Me,
CH2), 1.63–1.55 (7 H, m, Me, 2 × CH2), 1.43–1.20 (4 H, m, 2 ×
CH2); OH not observed; dC (100 MHz; CDCl3) major isomer 184.2
(C), 183.1 (C), 168.7 (C), 156.7 (C), 138.3 (C), 135.8 (CH), 132.4
(C), 130.6 (C), 129.4 (CH), 127.9 (CH), 126.1 (C), 126.0 (CH),
111.4 (CH), 71.9 (CH), 61.7 (Me), 38.2 (CH2), 35.9 (CH2), 33.3
(CH2), 29.5 (CH2), 28.9 (CH2), 27.6 (CH2), 25.6 (CH2), 15.8 (Me),
12.5 (Me); minor isomer 184.2 (C), 183.1 (C), 168.7 (C), 156.7 (C),
138.3 (C), 135.9 (CH), 132.4 (C), 130.6 (C), 129.0 (CH), 128.8
(CH), 126.1 (C), 126.0 (CH), 111.3 (CH), 71.89 (CH), 61.7 (Me),
37.5 (CH2), 35.6 (CH2), 33.3 (CH2), 29.4 (CH2), 28.5 (CH2), 27.1
(CH2), 24.6 (CH2), 24.4 (Me), 12.5 (Me); m/z (CI) 414 (MH+, 5%),
285 (13), 257 (12), 111 (16), 107 (19), 101 (20), 91 (63), 85 (31), 69
(23), 57 (26).


Ansa-quinone carbamate 7a. Ansa-quinone 27a (0.040 g,
0.097 mmol) was dissolved in dichloromethane (6 mL). Sodium
cyanate (0.151 g, 2.33 mmol) and TFA (0.180 mL, 0.266 g,
2.33 mmol) were then added at 0 ◦C. The mixture was then
stirred slowly at room temperature for 17 h, before quenching with
sodium hydrogen carbonate solution (5%; 10 mL). The mixture
was then extracted with ethyl acetate (3 × 20 mL), the extracts
combined and washed with brine (20 mL), dried (MgSO4), filtered
and evaporated in vacuo. The crude product was purified by flash
chromatography on silica, eluting with ethyl acetate and light
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petroleum (2 : 3) to give the title compound as a sticky, orange
oil (0.016 g, 36%) as a mixture of isomers (5 : 2) (Found: MH+,
457.2354. C25H32N2O6 + H requires 457.2338); mmax (film)/cm−1


3473, 3359, 2925, 2858, 1733, 1716, 1695, 1653, 1597, 1557, 1506;
dH (400 MHz; CDCl3) major isomer 8.66 (1 H, s, NH), 7.28 (1 H,
d, J 1.3, quinone-H), 7.07 (1 H, d, J 11.4, CMe=CHCH=CH),
6.42 (1 H, t, J 10.8, CMe=CHCH=CH), 5.99–5.92 (1 H, m,
CMe=CH CH=CH), 5.28 (1 H, t, J 7.2, ArCH2CMe=CH), 4.99–
4.94 (2 H, m, OCONH2), 4.15 (3 H, s, OMe), 3.28–3.14 (2 H, m,
ArCH2), 2.70–2.61 (1 H, m, CHOCONH2), 2.27–2.23 (2 H, m,
CH2CHOCONH2), 2.04–1.98 (5 H, m, Me, CH2), 1.82–1.76 (2 H,
m, CH2), 1.72–1.66 (2 H, m, CH2), 1.57 (3 H, s, Me), 1.55–1.45
(2 H, m, CH2), 1.36–1.25 (2 H, m, CH2); minor isomer 8.89 (1 H,
s, NH), 7.27 (1 H, d, J 1.3, quinone-H), 7.10 (1 H, d, J 13.2,
Me=CHCH=CH), 6.45 (1 H, t, J 10.8, CMe=CHCH=CH), 5.13
(1 H, t, J 6.7, ArCH2CMe=CH), 4.16 (3 H, s, OMe), 2.56–2.51
(1 H, m, CHOCONH2), 2.38–2.34 (2 H, m, CH2CHOCONH2),
1.63 (3 H, s, Me); dC (100 MHz; CDCl3) major isomer 184.1 (C),
183.6 (C), 169.0 (C), 157.0 (C), 156.9 (C), 138.2 (C), 134.7 (CH),
132.8 (C), 130.4 (C), 129.6 (CH), 128.0 (CH), 126.09 (CH), 125.66
(C), 111.3 (CH), 74.1 (CH), 61.8 (Me), 34.2 (CH2), 33.2 (CH2),
32.99 (CH2), 30.0 (CH2), 29.7 (CH2), 28.0 (CH2), 25.2 (CH2),
15.8 (Me), 12.5 (Me); minor isomer 184.4 (C), 183.57 (C), 168.2
(C), 156.8 (2 × C), 138.0 (C), 134.5 (CH), 132.5 (C), 130.2 (C),
129.1 (CH), 128.8 (CH), 126.1 (CH), 125.7 (C), 111.3 (CH), 74.5
(CH), 61.6 (Me), 33.7 (CH2), 33.0 (CH2), 29.5 (CH2), 28.6 (CH2),
27.6 (CH2), 25.6 (CH2), 24.7 (CH2), 23.6 (Me), 61.6 (Me); 1 C
unobserved; m/z (CI) 457 (MH+, 59%), 416 (100), 398 (80).


Lactam 24b. (3R,9S)- and (3S,9S)-N-[2-(9-(tert-Butyldi-
methylsiloxydodeca - 1,11 - dien - 3 - yloxy) - 4 - methoxyphenyl] - 2-
methylpenta-2,4-dienamide 23b (200 mg, 0.379 mmol) was dis-
solved in dichloromethane (76 mL) and Grubbs’ catalyst (62 mg,
0.076 mmol, 20 mol%) was added. The solution was stirred at
reflux for 3 h and then the solvent was removed. Flash chro-
matography using ether and light petroleum (1 : 9) gave the title
compound as a brown oil (156 mg, 82%); [a]32


D −63 (c 0.63, CHCl3);
mmax (CHCl3)/cm−13430, 3020, 2930, 1655, 1522; dH (300 MHz;
CDCl3) mixture of isomers 8.24–8.17 (1 H, m, ArH), 7.89 (1 H, s,
NH), 6.82–6.57 (1 H, m, CMe=CHCH=CH), 6.41–6.30 (3 H,
m, ArH, CMe=CHCH=CH), 5.84–5.73 (2 H, m, CH=CH2,
CMe=CHCH=CH), 5.21–5.12 (2 H, m, CH2=CHCH(O)), 4.70–
4.56 (1 H, m, CH=CH2), 3.80–3.72 (1 H, m, CHOTBS), 3.69 and
3.68 (3 H, 2 × s, OMe), 2.61–2.40 (1 H, m, CH2CHOTBS), 2.45–
2.08 (1 H, m, CH2CHOTBS), 1.99 and 1.95 (3 H, 2 × s, Me),
1.76–1.15 (10 H, m, 5 × CH2), 0.83 (9 H, s, t-Bu), 0.00 (6 H, s,
Me); dC (75 MHz; CDCl3) mixture of isomers 169.0 (C), 168.9 (C),
168.6 (C), 156.3 (C), 148.3 (C), 147.7 (C), 138.3 (CH), 137.9 (CH),
137.7 (CH), 137.4 (CH), 135.5 (C), 135.1 (C), 133.7 (CH), 133.2
(CH), 132.5 (CH), 127.3 (CH), 126.1 (CH), 125.8 (CH), 122.8 (C),
122.1 (C), 122.0 (C), 120.8 (CH), 117.4 (CH2), 117.2 (CH2), 116.8
(CH2), 116.7 (CH2), 104.1 (CH), 101.9 (CH), 101.7 (CH), 101.4
(CH), 79.7 (CH), 79.2 (CH), 72.4 (CH), 72.1 (CH), 71.5 (CH), 71.3
(CH), 55.8 (Me), 42.5 (CH2), 42.2 (CH2), 36.6 (CH2), 35.8 (CH2),
35.7 (CH2), 35.6 (CH2), 35.4 (CH2), 35.3 (CH2), 30.1 (CH2), 28.3
(CH2), 27.8 (CH2), 26.2 (Me), 24.7 (CH2), 24.5 (CH2), 24.4 (CH2),
24.1 (CH2), 18.5 (C), 13.8 (Me), −4.1 (Me).


Claisen rearrangement of lactam 24b to ansa-lactam 25b. Lac-
tam 24b (59 mg, 0.12 mmol) was dissolved in xylenes (2.5 mL) and


was subjected to microwave irradiation at 300 W and 180 ◦C for
50 min. After solvent evaporation, flash chromatography using
ether and light petroleum (3 : 17) gave the title compound as a
yellow oil (34 mg, 58%); [a]32


D +2.15 (c 1.86, CHCl3) (Found: MH+,
500.3174. C29H45NO4Si + H requires 500.3196); mmax (CHCl3)/cm−1


3426, 3019, 2930, 1656, 1524, 1265; dH (300 MHz; CDCl3) 8.13
(1 H, d, J 9.0, ArH), 8.11 (1 H, br s, NH), 6.90 (1 H, d, J 12.0,
CMe=CHCH=CH), 6.43 (1 H, d, J 9.0, ArH), 6.33 (1 H, t, J
12.0, CMe=CHCH=CH), 6.31 (1 H, s, OH), 5.86–5.75 (2 H,
m, CMe=CHCH=CHCH2, ArCH2CH=CH), 5.67–5.61 (1 H,
m, ArCH2CH=CH), 3.75 (3 H, s, OMe), 3.74–3.70 (1 H, m,
CHOTBS), 3.51 (1 H, dd, J 15.0, 6.0, ArCHHCH=CH), 3.43
(1 H, dd, J 15.0, 6.0, ArCHHCH=CH), 2.45–2.24 (2 H, m,
CH(OTBS)CH2), 2.20–2.06 (2 H, m, ArCH2CH=CHCH2), 1.98
(3 H, s, Me),1.48–1.17 (8 H, m, 4 × CH2), 0.84 (9 H, s, t-Bu), 0.00
(6 H, s, Me); dC (75 MHz; CDCl3) 168.6 (C), 153.4 (C), 145.7 (C),
135.5 (CH), 134.9 (C), 134.6 (CH), 129.8 (CH), 126.7 (CH), 125.8
(CH), 121.9 (C), 117.8 (CH), 113.1 (C), 103.2 (CH), 72.8 (CH),
56.3 (Me), 38.8 (CH2), 37.1 (CH2), 32.5 (CH2), 29.9 (CH2), 29.1
(CH2), 27.6 (CH2), 26.36 (CH2), 26.31 (Me), 18.5 (C), 13.3 (Me),
−3.8 (Me).


Ansa-lactam 26b. Ansa-lactam 25b (18 mg, 0.036 mmol) was
dissolved in THF (1 mL) and tetra-n-butylammonium fluoride
(1 M in THF; 180 lL, 0.18 mmol) was added and the solution was
stirred at room temperature for 5.5 h. Solvent evaporation gave
a brown oil which was subjected to flash chromatography using
ether and light petroleum (3 : 1) which gave the title compound
as an amorphous, off-white solid (7.7 mg, 55%); mp 173–178 ◦C;
[a]32


D +13 (c 0.77, CHCl3) (Found: MH+, 386.2297. C23H31NO4 +
H requires 386.2331); mmax (CHCl3)/cm−1 3428, 3020, 2929, 1646,
1524, 1266; dH (300 MHz; CDCl3) 8.21 (1 H, d, J 9.0, ArH), 8.17
(1 H, br s, NH), 6.97 (1 H, d, J 9.0, CMe=CHCH=CH), 6.52–
6.45 (2 H, m, ArH, CMe=CHCH=CH), 6.35 (1 H, s, OH), 5.94
(1 H, dt, J 9.0, 6.0, CMe=CHCH=CH), 5.83 (1 H, dt, J 18.0, 6.0,
ArCH2CH=CH), 5.62 (1 H, dt, J 18.0, 6.0, ArCH2CH=CH),
3.80 (3 H, s, OMe), 3.80–3.76 (1 H, m, CHOH), 3.56 (1 H,
dd, J 15.0, 6.0, ArCH2CH=CH), 3.46 (1 H, dd, J 15.0, 6.0,
ArCH2CH=CH), 2.55–2.46 (1 H, m, CH(OH)CH2), 2.33–2.27
(1 H, m, CH(OH)CH2), 2.23–2.04 (3 H, m, ArCH2CH=CHCH2


and CHOH), 1.99 (3 H, s, Me), 1.70–1.12 (8 H, m, 4 × CH2);
dC (75 MHz; CDCl3) 168.4 (C), 153.4 (C), 145.7 (C), 135.5 (CH),
135.3 (C), 133.0 (CH), 129.8 (CH), 127.3 (CH), 126.3 (CH), 121.8
(C), 117.8 (CH), 113.0 (C), 103.2 (CH), 72.0 (CH), 56.3 (Me), 38.4
(CH2), 36.8 (CH2), 32.8 (CH2), 31.2 (CH2), 29.6 (CH2), 27.7 (CH2),
26.1 (CH2), 13.3 (Me).


Ansa-quinone 27b. Ansa-lactam 26b (14 mg, 0.036 mmol)
was dissolved in acetonitrile (2 mL) and salcomine (2.5 mg,
0.0072 mmol, 20 mol%) was added. The solution was rapidly
stirred overnight open to the atmosphere. After solvent evap-
oration, flash chromatography using ether and light petroleum
(1 : 1) gave the title compound as an amorphous, orange solid
(11 mg, 73%); mp 48–56 ◦C; [a]32


D +34 (c 1.0, CHCl3) (Found: MH+,
400.2139. C23H29NO5 + H requires 400.2124); kmax (CH3CN)/nm
(e/dm3 mol−1 cm−1) 206 (e 13400), 295 (e 18200), 362 (e 2500);
mmax (CHCl3)/cm−1 3018, 2929, 1689, 1652, 1498, 1220, 1206; dH


(300 MHz; CDCl3) 8.67 (1 H, s, NH), 7.20 (1 H, s, quinone-H),
6.99 (1 H, d, J 12.05, CMe=CHCH=CH), 6.40 (1 H, dd, J 12.0,
9.0, CMe=CHCH=CH), 6.00 (1 H, q, J 9.0, CMe=CHCH=CH),
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5.41 (1 H, dt, J 15.0, 6.0, ArCH2CH=CH), 5.19 (1 H, dt, J 15.0,
6.0, ArCH2CH=CH), 4.03 (3 H, s, OMe), 3.77–3.70 (1 H, m,
CHOH), 3.09 (2 H, d, J 6.0, ArCH2CH=CH), 2.46–2.37 (1 H,
m, CH(OH)CH2), 2.32–2.22 (1 H, m, CH(OH)CH2), 1.96 (2 H,
d, J 6.0, ArCH2CH=CHCH2), 1.92 (3 H, s, Me), 1.60 (1 H, br s,
OH), 1.54–1.48 (4 H, m, 2 × CH2), 1.36–1.18 (4 H, m, 2 × CH2);
dC (75 MHz; CDCl3) 184.6 (C), 183.5 (C), 169.2 (C), 156.6 (C),
138.7 (C), 136.1 (CH), 133.9 (CH), 132.9 (C), 129.9 (CH), 126.7
(C), 126.4 (CH), 125.8 (CH), 111.6 (CH), 72.3 (CH), 62.2 (Me),
38.6 (CH2), 36.2 (CH2), 32.7 (CH2), 29.7 (CH2), 29.0 (CH2), 26.9
(CH2), 26.0 (CH2), 12.8 (Me); m/z (EI) 399 (M+, 9%), 384 (100),
368 (17), 321 (5), 215 (17).


Ansa-quinone carbamate 7b. Ansa-quinone 27b (10 mg,
0.025 mmol) was dissolved in dichloromethane (2.5 mL). Sodium
cyanate (40 mg, 0.62 mmol) was added and the mixture was
cooled to 0 ◦C. Trifluoroacetic acid (46 lL, 0.62 mmol) was
added and the reaction mixture was stirred for 15 h at room
temperature before dilution with dichloromethane (10 mL). The
solution was neutralized by the addition of saturated sodium
hydrogen carbonate (10 mL). The layers were separated and the
aqueous phase was extracted with dichloromethane (3 × 10 mL).
The combined organics were dried (Na2SO4) and the solvent
was evaporated. Flash chromatography using ether and light
petroleum (1 : 1) gave the title compound as an amorphous yellow
solid (4.7 mg, 43%); mp 128–131 ◦C; [a]32


D +60 (c 0.10, CHCl3)
(Found: MH+, 443.2200. C24H30N2O6 + H requires 443.2182); kmax


(CH3CN)/nm (e/dm3 mol−1 cm−1) 261 (e 33088), 331 (e 5311); mmax


(CHCl3)/cm−1 3697, 3604, 2927, 2855, 1722, 1649, 1601, 1385; dH


(300 MHz; CDCl3) 8.56 (1 H, s, NH), 7.20 (1 H, s, quinone-H), 6.99
(1 H, d, J 12.0, CMe=CHCH=CH), 6.35 (1 H, dd, J 12.0, 9.0,
CMe=CHCH=CH), 5.89 (1 H, q, J 9.0, CMe=CHCH=CH),
5.40 (1 H, dt, J 15.0, 6.0, ArCH2CH=CH), 5.30–5.15 (3 H, m,
ArCH2CH=CH, OCONH2), 4.92–4.86 (1 H, m, CHOCONH2),
4.08 (3 H, s, MeO), 3.20–3.14 (1 H, m, ArCH2CH=CH), 2.97
(1 H, dd, J 15.0, 9.0, ArCH2CH=CH), 2.65–2.53 (1 H, m,
CH(OCONH2)CH2), 2.20–2.12 (1 H, m, CH(OCONH2)CH2),
1.97–1.91 (2 H, m, ArCH2CH=CHCH2), 1.91 (3 H, s, Me), 1.76–
1.23 (8 H, m, 4 × CH2); dC (75 MHz; CDCl3) 184.3 (C), 183.9 (C),
169.4 (C), 156.8 (C), 156.5 (C), 138.6 (C), 135.0 (CH), 134.1 (CH),
133.3 (C), 130.1 (CH), 126.5 (CH), 126.2 (C), 125.4 (CH), 111.6
(CH), 74.4 (CH), 62.3 (Me), 34.4 (CH2), 33.4 (CH2), 33.1 (CH2),
30.1 (CH2), 29.8 (CH2), 26.9 (CH2), 25.6 (CH2), 12.8 (Me).


Lactam 35a. N-[2-(8-tert-Butyldiphenylsiloxy-2-methylun-
deca-1,10-dien-3-yloxy)-4-methoxyphenyl]-2-methylpenta-2,4-di-
enamide 34a (0.200 g, 0.30 mmol) in anhydrous dichloromethane
(56 mL) was slowly added to a solution of Grubbs’ catalyst
(0.075 g, 0.09 mmol, 30 mol%), in anhydrous dichloromethane
(550 mL) under reflux. The mixture was heated under reflux
for 24 h then concentrated in vacuo. The crude product was
purified by flash chromatography on silica, eluting with ethyl
acetate and light petroleum (1 : 9) to give the title compound as
a dark oil (0.188 g, 98%) as a 1 : 1 mixture of diastereoisomers
(Found: MH+, 624.3504. C39H49NO4Si + H requires 624.3509);
mmax (film)/cm−1 3431, 3070, 2932, 2856, 1659, 1615, 1522, 1110,
702; dH (300 MHz; CDCl3) mixture of isomers 8.47–8.43 (1 H,
2 × d, J 8.8, ArH), 8.11 (0.5 H, s, NH), 7.99 (0.5 H, s, NH),
7.67–7.62 (4 H, m, ArH), 7.37–7.28 (6 H, m, ArH), 6.72
(1 H, t, J 11.3, CMe=CHCH=CH), 6.45 (1 H, dt, J 2.6 7.3,


CMe=CHCH=CH), 6.38–6.23 (2 H, m, ArH), 5.93 (1 H, q,
J 8.8, CMe=CHCH=CH), 4.93–4.83 (2 H, m, CMe=CH2),
4.51–4.44 (1 H, m, ArOCH), 3.99–3.85 (1 H, m, CHOTBDPS),
3.75 (1.5 H, s, OMe), 3.74 (1.5 H, s, OMe), 2.60–2.03 (2 H, m,
CH(OTBDPS)CH2), 2.03 (3 H, s, Me), 1.70–0.82 (8 H, m, 4 ×
CH2), 1.70 (1.5 H, s, Me), 1.67 (1.5 H, s, Me), 1.03 (9 H, s, t-Bu);
dC (75 MHz; CDCl3) mixture of isomers 167.5 (C), 167.1 (C),
155.71 (C), 155.67 (C), 147.64 (C), 147.61 (C), 142.9 (C), 142.4
(C), 135.99 (CH), 135.93 (CH), 134.9 (CH), 134.5 (C), 134.48
(CH), 134.41 (CH), 134.0 (CH), 133.7 (CH), 133.5 (C), 129.67
(CH), 129.62 (CH), 127.49 (CH), 127.40 (CH), 125.9 (CH), 125.5
(CH), 125.3 (CH), 124.7 (CH), 121.8 (C), 119.5 (CH), 112.1
(CH2), 111.9 (CH2), 103.6 (CH), 103.5 (CH), 100.6 (CH), 100.5
(CH), 81.7 (CH), 81.6 (CH), 73.0 (CH), 72.8 (CH), 55.4 (Me),
36.0 (CH2), 35.7 (CH2), 34.7 (CH2), 34.06 (CH2), 34.00 (CH2),
33.6 (CH2), 27.06 (Me), 27.04 (Me), 26.1 (CH2), 25.1 (CH2), 23.8
(CH2), 22.9 (CH2), 10.4 (C), 19.3 (C), 18.9 (Me), 18.6 (Me), 13.2
(Me), 13.0 (Me); m/z (CI) 624 (MH+, 62%), 606 (100), 529 (17),
368 (64).


Claisen rearrangement of lactam 35a. Lactam 35a (0.370 g,
0.59 mmol) was dissolved in xylene (19.5 mL) in a sealed tube.
The mixture was heated at 180 ◦C for 35 min in a microwave
reactor (300 W). The solvent was then removed in vacuo and the
crude product was purified by flash chromatography on silica,
eluting with ethyl acetate and light petroleum (1 : 9) to give the
rearrangement product as a yellow oil (0.312 g, 84%) (Found: MH+,
624.3502. C39H49NO4Si + H requires 624.3509); mmax (film)/cm−1


3427, 3071, 2931, 2857, 1665, 1590, 1523, 1110, 702; dH (300 MHz;
CDCl3) 8.15 (1 H, d, J 8.8, ArH), 8.13 (1 H, s, NH), 7.69–7.64
(4 H, m, ArH), 7.43–7.31 (6 H, m, ArH), 7.07 (1 H, d, J 10.9,
CMe=CHCH=CH), 6.55 (1 H, s, OH), 6.49 (1 H, d, J 8.8, ArH),
6.26 (1 H, t, J 11.3, CMe=CHCH=CH), 5.89 (1 H, q, J 10.1,
CMe=CHCH=CH), 5.45 (1 H, t, J 7.1, CMe=CHCH2), 3.91–
3.82 (1 H, m, CHOTBDPS), 3.80 (3 H, s, OMe), 3.50 (2 H, s,
ArCH2), 2.51–2.26 (2 H, m, CH(OTBDPS)CH2), 2.12–0.80 (8 H,
m, 4 × CH2), 1.99 (3 H, s, Me), 1.53 (3 H, s, Me), 1.02 (9 H, s,
t-Bu); dC (75 MHz; CDCl3) 168.9 (C), 153.6 (C), 145.9 (C), 136.5
(C), 136.0 (CH), 135.3 (CH), 134.7 (C), 133.4 (C), 129.5 (CH),
128.3 (CH), 127.6 (CH), 127.3 (CH), 125.1 (CH), 121.2 (C), 117.7
(CH), 112.3 (C), 102.6 (CH), 73.7 (CH), 55.9 (Me), 38.8 (CH2),
34.8 (CH2), 34.1 (CH2), 29.1 (CH2), 28.0 (CH2), 27.0 (Me), 23.9
(CH2), 19.4 (C), 15.7 (Me), 12.4 (Me); some peaks are ‘doubled’
due to the presence of diastereomers; m/z (CI) 624 (MH+, 100%),
546 (40), 368 (88), 350 (21).


Ansa-lactam 36a. The above ansa-lactam (0.187 g, 0.30 mmol)
was dissolved in anhydrous THF (4.5 mL) and tetra-n-
butylammonium fluoride (1 M in THF; 0.74 mL, 0.74 mmol)
was added dropwise. The mixture was then stirred under reflux
for 12 h, before being cooled to room temperature. The mixture
was then acidified with saturated ammonium chloride solution
extracted with ethyl acetate (3 × 15 mL), combined, washed with
brine (30 mL), dried (MgSO4), filtered and evaporated in vacuo.
The crude product was purified by flash chromatography on silica,
eluting with ethyl acetate and light petroleum (4 : 1) to give the title
compound as a colourless solid (0.093 g, 80%) as a 1 : 5 : 63 mixture
of three diasteroisomers; mp 172–175 ◦C (from ethyl acetate
and light petroleum) (Found: MH+, 386.2325. C23H31NO4 +
H requires 386.2331); mmax (KBr)/cm−1 3414, 2925, 2852, 1640,
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1531; dH (300 MHz; CDCl3) mixture of isomers 8.22 (1 H, s, NH),
8.02 (1 H, d, J 8.8, ArH), 7.15 (1 H, d, J 15.4, CMe=CHCH=CH),
6.69 (1 H, s, OH), 6.53–6.46 (2 H, m, ArH, CMe=CHCH=CH),
5.97 (1 H, q, J 13.8, CMe=CHCH=CH), 5.56 (1 H, t, J 7.8,
CMe=CHCH2), 3.80 (3 H, s, OMe), 3.80–3.73 (1 H, m, CHOH),
3.52 (2 H, s, ArCH2), 2.44–2.37 (2 H, m, CH(OH)CH2), 2.03
(3 H, s, Me), 1.52 (3 H, s, Me), 2.22–1.23 (8 H, m, 4 × CH2), 1.77
(1 H, br s, OH); dC (75 MHz; CDCl3) mixture of isomers 168.7
(C), 153.7 (C), 145.9 (C), 136.9 (C), 134.5 (C), 133.7 (CH), 128.3
(CH), 127.0 (CH), 126.4 (CH), 121.2 (C), 117.6 (CH), 112.3 (C),
102.7 (CH), 71.7 (CH), 55.9 (Me), 38.1 (CH2), 34.4 (CH2), 34.2
(CH2), 29.2 (CH2), 27.7 (CH2), 23.5 (CH2), 15.7 (Me), 12.5 (Me);
some peaks are ‘doubled’ due to the presence of diastereomers, but
peaks due to minor isomer are very small; m/z (CI) 386 (MH+,
100%), 350 (43).


Oxidation of ansa-lactam 36a. Ansa-lactam 36a (0.093 g,
0.24 mmol) was dissolved in acetone (55 mL) and Fremy’s salt
(0.260 g, 0.96 mmol) in sodium dihydrogen phosphate buffer
(28 mL) was added. The mixture was stirred for 2 h, then diluted
with ethyl acetate (100 mL), and washed with water (2 × 30 mL),
brine (30 mL), dried (MgSO4), filtered and evaporated in vacuo.
The crude product was purified by flash chromatography on silica,
eluting with ethyl acetate and light petroleum (1 : 4) to give the
quinone as an orange oil (0.066 g, 70%) as a 1 : 10 mixture
of diastereoisomers (Found: MH+, 400.2134. C23H29NO5 + H
requires 400.2124); mmax (film)/cm−1 3421, 3359, 2929, 2856, 1687,
1650, 1601, 1498, 703; dH (300 MHz; CDCl3) major isomer 8.79
(1 H, s, NH), 7.25 (1 H, s, quinone-H), 7.10 (1 H, d, J 11.5,
CMe=CHCH=CH), 6.49 (1 H, t, J 10.8, CMe=CHCH=CH),
6.11 (1 H, q, J 8.1, CMe=CHCH=CH), 5.27 (1 H, t, J 6.4,
CMe=CHCH2), 4.11 (3 H, s, OMe), 3.80–3.74 (1 H, m, CHOH),
3.21–3.14 (2 H, m, ArCH2), 2.43–2.10 (2 H, m, CH(OH)CH2),
1.99 (3 H, s, Me), 1.69 (1 H, s, OH), 1.54 (3 H, s, Me), 2.07–
0.88 (8 H, m, 4 × CH2); minor isomer 8.43 (1 H, s, NH), 7.19
(1 H, s, ArH), 5.12–5.08 (1 H, m, CMe=CHCH2), 4.14 (3 H, s,
OMe); dC (75 MHz; CDCl3) mixture of isomers 184.1 (C), 183.1
(C), 168.9 (C), 156.5 (C), 138.5 (C), 136.6 (CH), 132.0 (C), 130.7
(C), 129.9 (CH), 128.5 (CH), 125.9 (C), 125.6 (CH), 110.6 (CH),
72.0 (CH), 61.6 (Me), 38.8 (CH2), 34.3 (CH2), 33.1 (CH2), 29.8
(CH2), 27.3 (Me), 23.0 (CH2), 15.7 (Me), 12.1 (Me); m/z (CI) 400
(MH+, 100%), 384 (22), 368 (12).


Ansa-quinone carbamate 37a. The above ansa-quinone
(0.038 g, 0.09 mmol) was dissolved in dichloromethane (6 mL).
Sodium cyanate (0.154 g, 2.37 mmol) and trifluoroacetic acid
(183 ll, 2.37 mmol) were then added at 0 ◦C. The mixture was
stirred slowly at room temperature for 4.5 h, before the solution
was diluted with dichloromethane (100 mL) and quenched with
a sodium hydrogen carbonate solution (5%; 80 mL). The mixture
was then extracted with ethyl acetate (3 × 100 mL), the extracts
combined and washed with brine (100 mL), dried (MgSO4), filtered
and evaporated in vacuo. The crude product was purified by flash
chromatography on silica, eluting with ethyl acetate and light
petroleum (3 : 7) to give the title compound as a orange oil (0.020 g,
47%) as a 1 : 2.2 : 3.4 : 12.8 mixture of four diastereoisomers
(Found: MH+, 443.2177. C24H30N2O6 + H requires 443.2182);
mmax (film)/cm−1 3478, 3361, 2925, 2855, 1693, 1651, 1600, 1503,
701; dH (300 MHz; CDCl3) major isomer 8.74 (1 H, s, NH), 7.26
(1 H, s, quinone-H), 7.07 (1 H, d, J 11.5, CMe=CHCH=CH),


6.42 (1 H, t, J 10.9, CMe=CHCH=CH), 5.98 (1 H, q, J 10.2,
CMe=CHCH=CH), 5.25 (1 H, t, J 6.4, CMe=CHCH2), 5.02–
4.63 (2 H, m, OCONH2), 4.12 (3 H, s, OMe), 3.24–3.11 (2 H, m,
ArCH2), 2.67–2.55 (1 H, m, CHOCONH2), 2.42–2.28 (2 H, m,
CH(OCONH2)CH2), 1.96 (3 H, s, Me), 1.53 (3 H, s, Me), 2.11–
0.82 (8 H, m, 4 × CH2); minor isomer 8.40 (1 H, s, NH), 7.40
(1 H, s, ArH), 5.14 (1 H, t, J 7.3, CMe=CHCH2), (3 H, s, OMe),
1.99 (3 H, s, Me), 1.57 (3 H, s, Me); dC (75 MHz; CDCl3) mixture
of isomers; peaks due to major isomer reported 184.1 (C), 183.6 (C),
168.9 (C), 156.65 (C), 156.60 (C), 138.6 (C), 135.2 (CH), 132.0 (C),
130.8 (CH) 130.1 (C), 128.5 (CH), 125.9 (C), 125.7 (CH), 110.5
(CH), 73.7 (CH), 61.7 (Me), 35.3 (CH2), 33.0 (CH2), 31.4 (CH2),
29.7 (CH2), 27.1 (Me), 22.3 (CH2), 15.8 (Me), 12.1 (CH2); m/z
(CI) 443 (MH+, 25%), 400 (83), 382 (100), 368 (18).


Lactam 35b. N-[2-(8-tert-Butyldiphenylsiloxy-2-methyl-
dodeca-1,11-dien-3-yloxy)-4-methoxyphenyl]-2-methylpenta-2,4-
dienamide 34b (0.159 g, 0.24 mmol) in anhydrous dichloromethane
(45 mL) was slowly added to a solution of Grubbs’ catalyst
(0.059 g, 0.07 mmol, 30 mol%), in anhydrous dichloromethane
(425 mL) under reflux. The mixture was heated under reflux for
24 h then concentrated in vacuo. The crude product was purified
by flash chromatography on silica, eluting with ethyl acetate and
light petroleum (1 : 9) to give the title compound as a dark oil
(0.147 g, 96%) as 1 : 1 mixture of diastereoisomers (Found: MH+,
638.3655. C40H51NO4Si + H requires 638.3665); mmax (film)/cm−1


3434, 3070, 2934, 2857, 1665, 1615, 1520, 1110, 702; dH (300 MHz;
CDCl3) mixture of isomers 8.40–8.29 (1 H, m, ArH), 8.02 (0.5 H, s,
NH), 8.05 (0.5 H, s, NH), 7.67–7.65 (4 H, m, ArH), 7.41–7.32 (6 H,
m, ArH), 6.48–6.45 (1 H, m, CMe=CHCH=CH), 6.44–6.38
(2 H, m, ArH), 6.26–6.22 (1 H, m, CMe=CHCH=CH), 5.80–5.45
(1 H, m, CMe=CHCH=CH), 4.95–4.93 (2 H, m, MeC=CH2),
4.42–4.36 (1 H, m, ArOCH), 3.81–3.73 (1 H, m, CHOTBDPS),
3.74 (1.5 H, s, OMe), 3.73 (1.5 H, s, OMe), 2.18 (3 H, s, Me), 1.68
(1.5 H, s, Me), 1.67 (1.5 H, s, Me), 1.04 (9 H, s, t-Bu), 2.18–0.87
(12 H, 6 × CH2); dC (75 MHz; CDCl3) mixture of isomers 168.17
(C), 168.03 (C), 155.73 (C), 155.68 (C), 147.7 (C), 147.5 (C), 144.1
(C), 143.8 (C), 137.2 (CH), 137.0 (CH), 135.8 (CH), 134.45 (C),
134.39 (C), 129.52 (CH), 127.49 (CH), 124.86 (CH), 124.75 (C),
123.73 (CH), 123.60 (CH), 121.74 (C), 121.71 (C), 119.85 (CH),
119.75 (CH), 112.4 (CH2), 112.2 (CH2), 103.58 (CH), 103.54
(CH), 100.70 (CH), 100.62 (CH), 82.50 (CH), 82.44 (CH), 72.2
(CH), 71.4 (CH), 55.3 (Me), 35.9 (CH2), 35.0 (CH2), 34.8 (CH2),
34.7 (CH2), 27.00 (Me), 26.95 (Me), 26.1 (CH2), 24.8 (CH2), 24.5
(CH2), 23.9 (CH2), 22.8 (CH2), 19.32 (C), 19.29 (CH), 17.9 (Me),
17.7 (Me), 13.29 (Me), 13.22 (Me); m/z (CI) 638 (MH+, 77%),
620 (65), 386 (100), 300 (83).


Claisen rearrangement of lactam 35b. Lactam 35b (0.156 g,
0.24 mmol) was dissolved in xylene (7 mL) in a sealed tube.
The mixture was heated at 180 ◦C for 35 min in a microwave
reactor (300 W). The solvent was then removed in vacuo and the
crude product was purified by flash chromatography on silica,
eluting with ethyl acetate and light petroleum (1 : 9) to give the
rearrangement product as a red oil (0.085 g, 54%) as a mixture
of diastereoisomers (Found: MH+, 638.3672. C40H51NO4Si +
H requires 638.3665); mmax (film)/cm−1 3428, 3070, 2932, 2857,
1662, 1590, 1525, 1110, 703; dH (300 MHz; CDCl3) mixture of
isomers 8.20 (1 H, d, J 9.0, ArH), 8.15 (1 H, s, NH), 7.71–7.62
(4 H, m, ArH), 7.45–7.29 (6 H, m, ArH), 6.87 (1 H, d, J 11.3,
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CMe=CHCH=CH), 6.48 (1 H, d, J 9.0, ArH), 6.44 (1 H, s, OH),
6.22 (1 H, t, J 11.1, CMe=CHCH=CH), 5.75 (1 H, q, J 10.3,
CMe=CHCH=CH), 5.48 (1 H, t, J 6.8, CMe=CHCH2), 3.79
(3 H, s, OMe), 3.66 (1 H, q, J 4.7, CHOTBDPS), 3.48–3.46 (2 H,
m, ArCH2), 2.25–0.82 (12 H, m, 6 × CH2), 2.00 (3 H, s, Me), 1.55
(3 H, s, Me), 1.05 (9 H, s, t-Bu); dC (75 MHz; CDCl3) mixture of
isomers 167.9 (C), 153.4 (C), 145.4 (C), 137.0 (CH), 136.2 (CH),
135.8 (CH), 134.3 (C), 133.8 (C), 129.5 (CH), 128.1 (CH), 127.4
(CH), 125.9 (CH), 124.2 (CH), 121.3 (C), 117.1 (CH), 112.2 (C),
102.8 (CH), 73.6 (CH), 55.9 (Me), 37.3 (CH2), 35.8 (CH2), 34.1
(CH2), 29.8 (CH2), 27.8 (CH2), 27.0 (Me), 24.2 (CH2), 23.8 (CH2),
19.3 (C), 15.7 (Me), 12.7 (Me); m/z (CI) 638 (MH+, 56%), 620
(100), 542 (26), 382 (32).


Ansa-lactam 36b. The above ansa-lactam (0.168 g, 0.26 mmol)
was dissolved in anhydrous THF (4 mL) and tetra-n-
butylammonium fluoride (1 M in THF; 0.65 mL, 0.65 mmol)
was added dropwise. The mixture was then stirred under reflux for
12 h, before being cooled to room temperature. The mixture was
acidified with saturated ammonium chloride solution extracted
with ethyl acetate (3 × 15 mL), the extracts combined, washed
with brine (20 mL), dried (MgSO4), filtered and evaporated in
vacuo. The crude product was purified by flash chromatography
on silica, eluting with ethyl acetate and light petroleum (4 : 1) to
give the title compound as a colourless solid (0.085 g, 80%) as a
mixture of diastereoisomers; mp 194-196 ◦C (from ethyl acetate
and light petroleum) (Found: MH+, 400.2476. C24H33NO4 +
H requires 400.2488); mmax (film)/cm−1 3468, 3401, 2925, 2853,
1652, 1590, 1525; dH (300 MHz; CDCl3) mixture of isomers 8.20
(1 H, d, J 9.0, ArH), 8.17 (1 H, s, NH), 7.06 (1 H, d, J 11.3,
CMe=CHCH=CH), 6.65 (1 H, s, OH), 6.49 (1 H, d, J 9.0, ArH),
6.33 (1 H, t, J 10.9, CMe=CHCH=CH), 5.93 (1 H, q, J 8.5,
CMe=CHCH=CH), 5.62 (1 H, t, J 7.2, CMe=CHCH2), 3.80
(3 H, s, OMe), 3.64–3.56 (1 H, m, CHOH), 3.52 (2 H, s, ArCH2),
2.36–2.33 (2 H, m, CH2), 2.17–2.15 (2 H, m, MeC=CHCH2), 2.01
(3 H, s, Me), 1.59 (3 H, s, Me), 1.82 (1 H, s, OH), 1.70–0.85 (8 H,
m, 4 × CH2); dC (75 MHz; CDCl3) mixture of isomers 168.0 (C),
153.6 (C), 145.5 (C), 136.8 (C), 133.6 (CH), 134.0 (C), 128.4 (CH),
126.1 (CH), 124.8 (CH), 121.1 (C), 117.5 (CH), 112.3 (C), 102.7
(CH), 72.4 (CH), 55.9 (Me), 38.0 (CH2), 36.7 (CH2), 34.3 (CH2),
29.3 (CH2), 27.4 (CH2), 24.7 (CH2), 24.5 (CH2), 15.6 (Me), 12.8
(Me); m/z (CI) 400 (MH+, 100%), 382 (45).


Oxidation of ansa-lactam 36b. Ansa-lactam 36b (0.029 g,
0.07 mmol) was dissolved in acetone (16 mL) and Fremy’s salt
(0.063 g, 0.29 mmol) in sodium dihydrogen phosphate buffer
(8 mL) was added. The mixture was stirred for 2 h, diluted with
ethyl acetate (30 mL). The organic layer was washed with water
(2 × 10 mL), brine (10 mL), dried (MgSO4), filtered and evaporated
in vacuo. The crude product was purified by flash chromatography
on silica, eluting with ethyl acetate and light petroleum (1 : 4) to
give the quinone as an orange oil (0.019 g, 63%) as a 1 : 8.5 mixture
of diastereoisomers (Found: MH+, 414.2293. C24H31NO5 + H
requires 414.2293); mmax (film)/cm−1 3362, 2928, 2855, 1684,
1651, 1600, 1504; dH (300 MHz; CDCl3) major isomer 8.80
(1 H, s, NH), 7.38 (1 H, d, J 11.1, CMe=CHCH=CH), 7.35 (1 H,
s, quinone-H), 6.32 (1 H, t, J 10.7, CMe=CHCH=CH), 6.05 (1 H,
q, J 8.6, CMe=CHCH=CH), 5.25 (1 H, t, J 7.2, CMe=CHCH2),
4.12 (3 H, s, OMe), 3.64–3.60 (1 H, m, CHOH), 3.19–3.13 (2 H, m,
ArCH2), 1.97 (3 H, s, Me), 1.52 (3 H, s, Me), 2.42–0.85 (13 H, m,


OH, 6 × CH2); minor isomer 8.84 (1 H, s, NH), 7.27 (1 H, d, J 11.3,
CMe=CHCH=CH), 7.16 (1 H, s, quinone-H), 5.10 (1 H, t, J 6.8,
CMe=CHCH2), 4.18 (3 H, s, OMe); dC (75 MHz; CDCl3) mixture
of isomers 184.1 (C), 183.9 (C), 168.5 (C), 156.9 (C), 139.7 (C),
138.7 (CH), 134.7 (C), 131.4 (C), 129.9 (CH), 127.7 (CH), 125.8
(C), 124.6 (CH), 111.5 (CH), 70.6 (CH), 61.7 (Me), 37.1 (CH2),
36.4 (CH2), 33.4 (CH2), 28.9 (CH2), 27.1 (CH2), 23.8 (CH2), 23.6
(CH2), 15.7 (Me), 12.3 (Me); m/z (CI) 414 (MH+, 100%), 396 (54).


Ansa-quinone carbamate 37b. The above ansa-quinone
(0.014 g, 0.038 mmol) was dissolved in dichloromethane (2.1 mL).
Sodium cyanate (0.055 g, 0.84 mmol) and trifluoroacetic acid
(0.096 g, 0.84 mmol) were then added at 0 ◦C. The mixture was
stirred slowly at room temperature for 3 h, before quenching with
sodium hydrogen carbonate solution (5%; 20 mL). The mixture
was then extracted with ethyl acetate (3 × 30 mL), combined
and washed with brine (50 mL), dried (MgSO4), filtered and
evaporated in vacuo. The crude product was purified by flash
chromatography on silica, eluting with ethyl acetate and light
petroleum (1 : 4) to give the title compound as a orange oil
(0.009 g, 58%) as a 1 : 6 mixture of diastereoisomers (Found: MH+,
457.2329. C25H32N2O6 + H requires 457.2338); mmax (film)/cm−1


3465, 3365, 2929, 2858, 1691, 1650, 1590, 1503; dH (300 MHz;
CDCl3) major isomer 8.81 (1 H, s, NH), 7.29 (1 H, s, quinone-
H), 7.08–6.99 (1 H, m, CMe=CHCH=CH), 6.35–6.28 (1 H, m,
CMe=CHCH=CH), 6.02–5.89 (1 H, m, CMe=CHCH=CH),
5.18–5.09 (1 H, m, CMe=CHCH2), 4.59 (2 H, s, CONH2), 4.12
(3 H, s, OMe), 3.24–3.12 (2 H, m, ArCH2), 1.98 (3 H, s, Me), 2.42–
2.20 (3 H, m, CH2, CH(OCONH2)), 1.58 (3 H, s, Me), 2.05–0.85
(10 H, m, 5 × CH2); minor isomer 8.91 (1 H, s, NH), 7.47 (1 H,
s, quinone-H), 2.04 (3 H, s, Me), 1.58 (3 H, s, Me); dC (75 MHz;
CDCl3) mixture of isomers 184.1 (C), 183.9 (C), 168.5 (C), 156.9
(C), 139.7 (C), 138.7 (CH), 132.1 (C), 131.1 (C), 129.9 (CH), 128.3
(C), 127.7 (CH), 125.8 (C), 124.6 (CH), 111.5 (CH), 70.6 (CH),
61.7 (Me), 37.1 (CH2), 36.4 (CH2), 33.4 (CH2), 28.9 (CH2), 27.1
(CH2), 23.8 (CH2), 23.6 (CH2), 15.7 (Me), 12.3 (Me); m/z (CI) 457
(MH+, 16%), 416 (100), 398 (28), 285 (28).


Molecular modelling


Molecular modelling was carried out in conjunction with Stephen
Connelly (University of Exeter) using the Dock function in MOE
(MOE 2004.03, Chemical Computing Group Inc, Cambridge,
UK). In MOE-Dock, the configuration space includes all orien-
tations and conformations of the ligand such that all of its atoms
are inside the docking box.


Biology


Malachite green assay. A colourimetric assay for the release
of inorganic phosphate upon hydrolysis of ATP was used to
determine the potency of Hsp90 inhibitors against the enzyme.
It is based on the formation of phosphomolybdate complex and
subsequent reaction with malachite green.105


Growth inhibition assay. The colorimetric sulforhodamine B
assay (SRB) was used to measure growth inhibition studies as
described previously.106 The IC50 was calculated as the drug
concentration that inhibits cell growth by 50% compared with
control growth.
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The preparation of 2-iminoimidazolines 3a–3f has been accomplished by the Staudinger reaction of the
carbenes 1,3-di-tert-butylimidazolin-2-ylidene (1a), 1,3-diisopropyl-4,5-dimethylimidazolin-2-ylidene
(1b), 1,3-diisopropylimidazolin-2-ylidene (1c), 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene (1d),
1,3-bis(2,6-diisopropylphenylimidazolin-2-ylidene (1e) and 1,3,4,5-tetramethylimidazolin-2-ylidene (1f)
with trimethylsilyl azide (Me3SiN3) followed by desilylation of the resulting 2-trimethylsilylimino-
imidazolines 2a–2e. The X-ray crystal structures of 2d and 2e have been established, revealing
C1–N1–Si1 angles that are more obtuse than the corresponding P–N–Si angles observed in related
trimethylsilyl iminophosphoranes. Together with 2c, the disilylated side product 1,3-diisopropyl-2-
(trimethylsilylimino)-4-trimethylsilylimidazoline (4) has been isolated and structurally characterized.
Cleavage of the N–Si bonds in 2a–2f and formation of 3a–3f is easily achieved by stirring in methanol.
The molecular structures of the 2-iminoimidazolines 2a–2c are reported, indicating that the structural
parameters are best described by non-ylidic resonance structures and that electron delocalization within
the imidazole heterocycle does not play a crucial role in these imine systems. Compound 2a forms a
head-to-head dimer in the solid state via weak intermolecular N–H · · · N contacts, which have
additionally been characterized by means of compliance constants. To further analyze the electronic
structure of these imines in comparison to related guanidine ligands, the proton affinities (PAs) of the
model compounds 2-imino-1,3-dimethylimidazoline (5), 2-imino-1,3-dimethylimidazolidine (6) and
tetramethylguanidine (7) have been calculated by means of density functional theory. Finally, the
charge distribution in 5–7 and the relative contribution of relevant resonance structures have been
determined using natural bond orbitals (NBO) and natural resonance theory (NRT).


Introduction


Ligands derived from the 1H-imidazole heterocycle currently play
a major role in organotransition metal and coordination chem-
istry. In particular, N-heterocyclic carbenes of the imidazolin-
2-ylidene type1 are nowadays ubiquitous and indispensable to
the development of diverse research areas such as homogeneous
catalysis,2 materials science3 and medicinal chemistry.4 The stabil-
ity of these carbenes can be attributed inter alia to the capability
of the imidazolium ring to effectively stabilize a positive charge
leading to strongly basic and highly nucleophilic ligands. This
behaviour can be transferred to an exocyclic moiety X at the
2-position of the N-heterocycle, so that for species such as 2-
methylen-, 2-imino- and 2-oxo-imidazolines (X = CH2, NH,
O) a strong contribution from the ylidic mesomeric structure
B (Scheme 1) must be considered.5,6 The resulting build-up
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Carolo-Wilhelmina zu Braunschweig, Hagenring 30, D-38106 Braunschweig,
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† Electronic supplementary information (ESI) available: Cartesian co-
ordinates of the atomic positions for all calculated structures and the
most important resonance structures obtained for 5–7 by NRT (natural
resonance theory) analysis. See DOI: 10.1039/b615418b


Scheme 1 Mesomeric structures of imidazole-based ligands.


of negative charge at X affords compounds with considerably
enhanced basicity and nucleophilicity. Accordingly, the heavier
2-chalcogenoimidazolines (X = S, Se, Te) have been regarded as
neutral analogues of thiolate, selenolate and tellurolate ligands,
respectively7 and, as a further example, the extensive use of the
tripodal ligand hydrotris(methimazolyl)borate is based on the
excellent electron-donating ability of the exocyclic sulfur atoms.8,9


We have exploited this concept in the synthesis of various novel
2-trimethylsilyliminoimidazolines (X = NSiMe3) and have shown
that these are suitable precursors for the synthesis of transition
metal complexes incorporating ancillary imidazolin-2-iminato
ligands (X = N−).10 Since these ligands can act as 2r,4p-electron
donors in a similar fashion to that described for related phos-
phoraneimides, R3PN−,11 they can be regarded as monodentate
analogues of cyclopentadienides, C5R5


−. With this contribution,
we now wish to give a full account of the synthesis and structural
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characterization of several 2-trimethylsilyliminoimidazolines (X =
NSiMe3) and their resulting 2-iminoimidazolines (X = NH), which
are useful building blocks for the preparation of poly(imidazoline-
2-imine) ligands currently under investigation in our laboratory.12


In addition, we report a comparative theoretical study of the
electronic structure of these imines and some related guanidine
systems.


Results and discussion


Preparation and characterization of N-silylated
2-iminoimidazolines


Silylated iminophosphoranes have been widely used for complex-
ation reactions with various metal halides or oxides to yield
phosphoraneiminato complexes by the elimination of trialkylsi-
lyl halides or hexaalkyldisiloxanes, respectively.11 Therefore, the
syntheses of analogous N-silylated 2-iminoimidazolines 2 are
of great interest in view of the possibility of generating novel
transition metal complexes via the cleavage of the N–Si bond. We
have previously reported a general high-yield synthesis of the 2-
(trimethylsilylimino)imidazolines 2;10 the reaction between readily
available stable carbenes 1 and trimethylsilyl azide (TMS-N3)
in boiling toluene furnishes the N-silylated 2-iminoimidazolines
2 in a similar way to that described for the preparation of
silylated phosphoraneimines (Scheme 2).11d,13 It is reasonable to
assume that this conversion also follows the mechanism of the
Staudinger reaction,14 which would involve nucleophilic attack of
the carbene on the terminal azide nitrogen atom and intermediate
triazene formation followed by N2 dissociation.15 This mechanism
is supported by the observation that stable triazenes can be isolated
by treatment of imidazolin-2-ylidenes with alkyl and aryl azides.16


Scheme 2 Preparation of 2-iminoimidazolines 3.


Compounds 2a (R = tBu, R′ = H), 2d (R = Mes, R1 = H), 2e
(R = Dipp, R′ = H) and 2f (R = Me, R′ = Me) are obtained as
colourless solids. In contrast, the N-silylated 2-iminoimidazolines
2b (R = iPr, R′ = Me) and 2c (R = iPr, R′ = H) are isolated as
brownish oils, which can be purified by bulb-to-bulb distillation at
180 ◦C/9 mbar affording colourless liquids. The conversion of the
carbenes bearing 4,5-hydrogen atoms (1a, 1c, 1d, 1e) can easily be
followed by 1H NMR spectroscopy, as pronounced high-field shifts
of about −0.70 ppm are observed for the resonances of the NCH
hydrogen atoms upon formation of the corresponding imines. In


the case of 2b, silylation leads to a marked low-field shift of the
septet CH resonance from 3.95–4.61 ppm. The resonances of the
trimethylsilyl protons of the compounds 2a–2c and 2f appear in the
range of 0.47–0.53 ppm, whereas in the case of the aryl-substituted
imines 2d and 2e the corresponding signals appear at −0.10 and
−0.16 ppm, respectively. In the 13C NMR spectra of all silylated
imines 2, the resonances of the former carbene carbon atoms are
found between 139 and 154 ppm, which is a shift of approximately
80 ppm up-field from the related resonances in the free carbenes 1.
According to their 1H and 13C NMR spectra, the silylated imines 2
exhibit pseudo-C2v symmetry in solution, implying either that the
N1–C1–Si axis is linear or that rotation around the N1–C1 axis
is fast on the NMR time scale. In fact, the C1–N1–Si angle in 2a
was found to be close to linearity [169.3(2)◦].10a


To study the effect of different substituents on the nitrogen
atoms, we have established the molecular structures of 2d (Fig. 1)
and 2e (Fig. 2) by means of X-ray diffraction analysis, revealing
significantly smaller angles of 147.2(1)◦ in 2d and 155.4(1) and
157.8(1)◦ for the two independent molecules in 2e (Table 1).
[A least-squares fit of the central parts of the molecules (five-
membered ring plus NSi and ipso C atoms) gave an r.m.s. deviation
of 0.05 Å; the interplanar angles of the aryl groups to the central
ring of 78.5 and 78.5◦ for molecule 1, and 81.6 and 89.0◦ for
molecule 2 show, however, that the molecular conformations
are somewhat different.] Although electronic factors might also
account for these differences,10a,b the observed trend follows the
increased steric requirements of the N-substituents [tBu (2a)
>Dipp (2e) >Mes (2d)]. This implies that the potential energy
surface is quite shallow with respect to the C–N–Si angle, as has
been previously demonstrated for phosphoraneiminato transition
metal complexes.17 On average, these angles are more obtuse
than the corresponding P–N–Si angles observed in trimethylsi-
lyl iminophosphoranes such as Ph3PNSiMe3 [140.2(2)◦] and


Fig. 1 ORTEP drawing of 2d with thermal displacement parameters
drawn at 50% probability.
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Table 1 Selected bond distances (Å) and angles (◦) for 2d, 2e, 3a–3c and 4


2d 2e 3a 3b 3c 4


C1–N1 1.267(2) 1.264(2)/1.265(2) 1.295(2) 1.294(3) 1.298(1) 1.274(4)
C1–N2 1.394(2) 1.400(2)/1.397(2) 1.390(2) 1.386(3) 1.384(1) 1.386(3)
C1–N3 1.391(2) 1.399(2)/1.397(2) 1.395(2) 1.389(3) 1.383(1) 1.392(3)
N1–Si 1.687(1) 1.677(2)/1.677(2) 1.665(2)


C1–N1–Si 147.2(1) 155.4(1)/157.8(1) 150.9(2)
N1–C1–N2 125.0(1) 131.6(2)/131.4(2) 123.5(1) 124.1(2) 127.1(1) 126.5(2)
N1–C1–N3 131.6(1) 125.6(2)/125.6(2) 131.2(1) 130.9(2) 127.9(1) 129.7(2)
N2–C1–N3 103.4(1) 102.9(2)/103.0(2) 105.3(1) 105.1(2) 105.0(1) 103.9(2)


Fig. 2 ORTEP drawing of 2e (one of two independent molecules) with
thermal displacement parameters drawn at 50% probability.


Cy3PNSiMe3 [149.8(2)◦] (Cy = cyclo-C6H11).18,19 Whereas the
exocyclic C1–N1 bond distances found in 2d [1.267(2) Å] and
2e [1.263(3), 1.265(3) Å] are the same as in 2a [1.275(3) Å] within
experimental error, slightly longer N–Si distances are observed
[1.687(1) Å (2d) and 1.677(2), 1.677(2) Å (2e) versus 1.655(3) Å
(2a)]. For comparison, the N–Si bonds in phosphoraneimines
fall in the same range [1.686(2) Å (Ph3PNSiMe3), 1.656(4) Å
(Cy3PNSiMe3)]. A more detailed evaluation and discussion of
these structural aspects will be given below in connection with
the structures of the desilylated 2-iminoimidazolines 3.


It should be noted that the conversion of 1c into 2c
was accompanied by the formation of noticeable amounts
(15%) of the compound 1,3-diisopropyl-2-(trimethylsilylimino)-4-
trimethylsilylimidazoline (4) (Scheme 3). Imine 2c can be separated
by bulb-to-bulb distillation, and sublimation of the residue affords
the disilylated 4 as a crystalline solid, which was subjected to a
single-crystal X-ray structure analysis. The molecular structure
is presented in Fig. 3, unequivocally proving that the second
trimethylsilyl substituent has been incorporated into the molecule
in the 4-position of the N-heterocycle. The additional silyl
substituent does not alter the metric parameters significantly, and
the C1–N1–Si1 angle [150.9(2)◦] and the C1–N1 [1.274(4) Å]
and N1–Si1 distances [1.665(2) Å] fall in the expected ranges


Scheme 3 Formation of the imines 2c (65%) and 4 (15%).


Fig. 3 ORTEP drawing of 4 with thermal displacement parameters drawn
at 50% probability.


(vide supra). Finally, it should be emphasized that the activation
and silylation of the 4-position in 2c is in line with previous recent
reports on the ‘abnormal’ binding of N-heterocyclic carbenes in
transition metal complexes by activation of the HC=CH imidazole
fragment.20


Preparation and characterization of 2-iminoimidazolines


The N-silylated imines 2 are useful compounds, not only be-
cause of their application in the synthesis of transition metal
complexes,5b,10,21 but also because of the possibility of producing 2-
iminoimidazolines 3 by desilylation and cleavage of the N–Si bond.
These compounds and their corresponding bases, the imidazolin-
2-imides, can serve not only as valuable ligands, but also
as building blocks for the preparation of poly(imidazoline-2-
imine) ligands.5b,12,22 Prior to this work, the 2-imino-1,3-dimethyl-
imidazoline reported by Kuhn et al. was the only well documented
2-iminomidazoline derivative, and its synthesis was achieved
by a multi-step protocol from 2-aminoimidazole.23 In con-
trast, our novel procedure for the preparation of 2-trimethyl-
silyliminoimidazolines 2 (vide supra) now allows convenient access
to 2-iminoimidazolines 3 with a variable substitution pattern by
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desilylation in methanol at ambient temperatures (Scheme 2).
The reaction is complete within two hours, and the formation
of the 2-iminoimidazolines 3 can be easily followed by 1H NMR
spectroscopy with a singlet resonance for the imine proton (NH)
emerging in the range between 4.20 and 4.77 ppm. In addition,
the desilylation is accompanied by a marked low-field shift of the
NCN 13C NMR resonance, which can be observed in the range
from 159.5 to 153.0 ppm, by about 10 ppm.


Sublimation of compounds 3 affords crystalline solids, which
proved suitable for X-ray crystal structure determination in the
cases of 3a (Fig. 4), 3b (Fig. 5) and 3c (Fig. 6). Most noticeably,
the C1–N1 bond distance in all imines 3 is increased with respect to
the corresponding distance in the silyl derivatives 2 [1.295(2) (3a),
1.294(3) (3b) and 1.298(1) Å (3c) versus 1.275(3) (2a), 1.267(2) Å
(2d) and 1.263(3)/1.265(3) Å (2e)], indicating that the imines 3
might exhibit a slightly stronger ylidic behaviour than their silyl
congeners 2. In contrast, all other structural parameters remain
almost completely unaffected by the variation of the substitution
pattern. Consequently, the previously structurally characterized
2-imino-1,3-dimethylimidazoline also exhibits similar distances
and angles, e.g. d(C1–N1) = 1.296(2) Å.23 All C1–N1 distances
observed so far clearly fall in the range expected for a C(sp2)–
N(sp2) double bond (1.28 Å),24 suggesting that the solid-state
structures of the imines 2 and 3 are in good agreement with
the non-ylidic mesomeric structure A shown in Scheme 1. This


Fig. 4 DIAMOND drawing of a hydrogen-bonded dimer of 3a showing
weak inter- and intra-molecular non-covalent contacts with thermal
displacement parameters drawn at 50% probability.


Fig. 5 ORTEP drawing of 3b with thermal displacement parameters
drawn at 50% probability.


Fig. 6 ORTEP drawing of 3c with thermal displacement parameters
drawn at 50% probability; the position of the N1–H hydrogen atom is
disordered.


is also supported by the fact that the imidazole heterocycles
in all compounds 2 and 3 show consistent differences from the
structures of imidazolium ions, which have N–C–N angles in the
range 108.3–109.7◦ and C1–N2(3) bonds ranging from 1.315 to
1.335 Å.25 For 2d and 2e, the N2–C1–N3 angles of 103.4(1)◦ and of
102.9(2) and 103.0(2)◦, respectively, are close to the corresponding
angles observed for free imidazolin-2-ylidenes (101.2–102.2◦),1,25,26


whereas the angles in 3a–3c of 105.3(1), 105.1(2) and 105.0(1)◦


adopt an intermediate position between the values found in
imidazolium ions and imidazolin-2-ylidenes. Finally, the internal
C1–N2 and C1–N3 distances of about 1.39 Å (Table 1) in both
the imines 2 and 3 are significantly longer than the corresponding
bonds in imidazolium ions (vide supra) and also in imidazolin-2-
ylidenes (1.363–1.373 Å), indicating that from a structural point of
view electron delocalization within the heterocycle does not play
a crucial role in these imine systems.


Investigation of the crystal packing in 3a–3c does not reveal
the formation of strong intermolecular N–H · · · N hydrogen
bonds, which one might have anticipated from the basicity of
the exocyclic nitrogen atoms (vide infra). Only 3a exhibits N1–
H1 · · · N1 contacts below 2.75 Å, which qualify for hydrogen
bonding according to the van der Waals cut-off criterion [rvdW(N) =
1.55 Å, rvdW(H) = 1.20 Å].27 Two molecules 3a adopt a head-
to-head arrangement with the two imine groups forming a four-
membered NHNH parallelogram (Fig. 4). The position of the
exocyclic imine hydrogen atom could be refined with individual
isotropic displacement parameters producing N–H distances of
0.87(2) and 2.57(2) Å and N1–H1 · · · N1 and H1–N1 · · · H1 angles
of 125(1) and 55(1)◦, respectively. These geometric parameters,
specifically the comparatively long non-covalent N1 · · · H1 contact
and the small N1–H1 · · · N1 angle, indicate the weakness of
the hydrogen bonds.28 In addition, intramolecular C–H · · · N1
contacts can be identified with the tert-butyl groups acting as
weak hydrogen donors towards the imine nitrogen atom.29,30 As a
consequence, the methyl groups adopt a staggered conformation
with respect to the N1–H1 bond, and the shortest N1 · · · H
distances to each of the four methyl groups below and above the
N1–H1 moiety are 2.41 and 2.50, and 2.58 and 2.79 Å, respectively.
The two shortest contacts are those to the tert-butyl group attached
to N2, and the imine group is clearly bending over towards this
alkyl substituent, since a significantly smaller N2–C1–N1 angle of
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123.5(1)◦ is observed in comparison with the adjacent N3–C1–N1
angle of 131.2(1)◦.


To investigate the relative strength of these intra- and inter-
molecular hydrogen bonds, we performed DFT (density functional
theory) calculations on a dimeric unit of 3a using an augmented
triple zeta basis set. Further details are given in the following
section. The fully optimized gas phase structure of the dimer is
similar to the solid-state structure, and the head-to-head hydrogen
bond arrangement is retained, while the non-covalent N1 · · · H1
distance of 2.644 Å is now slightly elongated. Because geometrical
parameters are not always ideal interaction strength descriptors,29


we additionally computed generalized compliance constants as
a second order property.31 The results indeed point to a very
weak non-covalent N1 · · · H1 interaction, which is reflected by the
high value of 24.40 Å mdyn−1. In comparison, strong N–H · · · N
interactions such as in the adenine–thymine or guanine–cytosine
base pairs are indicated by short contacts with d(N · · · H) <


2 Å and compliance constants of 4.50 and 2.28 Å mdyn−1,
respectively.32 The intramolecular C–H · · · N1 contacts mentioned
above are also reproduced by our gas phase calculation with
distances ranging from 2.42 to 2.72 Å. The associated compliance
constants amount to 8.71–9.31 mdyn Å−1, indicating that the
intramolecular non-covalent interactions are significantly stronger
than the intermolecular ones. Accordingly, we suggest that these
C–H · · · N contacts are responsible for the reduced tendency of
the notably polarized imine moiety to aggregate via strong N–
H · · · N hydrogen bonds and that the negative charge on the
exocyclic nitrogen atom (vide infra) is consequently tempered by
delocalization. The other structures discussed here have not been
theoretically analysed in such detail. The structures as determined
do not display significant N–H · · · N contacts, and the intra- and
inter-molecular C–H · · · N contacts are in general appreciably
longer than in 3a (e.g. intramolecular Cmethyl–H · · · N of 2.53 Å
in 3b, or intermolecular C3–H · · · N of 2.66 Å in 3c).


Comparative calculations of ligand properties


Since 2-iminoimidazolines represent interesting ligands in their
own right and can also serve as valuable building blocks for the
preparation of poly(imidazoline-2-imine) ligands,5b,12 22 we became
interested in further investigation of their electronic structure
in comparison with related guanidine-type ligands.33 Thus, we
have performed extensive and systematic DFT calculations on the
model systems 5–7 (Scheme 4). All computations were performed
using the hybrid density functional method B3LYP implemented
in the Gaussian03 program34 in combination with a triple zeta
basis set augmented with polarization functions on hydrogen and
all heavy atoms [6-311++G(d,p)]. Since the ligand basicity can be
regarded as a key feature in terms of their reactivity towards tran-
sition metals, we calculated the proton affinities (PAs) of 2-imino-
1,3-dimethylimidazoline (5), 2-imino-1,3-dimethylimidazolidine
(6) and tetramethylguanidine (7). The computed values are given
in Scheme 4. In contrast to earlier calculations employing a
reduced basis set [6-31+G(d,p)], we could not reproduce the
exceptionally high proton affinity of 253.4 kcal mol−1 reported
for 5.5b Our calculations reveal only slight differences in the
proton affinities obtained for 5–7 with the highest value observed
for tetramethylguanidine (7) (246.6 kcal mol−1) followed by 5


Scheme 4 Calculated proton affinities (PAs) of guanidine model systems
5–7.


(246.0 kcal mol−1) and 6 (244.6 kcal mol−1). This trend is in
agreement with recent calculations on 6 and 7.35,36


Since proton affinities should not be regarded as the one and
only descriptor for ligand Lewis basicity, we have additionally
computed the NBO (natural bond orbital) charges for the exocyclic
nitrogen atoms. In contrast to the trend in the PAs, a pronounced
difference is found between 5 (−0.822), its saturated analogue 6
(−0.781) and acyclic 7 (−0.755). In order to explain these results
further in terms of resonance structures, all possible contributions
to the total electronic wave function have been determined by
means of natural resonance theory (NRT).37,38 Evaluation of the
relative contribution of all ylidic resonance structures of type B for
compounds 5–7 reveals (Scheme 5) an increase of the zwitterionic
nature for the guanidine 7 (to 14.1%), the saturated ligand 6
(to 16.7%) and the 2-iminoimidazoline system 5 (to 20.6%). A
complete list of the most important NRT structures is given in the
ESI.† This trend is consistent with the stronger capability of the
imidazole ring in 5 to stabilize a positive charge in comparison
with the NCN moieties in 6 and 7. Accordingly, 2-iminoidazolines
should be particularly well suited for the complexation of Lewis-
acidic transition metal complex fragments and for the stabilization
of electron deficient transition metal complexes.


Scheme 5 Relative contributions from the ylidic mesomeric structures B
and NBO charges of the exocyclic nitrogen atom for the guanidine model
systems 5–7.


Conclusions


With this contribution, we have presented a convenient and flexible
route for the preparation of various 2-iminoimidazolines. Our
results suggest that the basic and nucleophilic properties of the
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imidazolin-2-ylidenes are transferred to the exocyclic nitrogen
atom. As a result, these imines are strong bases that are likely
to exhibit even stronger nucleophilic properties than related
guanidine-type systems and might therefore serve as valuable
ligands in their own right, and also as important building blocks
for the design and preparation of novel multidentate poly(2-
iminoimidazoline) ligands. In addition, applications in organic
synthesis such as the aza-Wittig reaction can be envisaged.14c,39


Experimental


All operations were performed in an atmosphere of dry argon by
using Schlenk and vacuum techniques. All solvents were purified
by standard methods and distilled prior to use. 1H and 13C NMR
spectra were recorded on JEOL-GX 400 (400 MHz), JEOL-
GX 270 (270 MHz), Bruker AC 200, Bruker DPX 200, Bruker
AV 300 and Bruker DPX 400 devices. The chemical shifts are
given in ppm relative to TMS. The spin coupling patterns are
indicated as s (singlet), d (doublet), m (multiplet), sept (septet)
and br (broad, for unresolved signals). Elemental analysis (C, H,
N) succeeded by combustion and gas chromatographical analysis
with a Vario EL III CHNS, Carlo Erba Mod. 1106 and a Vario
Micro Cube. Trimethylsilyl azide was received from Aldrich and
dried over molecular sieve (4 Å). The imidazolin-2-ylidenes 1a–
1f 40–42 and the 2-(trimethylsilylimino)imidazolines 2a–2e 10 were
prepared according to literature procedures.


1,3,4,5-Tetramethyl-2-(trimethylsilylimino)imidazoline (2f)


A solution of 1,3,4,5-tetramethylimidazolin-2-ylidene (1f)
(1.242 g, 10 mmol) in toluene (20 mL) was treated dropwise
with trimethylsilyl azide (14 mmol) at ambient temperature, and
the resulting reaction mixture was subsequently heated in boiling
toluene for 24 h. Filtration and evaporation of the solvent afforded
the desired product as a yellowish solid, which can be further
purified by sublimation (yield: 1.416 g, 67%). 1H NMR (200 MHz,
C6D6, 25 ◦C): d 2.80 (s, 6 H, NCH3), 1.45 (s, 6 H, CCH3), 0.53 (s,
12 H, SiCH3) ppm. 13C NMR (50.32 MHz, C6D6): d 152.9 (NCN),
113.1 (NCMe), 28.4 (CHMe), 8.6 (NCCH3), 5.1 (SiCH3) ppm.


General procedure for the preparation of 2-iminoimidazolines 3


2-(Trimethylsilylimino)imidazolines 2 (1 equiv.) were treated with
an excess of CH3OH (15 equiv.) at ambient temperature for 2 h.
The solvent was then removed in vacuo and the product extracted
with n-hexane. Filtration and evaporation of n-hexane afforded
the imines as colourless solids (3a, 3c, 3d and 3e) or as brownish
oils (3b and 3f), respectively, of which the latter can be purified by
bulb-to-bulb distillation at 70 ◦C/0.1 mbar.


Compound 3a. Yield: 96%. Found: C, 67.39; H, 11.01; N,
21.27%. Calc. for C11H21N3: C, 67.65; H, 10.84; N, 21.51%; 1H
NMR (270 MHz, C6D6, 25 ◦C): d 5.94 (s, 2 H, NCH), 1.39 (s,
18 H, CCH3) ppm. 13C NMR (100.52 MHz, C6D6): d 153.1 (NCN),
107.0 (NCH), 53.8 (NCMe), 27.7 (CCH3) ppm.


Compound 3b. Yield: 97%. Found: C, 67.29; H, 11.15; N,
21.45%. Calc. for C11H21N3: C, 67.65; H, 10.84; N, 21.51%; 1H
NMR (270 MHz, C6D6, 25 ◦C): d 4.31 (s, 1 H, NH), 4.17 (sept.,
3JH,H = 6.8 Hz, 2 H, CHMe), 1.63 (s, 6 H, CH3), 1.37 (d, 3JH,H =
7.2 Hz, 12 H, CH3) ppm. 13C NMR (100.52 MHz, C6D6): d


153.4 (NCN), 113.3 (NCMe), 44.8 (CHMe), 20.4 (CHCH3), 9.6
(NCCH3) ppm.


Compound 3c. Yield: 91%. Found: C, 64.59; H, 10.71; N,
25.13%. Calc. for C9H17N3: C, 64.63; H, 10.24; N, 25.12%; 1H
NMR (270 MHz, C6D6, 25 ◦C): d 5.81 (s, 2 H, NCH), 4.25 (s,
1 H, NH), 4.13 (br., 2 H, CHMe), 0.96 (d, 3JH,H = 6.7 Hz, 12 H,
CH3) ppm. 13C NMR (67.93 MHz, C6D6): d 153.0 (NCN), 106.4
(NCMe), 44.2 (CHMe), 21.1 (CHCH3) ppm.


Compound 3d. Yield: 95%. 1H NMR (400 MHz, C6D6, 25 ◦C):
d 6.76 (s, 4 H, m-H), 5.71 (s, 2 H, NCH), 4.28 (s, 1 H, NH), 2.23 (s,
12 H, o-CH3), 2.11 (s, 6 H, p-CH3) ppm. 13C NMR (100.52 MHz,
C6D6): d 151.7 (NCN), 137.7 (ipso-C), 137.2 (p-CMe), 134.3 (o-
CMe), 129.2 (m-CH), 112.0 (CH), 20.8 (p-CCH3), 17.9 (o-CCH3)
ppm.


Compound 3e. Yield: 97%. Found: C, 80.27; H, 9.02; N,
10.26%. Calc. for C27H37N3: C, 80.35; H, 9.24; N, 10.41%; 1H
NMR (400 MHz, C6D6, 25 ◦C): d 7.22 (m, 4 H, m-H), 7.14 (s,
2 H, p-H), 5.87 (s, 2 H, NCH), 4.21 (br., 1 H, NH), 3.22 (sept.,
4 H, CHMe), 1.35 (d, 12 H, CH3), 1.22 (d, 12 H, CH3) ppm. 13C
NMR (100.52 MHz, C6D6): d 159.5 (NCN), 154.6 (ipso-C), 148.6
(o-C), 129.6 (p-CH), 124.3 (m-CH), 113.6 (CH), 29.0 (CHMe),
24.1 (CHCH3), 24.0 (CHCH3) ppm.


Compound 3f. Yield: 97%. Found: C, 60.63; H, 9.53; N,
29.83%. Calc. for C7H13N3: C, 60.40; H, 9.41; N, 30.19%; 1H NMR
(200.13 MHz, C6D6, 25 ◦C): d 4.20 (s, 1 H, NH), 2.75 (s, 6 H,
NCH3), 1.48 (s, 6 H, CCH3) ppm. 13C NMR (50.32 MHz, C6D6):
d 155.4 (NCN), 113.0 (NCMe), 44.8 (CHMe), 27.7 (CHCH3), 8.4
(NCCH3) ppm.


1,3-Diisopropyl-2-(trimethylsilylimino)-4-trimethylsilylimidazoline
(4)


A solution of the 1,3-diisopropyl-4,5-dimethylimidazolin-2-
ylidene (1c) (1.522 g, 10 mmol) in toluene (20 mL) was treated
dropwise with trimethylsilyl azide (20 mmol) at ambient tempera-
ture, and the resulting reaction mixture was subsequently heated in
boiling toluene for 24 h. Filtration and evaporation of the solvent
afforded the mixture of the mono- and di-silylated product in the
ratio 5 : 1 according to the integration of the 1H NMR peaks. The
monosilylated product was distilled off by bulb-to-bulb distillation
at 180 ◦C/9 mbar, and the disilylated product was sublimed from
the residue to give a white solid (yield: 0.498 g, 16%). Found:
C, 57.83; H, 10.26; N, 13.85%. Calc. for C15H33N3Si2: C, 57.82; H,
10.67; N, 13.48%; 1H NMR (400 MHz, C6D6, 25 ◦C): d 6.19 (s, 1 H,
NCH), 4.27 (sept., 1 H, CHMe), 3.94 (sept., 1 H, CHMe), 1.54 (d,
6 H, CCH3), 0.95 (d, 6 H, CCH3), 0.48 (s, 9 H, SiCH3) and 0.14 (s,
9 H, SiCH3) ppm. 13C NMR (100.52 MHz, C6D6): 143.8 (NCN),
121.8 (NCH), 115.2 (NCSi), 50.5 (CHMe), 43.9 (CHMe), 22.0
(CHCH3), 19.9 (CHCH3), 4.4 (NSiCH3), −0.6 (CSiCH3) ppm.


Single-crystal X-ray crystal structure determinations


Compounds 2d, 3a, 3b. Data were recorded at −100 ◦C on
an area detector (NONIUS, MACH3, j-CCD) at the window
of a rotating anode (NONIUS, FR591) using MoKa radiation
(k = 0.71073 Å). Absorption corrections were applied during the
scaling procedure. Structures were refined on F 2 using the program
system SHELXL-97 (G. M. Sheldrick, University of Göttingen,
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Germany). All other calculations were performed with the
STRUX-V system, including the programs PLATON (A. L. Spek,
University of Utrecht, Netherlands), SIR92 (C. Giacovazzo,
University of Bari, Italy). All hydrogen atom positions were found
in difference maps. The hydrogen positions were refined with
individual isotropic displacement parameters. Exceptions/special
features: for 3a, hydrogen atoms were included using rigid methyl
groups allowed to rotate but not tip, or a riding model; for 3b, in the
absence of significant anomalous scattering, no Friedel opposite
reflections were registered.


Crystal data for 2d: C24H33N3Si, triclinic, space group P1̄, a =
8.4729(1), b = 8.9346(1), c = 15.8498(3) Å, a = 88.5376(6), b =
80.8585(6), c = 83.8057(6)◦, Z = 2. A yellow irregular fragment
0.40 × 0.35 × 0.35 mm was used to record a total of 8419 reflections
to 2hmax 50.7◦, of which 4282 were unique. The structure was refined
to wR2 = 0.104 (all reflections), R1 = 0.0374 [I > 2r(I)] for 385
parameters; S = 1.03, max. Dq 0.24 e Å−3.


Crystal data for 3a: C11H21N3, monoclinic, space group P21/c,
a = 9.8042(1), b = 11.0624(2), c = 11.6724(2) Å, b = 112.3293(7)◦,
Z = 4. A colourless fragment 0.3 × 0.15 × 0.13 mm was used to
record a total of 4140 reflections to 2hmax 50.7◦, of which 2137 were
unique. The structure was refined to wR2 = 0.0981 (all reflections),
R1 = 0.038 [I > 2r(I)] for 137 parameters; S = 1.04, max.
Dq 0.16 e Å−3.


Crystal data for 3b: C11H21N3, monoclinic, space group Cc, a =
7.5606(2), b = 16.9628(4), c = 9.1745(2) Å, b = 92.2557(8)◦, Z = 4.
A colourless fragment 0.36 × 0.18 × 0.15 mm was used to record a
total of 1080 reflections to 2hmax 50.8◦, of which 1080 were unique.
The structure was refined to wR2 = 0.0673 (all reflections), R1 =
0.0296 [I > 2r(I)] for 211 parameters; S = 1.10, max. Dq 0.09 e Å−3.


CCDC reference numbers 618030 (2d), 618032 (3a), 618033 (3b).
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b615418b.


Compounds 2e, 3c, 4. Data were recorded at −140 ◦C on a
Bruker SMART 1000 CCD diffractometer (MoKa radiation, k =
0.71073 Å). No absorption corrections were applied. Structures
were refined on F 2 using the program system SHELXL-97
(G. M. Sheldrick, University of Göttingen, Germany). Hydrogen
atoms were included using rigid methyl groups allowed to rotate
but not tip, or a riding model. Exceptions/special features: for
3c, the hydrogen atom of the NH group was disordered over two
positions, which were refined with half occupancy and an N–H
distance restraint.


Crystal data for 2e: C30H45N3Si, triclinic, space group P1̄, a =
9.6170(8), b = 12.4620(10), c = 25.214(2) Å, a = 88.322(2),
b = 84.261(2), c = 79.785(2)◦, Z = 4. A colourless irregular
fragment 0.40 × 0.35 × 0.3 mm was used to record a total of
20 896 reflections to 2hmax 56.6◦, of which 14 394 were unique. The
structure was refined to wR2 = 0.127 (all reflections), R1 = 0.055
[I > 2r(I)] for 635 parameters; S = 0.90, max. Dq 0.42 e Å−3.


Crystal data for 3c: C9H17N3, monoclinic, space group P21/c,
a = 10.3194(11), b = 8.4799(9), c = 12.1497(13) Å, b = 106.293(2)◦,
Z = 4. A colourless tablet 0.3 × 0.3 × 0.1 mm was used to record a
total of 11 493 reflections to 2hmax 61◦, of which 3121 were unique.
The structure was refined to wR2 = 0.128 (all reflections), R1 =
0.050 [I > 2r(I)] for 120 parameters and 1 restraint; S = 1.03,
max. Dq 0.31 e Å−3.


Crystal data for 4: C15H33N3Si2, monoclinic, space group P21/n,
a = 11.259(2), b = 9.8467(18), c = 18.752(3) Å, b = 103.035(6)◦,
Z = 4. A colourless prism 0.5 × 0.15 × 0.1 mm was used to record
a total of 17 512 reflections to 2hmax 53.7◦, of which 4145 were
unique. The structure was refined to wR2 = 0.158 (all reflections),
R1 = 0.063 [I > 2r(I)] for 191 parameters; S = 1.13, max.
Dq 0.39 e Å−3.


CCDC reference numbers 618031 (2e), 618034 (3c), 618035 (4).
For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b615418b.
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C. Köcher, Angew. Chem., Int. Ed. Engl., 1997, 36, 2162–2187; A. J.
Arduengo, III and R. Krafczyk, Chem. Unserer Zeit, 1998, 32, 6–14;
Anthony J. Arduengo, III, Acc. Chem. Res., 1999, 32, 913–921; D.
Bourissou, O. Guerret, F. P. Gabbaı̈ and G. Bertrand, Chem. Rev.,
2000, 100, 39–91; C. Wentrup, Science, 2001, 292, 1846–1847; V. Nair,
S. Bindu and V. Sreekumar, Angew. Chem., 2004, 116, 5240–5245; V.
Nair, S. Bindu and V. Sreekumar, Angew. Chem., Int. Ed., 2004, 43,
5130–5135; F. E. Hahn, Angew. Chem., 2006, 118, 1374–1378; F. E.
Hahn, Angew. Chem., Int. Ed., 2006, 45, 1348–1352.


2 L. Jafarpour and S. P. Nolan, Adv. Organomet. Chem., 2000, 46, 181–
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M. Grathwohl, J. Wiehoff, G. Frenking and Y. Chen, Z. Anorg. Allg.
Chem., 2003, 629, 793–802.


6 C. J. Carmalt and A. H. Cowley, Adv. Inorg. Chem., 2000, 50, 1–
32; N. Kuhn and A. Al-Sheikh, Coord. Chem. Rev., 2005, 249, 829–
857.


7 N. Kuhn, K. Kotowski, T. Kratz and G. Henkel, Phosphorus, Sulfur
Silicon Relat. Elem., 1998, 136–138, 517–520.


8 M. Garner, J. Reglinski, I. Cassidy, M. D. Spicer and A. R. Kennedy,
Chem. Commun., 1996, 1975–1976.


9 Selected recent publications: V. K. Landry, J. G. Melnick, D. Buccella,
K. Pang, J. Ulichny and G. Parkin, Inorg. Chem., 2006, 45, 2588–2597;
J. G. Melnick, G. Zhu, D. Buccella and G. Parkin, J. Inorg. Biochem.,


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 523–530 | 529







2006, 100, 1147–1154; M. Rombach, J. Seebacher, M. Ji, G. Zhang, G.
He, M. M. Ibrahim, B. Benkmil and H. Vahrenkamp, Inorg. Chem.,
2006, 45, 4571–4575; C. A. Dodds, M. Garner, J. Reglinski and M. D.
Spicer, Inorg. Chem., 2006, 45, 2733–2741; A. Cetin and C. J. Ziegler,
Dalton Trans., 2006, 1006–1008; S. L. Kuan, W. K. Leong, L. Y. Goh
and R. D. Webster, J. Organomet. Chem., 2006, 691, 907–915; C. A.
Dodds, J. Reglinski and M. D. Spicer, Chem.–Eur. J., 2006, 12, 931–939;
I. R. Crossley, A. F. Hill and A. C. Willis, Organometallics, 2006, 25,
289–299.


10 (a) M. Tamm, S. Randoll, T. Bannenberg and E. Herdtweck, Chem.
Commun., 2004, 876–877; (b) M. Tamm, S. Beer and E. Herdtweck,
Z. Naturforsch., B: Chem. Sci., 2004, 59, 1497–1504; (c) M. Tamm, S.
Randoll, E. Herdtweck, N. Kleigrewe, G. Kehr, G. Erker and B. Rieger,
Dalton Trans., 2006, 459–467.


11 (a) D. W. Stephan, Organometallics, 2005, 24, 2548–2560; (b) K.
Dehnicke and A. Greiner, Angew. Chem., 2003, 115, 1378–1392; K.
Dehnicke and A. Greiner, Angew. Chem., Int. Ed., 2003, 42, 1340–
1354; (c) K. Dehnicke, M. Krieger and W. Massa, Coord. Chem. Rev.,
1999, 182, 19–65; (d) K. Dehnicke and F. Weller, Coord. Chem. Rev.,
1997, 158, 103–168; (e) K. Dehnicke and J. Strähle, Polyhedron, 1989,
6, 707–726.


12 M. Tamm, D. Petrovic, S. Beer, S. Randoll, S. Filimon and T. Glöge,
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An unusual ring-expansion reaction of 4-amino-1,1-dioxo-[1,2,3,5]-thiatriazoles 4 has been identified
that produces the relatively rare 5-amino-1,1-dioxo-[1,2,4,6]-thiatriazines 6 and 9. Initial alkylation of
the thiatriazole 4 with a-halo-esters at N-3 produces a-substituted esters which, under basic reaction
conditions, undergo opening of the thiatriazole ring and re-closure to a thiatriazine ring. Similar
alkylations of 4 with diethyl chloromalonate and ethyl dichloroacetate lead to the loss of SO2 and the
production of triazine 10a and triazole 14, apparently by an initial alkylation at N-5. The reaction of 4
with phenacyl bromides or a phenacyl dibromide forms fully unsaturated
5-amino-1,1-dioxo-[1,2,4,6]-thiatriazines 13.


Introduction


Amino-substituted 1,2,4,6-thiatriazine-1,1-dioxides remain a rel-
atively unexplored class of heterocyclic compounds. During the
1970s and 1980s, there was interest in their synthesis because
of the potentially valuable biological activity of some members
of this class. The 3,5-diamino derivatives in particular, were
investigated for their histamine H2 antagonism and antiulcer
activity, as typified by Hoechst’s HUK 978 (1).1 The related 5-
amino-2H-1,2,4,6-thiatriazin-3-ones received attention for their
herbicidal activity. The dimethylamino derivative 2 can be used
to control mildew and rust, and exhibits herbicidal action.2 The
key step in the syntheses of these compounds involves ring closure
by intramolecular attack of a sulfamide onto a cyanamide3 or
carbamate.2


As part of a programme aimed at the discovery of novel, low
molecular weight, heterocyclic compounds with potential biolog-
ical activity, we have been investigating the use of N,N-dialkyl-
(N ′-chlorosulfonyl)chloroformamidines, such as 3 (Scheme 1), as
versatile intermediates for the preparation of a diverse range of
sulfur-containing heterocycles.4,5 This has included a study of


Scheme 1
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the synthesis and properties of 4-dialkylamino-1,2,3,5-thiatriazole
1,1-dioxides, such as 4,4 readily prepared by reaction between
dichloride 3 and hydrazines. In the course of these investigations,
we treated the thiatriazole 4b with methyl 2-bromopropanoate
in the presence of K2CO3, expecting to form the simple N-
alkylated product 5b (Scheme 2). Surprisingly, the major product
from this reaction was not 5b, but a ring-expanded compound.
X-Ray analysis confirmed that the product was a derivative of
the relatively rare 5-amino-1,2,4,6-thiatriazine 1,1-dioxide system,
6b.6 Herein we describe the results of an investigation of the scope
of this reaction, and show that variation of the electrophile can
result in additional reactions involving unsaturation or the loss of
SO2.


Scheme 2


Results and discussion


Having established the identity of the unexpected ring-expanded
product to be 6b, the effect of changing the substitution on the
phenyl substituent of 4 was investigated. The reactions of three
more thiatriazoles 4a, 4c and 4d with methyl 2-bromopropanoate
were studied and the results are shown in Table 1. It was found that
in these cases, if the reaction was performed at room temperature
(20 ◦C), significant quantities of simple N-alkylated products 5a,
5c and 5d were isolated, with 5a being the exclusive product formed
from 4a. No N-alkylated products were isolated if these reactions
were warmed to 50 ◦C; the major products in all three cases being
the ring-expanded compounds 6a, 6c and 6d.


This ring-expansion appears to be related to a reaction identified
by Bartholomew and Kay in 1977 (Scheme 3).7 Examination of
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Table 1 Preparation of 5-dimethylamino-1,1-dioxo-1,2,4,6-thiatriazines


Product Ar Temperature/◦C Yielda (%)


6a Ph 50 b 37
6b 3,5-Di-Cl–Ph 20 20
6c 2,6-Di-Cl–Ph 50 c 31
6d 4-CF3–Ph 50 c 37


a Isolated yields after purification by crystallization or trituration. b No
ring expansion at room temperature. c Mixture of N-alkylated and ring-
expanded products at room temperature.


Scheme 3


the mechanism suggested by these workers for their reaction,
and the apparent promotion of the current reaction by electron
withdrawing groups present on the aromatic ring of 4, lead us to
propose the mechanism shown in Scheme 4. According to this
mechanism, the reaction begins by the removal of the proton on
the ring nitrogen in 4. This proton is known to be quite acidic,
as demonstrated by the solubility of 4a in aqueous NaHCO3.
Displacement of the bromide from methyl 2-bromopropanoate
by anion 7 gives the N-alkylated product 5, which ring-opens
in the presence of base to give the sulfonamide anion 8. Ring
closure at the imine-type carbon, followed by protonation gives the
ring expanded product 6. Support for this proposed mechanism
was found when the N-alkylated product 5a, which had been
isolated from the room temperature treatment of 4a with methyl 2-
bromopropanoate, was exposed to the same conditions that were
used to prepare 6a from 4a. The result was the isolation of 6a as
the sole product in 82% yield.


Scheme 4


Electron withdrawing chlorine or trifluoromethyl substituents
in 4b–d presumably facilitate the ring-opening of 5 to form the
intermediate 8, leading to the moderate to exclusive production of
the ring expanded products 6b–d at room temperature, something
that was not observed with 4a. Interestingly, when the more
strongly electron withdrawing 4-nitro substituent was present in
the starting material 4 (Ar = 4-NO2–Ph), the result was a complex
mixture. It is likely that the nitro group increases the lifetime of


the acyclic intermediate 8 (Ar = 4-NO2–Ph) such that multiple
reaction pathways then become accessible.


To further investigate the scope of this unusual ring-expansion
reaction, 4a was treated with a number of other electrophiles.
Several of these, such as 3-chloropentan-2,4-dione, produced
complex mixtures, but two in particular, diethyl chloromalonate
and ethyl 2-chloroacetoacetate, produced identifiable products
when mild reaction conditions were used (Scheme 5).


Scheme 5


Compounds 9a and 9b appear to result from ring expansion
reactions analogous to those that produce 6a–d, but in the case
of the chloromalonate reaction, a second product was obtained.
Analytical data for this compound were consistent with it being
the triazine 10a, and its strong yellow colour was reminiscent of
related ring systems.8,9 The formation of 10a involves the expulsion
of SO2, and a suggested mechanism for this process is shown in
Scheme 6. A distinguishing feature of this mechanism is the initial
alkylation of N-5 rather than N-3 to give 11. The action of base on
this intermediate would lead to ring-opening and expulsion of SO2,
to give the highly delocalised anion 12. Ring closure by attack on
an ester functionality would lead to the observed triazinone 10a.


Scheme 6


The thiatriazole 4a was then treated with a third class of
electrophile, the phenacyl bromides, which led to ring expanded
products in moderate yields (Scheme 7). The analytical data for the
products of these reactions were consistent with their assignment
as 13a and 13b. It appears that the added conjugation possible


Scheme 7
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with the attached phenacyl groups has promoted aerial oxidation
of the intermediate ring-expansion products to give the highly
conjugated compounds 13a and 13b. The structural assignment of
13b was confirmed by X-ray analysis.10


Bartholomew and Kay also identified a related ring-expansion
reaction in which the electrophile possessed two leaving groups so
that, after alkylation and ring-expansion, elimination occurred,
leading to an unsaturated product (Scheme 8).7 It was of interest
to learn if a similar process would occur in the current system, thus
4a was treated with ethyl dichloroacetate and K2CO3 under the
conditions described earlier. This reaction gave a major product
that, surprisingly, did not contain sulfur and was shown to be
the triazole 14 (Scheme 9). A mechanism that accounts for the
formation of 14 is shown in Scheme 9, and is related to that
proposed for the formation of 10a, involving initial alkylation
of N-5 and ring closure at the imine-type carbon rather than the
carbonyl carbon of the ester moiety.


Scheme 8


Scheme 9


In contrast to the result obtained with ethyl dichloroacetate,
when a dihalide lacking an ester functionality, the phenacyl
dibromide 15, was allowed to react with 4a, the anticipated
unsaturated ring-expansion product 13c was produced in good
yield (Scheme 10).


Scheme 10


Experiments were also performed with 4a and other elec-
trophiles, including 2-chloroamides and 2-chlorosulfonamides,
and bromomethyl phenylsulfone, but none of these reactions
produced significant quantities of N-alkylated or ring-expanded
products. The electrophiles used in these reactions do not appear
to be sufficiently activated to participate in reactions with anion
7 under the conditions employed, and were generally recovered
from the reaction mixtures unchanged.


Experimental


General experimental methods


The general methods used in this study were the same as
those previously reported.4 1H NMR spectra were recorded at
298 K unless otherwise stated. Electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI) mass spectra
were recorded on a Fisons Instruments VG Platform quadrupole
mass spectrometer using positive (+) and negative (−) ion modes
with a cone voltage of 50 eV, and acetonitrile as the solvent,
unless otherwise stated. The preparation of 4c has been described
previously.4


Preparation of triazoles


(1,1-Dioxo-2-phenyl-2,3-dihydro-1H -1k6-[1,2,3,5]thiatriazol-4-
yl)dimethylamine (4a). Phenylhydrazine (9.0 g, 83 mmol) in
CH2Cl2 (8 cm3) was added over 20 min to the dichloride 311,12


(17.0 g, 83 mmol) in CH2Cl2 (85 cm3) at 5 ◦C. After 25 min,
triethylamine (24 cm3, 174 mmol) was added over 80 min at
5 ◦C. After 4 days at rt the reaction mixture was poured into
ice-cold HCl (2 M, 100 cm3) and enough diethyl ether was added
to float the organic phase. The whole was filtered and the residue
was washed with water, HCl (0.1 M) and water. The solid was
added to aqueous Na2CO3 (1 M, 150 cm3) and stirred until the
majority had dissolved. The resulting brown solution was washed
with CH2Cl2 (2 × 30 cm3) and the aqueous phase was cooled in
ice and acidified with conc. HCl. The mixture was filtered and the
residue washed thoroughly with water and dried to give the title
compound as a white solid (5.50 g, 28%). Mp 106–107 ◦C (dec.);
found: C, 45.1; H, 5.15; N, 23.4; S, 13.6. Calc. for C9H12N4O2S: C,
45.0; H, 5.0; N, 23.3; S, 13.3%); 1H NMR (400 MHz, DMSO-d6)
dH 3.04 (6H, s, 2 × CH3), 7.16–7.22 (3H, m, ArH), 7.36 (2H, m,
ArH), 10.53 (1H, br s, NH); 13C NMR (100.6 MHz, DMSO-d6):
dC 37.6 (br s), 120.2, 125.9, 129.3, 142.6, 160.2; m/z (ESI+) 263.1
(M + Na)+, 279.0 (M + K)+.


[2-(3,5-Dichlorophenyl)-1,1-dioxo-2,3-dihydro-1H -1k6-[1,2,3,5]-
thiatriazol-4-yl]dimethylamine (4b). The dichloride 3 (0.5 g,
3 mmol) was added to a stirred suspension of 3,5-dichlorophenyl-
hydrazine hydrochloride (0.42 g, 2 mmol) in CH2Cl2 (10 cm3) at
0 ◦C followed by triethylamine (0.6 g, 6 mmol) added dropwise.
After 48 h at rt the solution was stirred into aqueous citric acid
(50 cm3, 10%) , the organic phase was separated and the solvent
removed under reduced pressure. The residue was stirred with a
mixture of diethyl ether (50 cm3) and aqueous NaOH (20 cm3,
5%), the aqueous phase was removed, extracted with a fresh
portion of diethyl ether and acidified by addition of an excess
of conc. HCl. After 3 h the precipitate was collected by filtration
to give the product as a cream powder (0.28 g, 45%). A sample
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was recrystallized from ethyl acetate to give a white powder. Mp
118–120 ◦C (dec.); found: C, 35.1; H, 3.3; N, 18.1; S, 10.4. Calc.
for C9H10Cl2N4O2S: C, 35.0; H, 3.3; N, 18.1; S, 10.4%; 1H NMR
(400 MHz, DMSO-d6) dH 3.05 (6H, s, 2 × CH3–N), 7.25 (2H, d, J
2.0 Hz, ArH), 7.41 (1H, t, J 2.0 Hz, ArH), 10.66 (1H, br s, NH);
13C NMR (100.6 MHz, DMSO-d6) dC 37.7, 118.3, 125.2, 134.8,
145.0, 159.8; m/z (ESI−, MeOH) 307.1 (M−H)−.


(1,1 -Dioxo-2 - (4 - trifluoromethylphenyl) -2,3 -dihydro-1H-1k6-
[1,2,3,5]thiatriazol-4-yl)dimethylamine (4d). 4-Trifluoromethyl-
phenylhydrazine (0.88 g, 5 mmol) was stirred into a solution of
the dichloride 3 (1.02 g, 6 mmol) in DMF (2.5 cm3). After 30 min
N,N-diisopropylethylamine (1.55 g, 12 mmol) was added dropwise
over 5 min, the mixture was stirred overnight and poured into a
mixture of HCl (20 cm3, 2 M) and diethyl ether–cyclohexane (1 :
1, 10 cm3). After 1 h the mixture was filtered and the solid washed
with water and then diethyl ether–cyclohexane (1 : 1) to give the
product (0.53 g, 35%) as a colourless powder. Mp 121–124 ◦C;
found: C, 39.05; H, 3.7; N, 18.2; S, 10.4. Calc. for C10H11F3N4O2S:
C, 39.0; H, 3.6; N, 18.2; S, 10.4%; 1H NMR (400 MHz, CDCl3) dH


3.17 (6H, s, 2 × CH3–N), 7.33 (2H, d, J 8.4 Hz, ArH), 7.37 (1H,
br s, NH), 7.59 (2H, d, J 8.4 Hz, ArH); 13C NMR (125.8 MHz,
DMSO-d6) dC 37.2 (br s), 119.1, 124.2 (q, 1JCF = 272 Hz), 125.2
(q, 2JCF = 33 Hz), 126.1 (d, 3JCF = 3 Hz), 145.4, 159.3; 19F NMR
(376.5 MHz, DMSO-d6–CFCl3) dF −61.0; m/z (ESI−) 307.1 (M −
H)−, 615.0 (2M − H)−, 923.0 (3M − H)−.


Reactions of triazoles


Representative procedures for the reactions of the 4-amino-
[1,2,3,5]-thiatriazole dioxides with organohalides.


Method A. To a solution of the 4-amino-[1,2,3,5]-thiatriazole
dioxide (4) in DMF (0.3 M solution) was added K2CO3 (2 eq.)
and the halide (2 eq.) and the resulting mixture stirred for 5 days
at either rt or 50 ◦C. Water (5 × vol. of DMF) and diethyl ether
(2.5 × vol. of DMF) were added with stirring and the mixture left
to stand for several hours. Where the product crystallized at the
interface between the aqueous and organic layers, the whole was
filtered, the crystals were washed with diethyl ether and dried. In
all other cases the layers were separated, the aqueous layer was
extracted with CHCl3 (3×), the combined organic layers washed
with water and dried (MgSO4), filtered and concentrated to yield
the crude product as an oil.


Method B. To a solution of the 4-amino-[1,2,3,5]-thiatriazole
dioxide (4) in DMF (0.3 M solution) was added NaHCO3 (1.2 eq.)
and the mixture was left to stir for 5–10 min. The halide (1.2 eq.)
was added and the resulting mixture was stirred at rt for 1–2 h.
K2CO3 (1.2 eq.) was then added and the mixture stirred for a
further 5 days. The workup was the same as in method A.


Methyl 2-(4-dimethylamino-1,1-dioxo-2-phenyl-1,2-dihydro-1k6-
[1,2,3,5]thiatriazol-3-yl)propanoate (5a). The title compound
was prepared from the N-phenylthiatriazole dioxide 4a and
methyl 2-bromopropanoate at rt according to method A with
the extractive workup and the reaction time reduced to 70 min.
Yield 111 mg (41%). A sample was recrystallized from chloroform–
diethyl ether (10 : 1) then precipitated from DMSO with water to
afford a white solid. Mp 126–128 ◦C; found: C, 47.85; H, 5.7; N,
17.0, S, 9.6. Calc. for C13H18N4O4S: C, 47.8; H, 5.6; N, 17.2, S,
9.8%; 1H NMR (400 MHz, CDCl3) dH 1.44 (3H, br s, CH3–CH),


3.20 (6H, s, 2 × CH3–N), 3.59 (3H, br s, CH3–O), 4.31 (1H, q, J
6.95 Hz, CH–CH3), 7.20–7.36 (5H, m, ArH); 1H NMR (500 MHz,
368 K, DMSO-d6) dH 1.30 (3H, d, J 6.9 Hz, CH3–CH), 3.17 (6H, s,
2 × CH3–N), 3.48 (3H, s, CH3–O), 4.64 (1H, q, J 6.9 Hz, CH–
CH3), 7.17 (2H, d, J 7.3 Hz, ArH),7.23 (1H, t, J 6.9 Hz, ArH),
7.37 (2H, t, d, J 8.3 Hz, ArH); 13C NMR (100.6 MHz, DMSO-d6)
dC 13.3, 39.1 (br s), 51.2, 60.4, 121.3, 125,8, 128.1, 142.1, 164.6,
168.2; m/z (ESI+, MeOH–CH3CN–H2O, 2 : 1 : 1, ramped cone
voltage) 327.0 (M + H)+, 653.0 (2M + H)+.


Methyl 5-dimethylamino-3-methyl-1,1-dioxo-2-phenyl-1,2,3,4-
tetrahydro-1k6-[1,2,4,6]thiatriazine-3-carboxylate (6a). The title
compound was prepared from the N-phenylthiatriazole dioxide
(4a) and methyl 2-bromopropanoate at 50 ◦C according to method
A—the product crystallized during work up. Yield (100 mg, 37%)
mp 197–199 ◦C; found: C, 47.9; H, 5.6; N, 17.2, S, 9.8. Calc.
for C13H18N4O4S: C, 47.8; H, 5.6; N, 17.2, S, 9.8%; 1H NMR
(400 MHz, CDCl3) dH 1.43 (3H, s, CH3), 3.06 (6H, s, 2 × CH3–
N), 3.81 (3H, s, CH3–O), 5.82 (1H, br s, NH), 7.35 (5H, s, ArH);
13C NMR (100.6 MHz, CDCl3) dC 24.6, 37.1, 53.46, 53.50, 128.5,
128.9, 130.8, 137.2, 153.9, 171.5. m/z (ESI−) 325.3 (M − H)−,
651.1 (2M − H)−, 977.2 (3M − H)−.


Methyl 2-(3,5-dichlorophenyl)-5-dimethylamino-3-methyl-1,
1-dioxo-1,2,3,4-tetrahydro-1k6-[1,2,4,6]thiatriazine-3-carboxylate
(6b). The title compound was prepared from the N-(3,5-
dichlorophenyl)thiatriazole dioxide (4b) and methyl 2-bromo-
propanoate at rt according to method A—the product crystallized
during work up (51 mg, 20%). A sample was recrystallized by slow
evaporation from ethanol–water (6 : 1) to give thick, colourless
needles. Mp 213–215 ◦C (dec.); found: C, 39.5; H, 4.3; N, 14.2, S,
7.9. Calc. for C13H16Cl2N4O4S: C, 39.5; H, 4.1; N, 14.2, S, 8.1%;
1H NMR (400 MHz, CDCl3) dH 1.50 (3H, s, CH3), 3.12 (6H, s,
2 × CH3–N), 3.85 (3H, s, CH3–O), 5.56 (1H, br s, NH), 7.31
(2H, s, ArH), 7.38 (1H, s, ArH); 13C NMR (100.6 MHz, CDCl3)
dC 24.9, 37.1, 53.9, 74.7, 129.2, 129.6, 135.0, 139.0, 153.7, 171.3;
m/z (APCI−, MeOH–CH3CN–H2O, 2 : 1 : 1) 393.1 (M − H)−.


Methyl 2-(2,6-dichlorophenyl)-5-dimethylamino-3-methyl-1,1-
dioxo-1,2,3,4-tetrahydro-1k6 - [1,2,4,6]thiatriazine-3-carboxylate
(6c). The title compound was prepared from the N-(2,6-
dichlorophenyl)thiatriazole dioxide (4c) and methyl 2-bromo-
propanoate at 50 ◦C according to method A with the extractive
work up. The product was recrystallized from chloroform to yield
a white powder (79 mg, 31%). Mp 227–230 ◦C (dec.); found: C,
39.6; H, 4.2; N, 14.5, S, 8.1. Calc. for C13H16Cl2N4O4S: C, 39.5; H,
4.1; N, 14.2, S, 8.1%; 1H NMR (400 MHz, CDCl3) dH 1.69 (3H, s,
CH3), 3.08 (6H, s, 2 × CH3–N), 3.75 (3H, s, CH3–O), 5.62 (1H,
br s, NH), 7.19 (1H, t, J 8.05 Hz, ArH), 7.36 (1H, d, J 8.05 Hz,
ArH), 7.40 (1H, d, J 8.05 Hz, ArH); 13C NMR (100.6 MHz,
DMSO-d6) dC 22.7, 37.3, 53.3, 73.9, 129.7, 129.8, 131.1, 133.7,
137.5, 140.2, 154.1, 170.7; m/z (ESI−, MeOH) 395.1 (M − H)−,
788.9 (2M − H)−.


Methyl 5-dimethylamino-3-methyl-1,1-dioxo-2-(4-trifluoro-
methylphenyl)-1,2,3,4-tetrahydro-1k6 -[1,2,4,6]thiatriazine-3-car-
boxylate (6d). The title compound was prepared from the
N-(4-trifluoromethylphenyl)thiatriazole dioxide (4d) and methyl
2-bromopropanoate at 50 ◦C according to method A with the
extractive work up. Trituration of the product with diethyl ether
gave a beige powder (46 mg, 37%). A sample was recrystallized
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from chloroform to give colourless crystals. Mp 182–184 ◦C;
found: C, 42.5; H, 4.4; N, 14.1, S, 7.9. Calc. for C14H17F3N4O4S:
C, 42.6; H, 4.3; N, 14.2, S, 8.1%; 1H NMR (400 MHz, CDCl3) dH


1.40 (3H, s, CH3), 3.04 (6H, s, 2 × CH3–N), 3.80 (3H, s, CH3–O),
6.11 (1H, br s, NH), 7.49 (2H, d, J 8.05 Hz, ArH), 7.61 (2H, d, J
8.05 Hz, ArH); 13C NMR (100.6 MHz, CDCl3) dC 24.8, 37.1, 53.7,
74.8, 123.6 (q, 1JCF = 272 Hz), 126.1 (q, 3JCF = 4 Hz), 130.6 (d,
2JCF = 33 Hz), 131.3, 140.6, 153.9, 171.2; 19F NMR (376.5 MHz,
CDCl3–CFCl3) dF −63.2; m/z (ESI−, MeOH) 393.1 (M − H)−,
787.0 (2M − H)−.


Treatment of N-phenylthiatriazole dioxide (4a) with diethyl
chloromalonate. The N-phenylthiatriazole dioxide (4a) was
treated with diethyl chloromalonate according to method B with
the extractive work up. The crude product was crystallized from
chloroform to yield the triazine (10a) as a yellow solid. The con-
centrated mother liquors were purified by radial chromatography
using a hexane–ethyl acetate solvent gradient to yield more of the
triazine (combined yield 100 mg, 24%) and the thiatriazine (9a) as
a brown oil (71 mg, 12%).


Ethyl 3-dimethylamino-6-oxo-1-phenyl-1,6-dihydro-[1,2,4]tri-
azine-5-carboxylate (10a). A sample of the above mentioned
yellow solid was recrystallized from CH2Cl2–hexane to give the
title compound as yellow crystals. Mp 207–209 ◦C; found: C,
58.4; H, 5.6; N, 19.5. Calc. for C14H16N4O3: C, 58.3; H, 5.6; N,
19.4%; 1H NMR (400 MHz, CDCl3) dH 1.00 (3H, t, J 6.8 Hz,
CH3–CH2), 3.15 (6H, br s, 2 × CH3–N), 4.15 (2H, q, J 6.9 Hz,
CH2–CH3), 7.54 (4H, m, ArH), 7.57–7.63 (1H, m, ArH); 13C
NMR (100.6 MHz, CDCl3) dC 13.5, 36.9, 63.0, 123.7, 123.9,
129.6, 129.7, 131.6, 132.7, 142.8, 160.6, 162.6, 162.7; m/z (ESI+)
289.0 (M + H)+, 311.1 (M + Na)+, 599.0 (2M + Na)+.


Diethyl 5-dimethylamino-1,1-dioxo-2-phenyl-1,4-dihydro-2H-
1k6-[1,2,4,6]thiatriazine-3,3-dicarboxylate (9a). A sample of
the above mentioned brown oil was crystallized from ethyl
acetate–hexane to give the title compound as a pale purple solid.
Mp 130–132 ◦C; found: C, 48.4; H, 5.7; N, 14.1, S, 7.9. Calc.
for C16H22N4O6S: C, 48.2; H, 5.6; N, 14.1, S, 8.05%; 1H NMR
(400 MHz, CDCl3) dH 1.07 (6H, t, J 7.0 Hz, 2 × CH3), 3.16 (6H, s,
2 × CH3–N), 4.14 (4H, q, J 7.0 Hz, 2 × CH2–O), 6.50 (1H, br s,
NH), 7.27–7.33 (5H, m, ArH); 13C NMR (100.6 MHz, CDCl3): dC


13.4, 36.8, 64.2, 79.9, 128.16, 128.18, 128.9, 140.1, 152.9, 165.1;
m/z (ESI+, MeOH) 399.1 (M + H)+, 421.0 (M + Na)+, 819.1
(2M + Na)+.


Ethyl 3-acetyl-5-dimethylamino-1,1-dioxo-2-phenyl-1,2,3,4-
tetrahydro-1k6-[1,2,4,6]thiatriazine-3-carboxylate (9b). The title
compound was prepared from the N-phenylthiatriazole dioxide
(4a) and ethyl 3-chloroacetoacetate according to method B and
the extractive work up. The crude product was purified by radial
chromatography using a hexane–ethyl acetate solvent gradient
to give the ring-expanded compound in a partially crystalline
state (165 mg, 36%). A sample was recrystallized from ethyl
acetate–hexane to give a white solid. Mp 143–145 ◦C; found: C,
49.0; H, 5.6; N, 15.25, S, 8.7. Calc. for C15H20N4O5S: C, 48.9; H,
5.5; N, 15.2, S, 8.7%; 1H NMR (400 MHz, CDCl3) dH 1.25 (3H, t,
J 7.3 Hz, CH3), 2.33 (3H, s, CH3CO), 3.26 (3H, s, CH3–N), 3.28
(3H, s, CH3–N), 4.19 (1H, q, J 7.0 Hz, 0.5 × CH2–O), 4.26 (1H,
q, J 7.3 Hz, 0.5 × CH2–O), 6.51 (1H, br s, NH), 7.31–7.54 (5H,


m, ArH); 13C NMR (100.6 MHz, CDCl3) dC 13.9, 22.0, 38.2, 39.6,
63.0, 70.8, 127.2, 128.0, 128.4, 129.0, 129.5, 138.5, 156.6, 167.0,
168.5; m/z (ESI+) 369.1 (M + H)+, 391.0 (M + Na)+, 759.1 (2M +
Na)+.


(5-Dimethylamino-1,1-dioxo-2-phenyl-1,2-dihydro-1k6-[1,2,4,6]-
thiatriazin-3-yl)phenylmethanone (13a). The title compound was
prepared from the N-phenylthiatriazole dioxide (4a) and phenacyl
bromide according to method B—the product crystallized as
a cream coloured solid during work up. Yield (67 mg, 47%).
Mp 211–213 ◦C; found: C, 57.4; H, 4.6; N, 15.7; S, 8.9. Calc.
for C17H16N4O3S: C, 57.3; H, 4.5; N, 15.7; S, 9.0%; 1H NMR
(400 MHz, CDCl3) dH 3.24 (3H, s, CH3–N), 3.25 (3H, s, CH3–N),
7.25–7.37 (5H, m, ArH), 7.45 (2H, t, J 7.6 Hz, ArH), 7.62
(1H, t, J 7.7 Hz, ArH); 7.83 (2H, d, J 8.0 Hz, ArH); 13C
NMR (100.6 MHz, CDCl3) dC 37.5, 37.7, 129.0, 129.39, 129.44,
129.6, 130.2, 132.3, 133.0, 135.2, 157.5, 159.4, 185.3; m/z (ESI+,
MeOH) 357.1 (M + H)+, 379.0 (M + Na)+, 713.0 (2M + H)+, 735.1
(2M + Na)+.


(4-Bromophenyl)-(5-dimethylamino-1,1-dioxo-2-phenyl-1,2-di-
hydro-1k6-[1,2,4,6]thiatriazin-3-yl)methanone (13b). The title
compound was prepared as an orange foam from the N-
phenylthiatriazole dioxide (4a) and 4-bromophenacyl bromide
according to method B using the extractive work up. Yield (102 mg,
56%). A sample was further purified by radial chromatography
using a hexane–ethyl acetate solvent gradient then recrystallized
from CH2Cl2–ethyl acetate to yield the title compound as a white
solid. Mp 154–156 ◦C; found: C, 47.2; H, 3.5; N, 12.9; S, 7.1.
Calc. for C17H15BrN4O3S: C, 46.9; H, 3.5; N, 12.9; S, 7.4%; 1H
NMR (400 MHz, CDCl3) dH 3.23 (3H, s, CH3–N), 3.24 (3H, s,
CH3–N), 7.27–7.36 (5H, m, ArH), 7.60 (2H, d, J 8.8 Hz, ArH),
7.70 (2H, d, J 8.8 Hz, ArH); 13C NMR (100.6 MHz, CDCl3) dC


37.5, 37.7, 129.2, 129.6, 130.3, 130.9, 131.0, 131.8, 132.2, 132.4,
157.3, 158.8, 184.3; m/z (APCI+, MeOH–CH3CN–H2O, 2 : 1 : 1,
ramped cone voltage) 436.9 (M + H (81Br))+, 434.9 (M + H (79Br))+,
373.0 (M + H − SO2(81Br))+, 371.0 (M + H − SO2(79Br))+, 355.0
(M − Br)+.


(5-Dimethylamino-1,1-dioxo-2-phenyl-1,2-dihydro-1k6-[1,2,4,6]-
thiatriazin-3-yl)(4-methoxyphenyl)methanone (13c). The title
compound was prepared from the N-phenylthiatriazole dioxide
(4a) and 4-methoxyphenacyl dibromide (15)13 according to
method B—the product crystallized as a pastel-orange coloured
solid during work up. Yield (130 mg, 81%). A sample was further
purified with radial chromatography using a hexane–ethyl acetate
solvent gradient then recrystallized from CH2Cl2–ethyl acetate to
yield the title compound as a white solid. Mp 180–182 ◦C; found:
C, 55.9; H, 4.9; N, 14.3; S, 8.1. Calc. for C18H18N4O4S: C, 55.95;
H, 4.7; N, 14.5; S, 8.3%; 1H NMR (400 MHz, CDCl3) dH 3.23
(3H, s, CH3–N), 3.24 (3H, s, CH3–N), 3.88 (3H, s, CH3–O), 6.91
(2H, d, J 8.8 Hz, ArH), 7.28–7.34 (3H, m, ArH), 7.37 (2H, d, J
8.8, ArH), 7.81 (2H, d, J 8.8 Hz, ArH); 13C NMR (100.6 MHz,
CDCl3) dC 37.5, 37.6, 55.7, 114.3, 126.0, 129.4, 130.1, 132.3,
132.4, 157.6, 159.8, 165.2, 183.8; m/z (ESI+, MeOH) 387.1, (M +
H)+, 409.1 (M + Na)+, 394.9 (2M + Na)+.


Ethyl 5-dimethylamino-2-phenyl-2H-[1,2,4]triazole-3-carboxy-
late (14). The title compound was prepared from the N-
phenylthiatriazole dioxide (4a) and ethyl dichloroacetate at 50 ◦C
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according to method A. The product partially crystallized during
work up and the remainder was recovered using the extractive
procedure. Yield (68 mg, 24%). A sample was further purified
by radial chromatography using a hexane–ethyl acetate solvent
gradient then recrystallized from CH2Cl2–hexane to yield the title
compound as a white solid. Mp 111–113 ◦C; found: C, 60.0; H,
6.4; N, 21.6. Calc. for C13H16N4O2: C, 60.0; H, 6.2; N, 21.5%; 1H
NMR (400 MHz, CDCl3) dH 1.26 (3H, t, J 7.2 Hz, CH3), 3.08
(6H, s, 2 × CH3–N), 4.32 (2H, q, J 7.2 Hz, CH2), 7.41–7.49 (5H,
m, ArH); 13C NMR (100.6 MHz, CDCl3) dC 13.9, 38.5, 62.3, 125.8,
128.8, 129.1, 138.3, 143.4, 157.6, 165.8; m/z (ESI+, MeOH) m/z
261.2 (M + H)+, 283.1 (M + Na)+.


Conclusions


Described herein is an unusual ring-expansion reaction resulting
from the treatment of 1,1-dioxo-1,2,3,5-thiatriazoles with a-halo
esters. The reaction allows the production of a range of relatively
rare 5-dialkylamino-1,1-dioxo-1,2,4,6-thiatriazines,14 in three sim-
ple steps from commercially available starting materials. The by-
products generally partition into the aqueous phase on work-
up, thus readily providing the ring-expanded products in high
purity. When the 1,1-dioxo-1,2,3,5-thiatriazole 4a is treated with
phenacyl bromides or a phenacyl dibromide, fully unsaturated 1,1-
dioxo-1,2,4,6-thiatriazines are produced in good yield and high
purity.


The reactions that produce the 1,1-dioxo-1,2,4,6-thiatriazines
involve initial alkylation at N-3 of the starting thiatriazole, but
apparently initial alkylation at N-5 can also occur, leading to loss
of SO2 and formation of triazoles or triazines.
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Previous mechanistic and crystallographic studies on two C–C hydrolase enzymes, Escherichia coli
MhpC and Burkholderia xenovorans BphD, support a general base mechanism for C–C hydrolytic
cleavage, rather than the nucleophilic mechanism expected for a serine hydrolase. The role of the active
site serine residue could be to form a hydrogen bond with a gem-diolate intermediate, or to protonate
such an intermediate. Hydrolase BphD is able to catalyse the hydrolysis of p-nitrophenyl benzoate ester
substrates, which has enabled an investigation of these mechanisms using a Hammett analysis, and
comparative studies upon five serine esterases and lipases from the a/b-hydrolase family. A reaction
parameter (q) value of +0.98 was measured for BphD-catalysed ester hydrolysis, implying a build-up of
negative charge in the transition state, consistent with a general base mechanism. Values of +0.31–0.61
were measured for other serine esterases and lipases, for the same series of esterase substrates.
Pre-steady state kinetic studies of ester hydrolysis, using p-nitrophenyl acetate as the substrate, revealed
a single step kinetic mechanism for BphD-catalysed ester hydrolysis, with no burst kinetics. A general
base mechanism for BphD-catalysed ester hydrolysis is proposed, in which Ser-112 stabilises an
oxyanion intermediate through hydrogen bonding, and assists the rotation of this oxyanion
intermediate via proton transfer, a novel reaction mechanism for the serine catalytic triad.


Introduction


The serine catalytic triad, found in the serine proteases and in
the a/b-hydrolase family of esterases and lipases, is a paradigm
of nucleophilic catalysis in enzymology. Enzymes in the a/b-
hydrolase family possess a common structural fold consisting
of a b-sheet of 5 or 6 parallel b-strands terminating in loops
bearing the active site serine, histidine, and aspartate residues.1,2


Members of the a/b-hydrolase family have in recent years been
found to catalyse a surprising range of non-hydrolytic reactions,
for example cyanohydrin formation and haloperoxidase activity,
raising the question of whether they follow similar catalytic
mechanisms.3


Mechanistic studies in our laboratory on C–C hydrolase MhpC
(2-hydroxy-6-ketonona-2,4-diene 1,9-dioic acid 5,6-hydrolase)
from Escherichia coli, an enzyme in the a/b-hydrolase family,
have implicated a general base mechanism in this enzyme.4–9 This
enzyme catalyses the hydrolytic C–C cleavage of the meta-ring
fission product on the phenylpropionic acid catabolic pathway.4


Related C–C hydrolase BphD is found in the bacterial meta-
cleavage pathway for degradation of biphenyl in Burkholderia
xenovorans LB400,5 and similar enzymes are found in other
aromatic degradation pathways. Amino acid sequence alignments
reveal that these enzymes are members of the a/b-hydrolase family,
containing conserved serine (Ser-110 in MhpC, Ser-112 in BphD),
histidine (His-263 in MhpC, His-265 in BphD) and aspartate (Asp-
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235 in MhpC, Asp-237 in BphD) residues which make up the
catalytic triad.6


The catalytic mechanism for C–C cleavage, shown in Fig. 1,
commences by keto–enol tautomerisation of the substrate, to give
a keto-intermediate, implicated by stopped flow kinetic analysis,7


and deuterium isotope exchange studies.4 Nucleophilic attack
on the C-6 carbonyl is then followed by a stereospecific C–C


Fig. 1 Reactions catalysed by C–C hydrolases MhpC and BphD, showing
keto–enol tautomerisation and general base vs. nucleophilic mechanisms.
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fragmentation, to give the product 2-hydroxypentadienoic acid
(HPD). Deuterium labelling studies on MhpC, and more recently
on BphD, have established that the H5E hydrogen is inserted by
enzyme-catalysed protonation, thus replacing the succinyl group
with hydrogen with overall retention of stereochemistry.4,8


If Ser-110 acts as a nucleophile in the mechanism, then an
acyl enzyme intermediate would result from C–C cleavage, which
would then be hydrolysed to give succinate. Unlike the serine
proteases, which accumulate a stoichiometric amount of acyl
enzyme intermediate under acidic conditions (pH < 6), MhpC is
catalytically active at pH 4.0 (kcat 1.0 s−1), under which conditions
the hydrolysis of the putative acyl enzyme intermediate was shown
by stopped flow kinetics to be rate-limiting.7 Attempts to trap the
acyl enzyme intermediate under these conditions with 14C-labelled
substrate by rapid quench gave stoichiometries of enzyme bound
14C label of < 1%.9


Evidence in favour of an alternative mechanism, namely base-
catalysed attack of water, has been obtained from H2


18O incorpo-
ration studies using the natural substrate and a non-cleavable sub-
strate analogue.9 We have developed a chemical synthesis of aryl-
containing substrates for C–C hydrolase BphD, and have mea-
sured a Hammett plot for Burkholderia xenovorans LB400 BphD,
showing a q value of −0.70 for C–C cleavage.10 Furthermore, aldol-
type cleavage of a reduced alcohol substrate was observed for
BphD, inconsistent with a nucleophilic mechanism.10 Thus, several
independent mechanistic studies indicate a catalytic mechanism
involving base-catalysed attack of water, not nucleophilic attack
of a serine residue, thereby raising the question of what is the
catalytic role of the active site serine residue


The structure of E. coli MhpC complexed with the non-cleavable
analogue, 2,6-diketonona-1,9-dioic acid (DKNDA), was reported
in 2005.11 The arrangement of active site residues is illustrated in
Fig. 2. The analogue is bound in a linear, extended conformation
perpendicular to the His-263 and Ser-110 residues, which straddle
the bound substrate in an arrangement not seen in the serine
proteases. Two possible active site structures could be modelled
to the electron density map: one in which Ser-110 is covalently
attached to C-6 of the inhibitor via a hemi-ketal linkage; and one
in which the b-hydroxyl group of Ser-110 is hydrogen-bonded to
the C-6 carbonyl group. Kinetic analysis of a S110A site-directed
mutant of MhpC revealed that kcat was reduced 104-fold in this
mutant, which retained a low level of catalytic activity, but Km


was unchanged.12 Pre-steady state kinetic analysis of this mutant
revealed that ketonisation of the dienol substrate occurred at the
same rate as with the wild-type enzyme, but that C–C cleavage was


Fig. 2 Active site of E. coli MhpC, complexed with DKNDA analogue.


dramatically slowed.12 Therefore it is apparent that Ser-110 is not
involved in initial substrate binding, nor is it involved in keto–enol
tautomerisation, but that it has an important role in C–C cleavage.


We have shown previously that E. coli MhpC is able to catalyse
the hydrolysis of a monoethyl adipate ester substrate.12 In this
paper we show that B. xenovorans BphD, whose natural substrate
contains an aromatic ring, is able to catalyse the hydrolysis of
p-nitrophenyl benzoate esters. This observation enables structure–
activity studies to study the transition state for ester hydrolysis, and
allows a direct comparison with esterases and lipases from the a/b-
hydrolase superfamily. Three possible catalytic roles for the active
site serine of these enzymes are shown in Fig. 3: A) as a nucleophile;
B) as a hydrogen bond donor, forming a hydrogen bond with
an oxyanion intermediate; C) as a proton donor, protonating an
oxyanion intermediate. Mechanisms A and B would involve build-
up of negative charge in the transition state, whereas mechanism
C would involve build-up of positive charge in the transition state.


These mechanisms could therefore be analysed using a Hammett
plot approach. Furthermore, mechanism A would involve a 2-step
reaction with a covalent intermediate, whereas mechanisms B and
C both involve 1-step mechanisms. This paper describes kinetic
studies using a Hammett plot analysis and pre-steady state kinetic
analysis, in order to distinguish these mechanisms.


Results


Synthesis of p-nitrophenyl p-substituted benzoate substrates


A series of p-nitrophenyl p-substituted benzoates 1–8 was syn-
thesized, following published procedures (Scheme 1) in 70–80%
yields.13,14


Scheme 1 Preparation of p-substituted benzoate substrates.
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Fig. 3 Transition state structures for three possible ester hydrolysis mechanisms for BphD, involving catalytic serine as (A) a nucleophile (B) a hydrogen
bond donor (C) a proton donor. Mechanism A would be completed by hydrolysis of an acyl enzyme intermediate.


Steady state kinetics


p-Nitrophenyl acetate and p-nitrophenyl benzoate were assayed as
esterase substrates against BphD and five a/b-hydrolase enzymes:
P. fluorescens aryl esterase,15 P. cepacia lipase, C. antarctica lipase
B, porcine pancreatic lipase, and E. electricus acetylcholinesterase.
P. fluorescens aryl esterase is in the same sub-family of a/b-
hydrolases as C–C hydrolases MhpC and BphD (17% sequence
identity to BphD). The relative rates (in lmol min−1 mg protein−1)
are listed in Table 1. p-Nitrophenyl acetate is hydrolysed readily by
all six enzymes, with the highest activity shown by P. fluorescens
aryl esterase, and comparable activity for BphD and the other
a/b-hydrolase enzymes. BphD showed high activity for hydrolysis
of p-nitrophenyl benzoate, while the a/b-hydrolases showed low
but detectable activity at high protein concentrations.


A series of p-nitrophenyl esters was assayed as substrates
for BphD-catalysed ester hydrolysis. The steady-state kinetic


parameters were measured, and are listed in Table 2. BphD accepts
a range of aryl and alkyl esters, with the highest kcat shown
for p-nitrophenyl benzoate and p-nitrophenyl butyrate substrates.
Determination of vmax over the pH range 4.0–8.5 showed one
inflexion at pH 6.0 using p-nitrophenyl acetate as the substrate


Table 2 Steady state kinetic parameters for BphD-catalysed hydrolysis
of a series of p-nitrophenyl esters, in 10 mM potassium phosphate buffer
pH 7.0


Substrate Km (lM) kcat (s−1) kcat/Km (M−1 s−1)


p-Nitrophenyl benzoate 1.9 4.0 2.1 × 106


p-Nitrophenyl acetate 10.0 1.3 1.0 × 105


p-Nitrophenyl propionate 9.4 2.5 3.0 × 105


p-Nitrophenyl butyrate 4.8 6.2 1.3 × 106


p-Nitrophenyl valerate 1.0 2.0 2.0 × 106


p-Nitrophenyl hexanoate 2.4 2.4 1.0 × 106


Table 1 Ester hydrolysis activity (in lmol min−1 mg protein1) for p-nitrophenyl acetate (at 2 mM concentration) and p-nitrophenyl benzoate (at 0.1 mM
concentration) by BphD and selected lipases and esterases, in 10 mM potassium phosphate buffer pH 7.0


Enzyme p-nitrophenyl acetate p-nitrophenyl benzoate


B. xenovorans BphD 0.14 0.69
P. fluorescens aryl esterase 20.9 8.0 × 10−4


P. cepacia lipase 0.1 8.0 × 10−5


C. antarctica lipase B 0.7 2.0 × 10−7


Porcine pancreatic lipase 0.028 4.0 × 10−5


E. electricus acetylcholinesterase 0.11 2.0 × 10−4
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Fig. 4 Hammett plots for hydrolysis of 1–8 by BphD and lipase/esterase enzymes. Substituent coefficients (r): NMe2 (−0.172), Me (−0.129), MeO
(−0.111), H (0.0), F (0.056), Cl (0.238), CN (0.674), NO2 (0.778). Dashed line on BphD Hammett plot indicates alternative non-linear interpretation (see
Discussion).


(data not shown), consistent with a histidine active site base, as
shown previously for C–C cleavage.12 At pH ≥ 9.0, background
non-enzymatic hydrolysis was found to interfere significantly with
enzyme assays.


Reaction rates were measured for BphD-catalysed hydrolysis
of each of the p-nitrophenyl benzoates at 0.1 mM concentration
(�Km for BphD), in 10 mM potassium phosphate buffer pH 7.0.
A plot of log (vmax) vs. ris shown in Fig. 4. The least squares
gradient of this plot, corresponding to reaction coefficient q, is
+0.98, though some non-linearity may be present (see Discussion).
Kinetic analysis with the same set of substrates was carried out
using Candida antarctica lipase B (q +0.56), porcine pancreatic
lipase (PPL, q +0.40), Pseudomonas cepacia lipase (PCL, q +0.61),
acetylcholinesterase from Electrophorus electricus (q +0.31), and
Pseudomonas fluorescens aryl esterase (q 0.0). The results are
shown in Fig. 4, and tabulated in Table 3. For some enzymes,


Table 3 Hammett reaction parameter q values for hydrolysis of p-
substituted p-nitrophenyl benzoates, determined from plots shown in
Fig. 4, and solvent D2O kinetic isotope effects upon vmax for hydrolysis
of p-nitrophenyl acetate


Enzyme q vmax(H2O)/vmax(D2O)


B. xenovorans LB400 BphD 0.98 ± 0.16 1.8 ± 0.04
P. fluorescens aryl esterase 0.0 ± 0.1 2.0 ± 0.01
P. cepacia lipase 0.61 ± 0.26 2.5 ± 0.03
C. antarctica lipase B 0.56 ± 0.14 2.4 ± 0.05
Porcine pancreatic lipase 0.40 ± 0.13 2.4 ± 0.03
E. electricus acetylcholinesterase 0.31 ± 0.12 1.6 ± 0.03


no turnover was observed for substrates containing more bulky
X = NMe2 or OMe groups. In all but one case, a positive value
of q was measured, in the range +0.31–0.61. In the case of P.
fluorescens aryl esterase, there appeared to be no change in rate
vs. r, indicating perhaps a different rate-determining step for this
enzyme.15


In order to examine whether the rate-limiting step in each case
involved proton transfer, the solvent kinetic isotope effect upon
vmax was measured for each enzyme, using p-nitrophenyl acetate as
the substrate. The values are tabulated in Table 3. In each case,
values in the range 1.6–2.5 were measured.


Pre-steady state kinetics


Pre-steady state kinetic measurements were carried out in 10 mM,
pH 7.0 potassium phosphate buffer for BphD, C. antarctica lipase
B, aryl esterase, and acetylcholinesterase, using p-nitrophenyl
acetate as the substrate, monitoring release of p-nitrophenol at
410 nm. Measurements were made at 1 : 1 and 10 : 1 ratios of
substrate to enzyme concentrations. For BphD, the observed data
at both substrate ratios could be fitted by a single exponential,
with rate constant 3.8 s−1 for the 1 : 1 ratio, as shown in Fig. 5A,
with no observable “burst” of p-nitrophenol.


For the a/b-hydrolase enzymes, a “burst” of p-nitrophenol was
observed over 0–100 ms for the reaction of C. antarctica lipase B
with p-nitrophenyl acetate, as shown in Fig. 5B, and a similar burst
was observed in the case of acetylcholinesterase (see Table 4). For
P. fluorescens aryl esterase no burst was observed, and the observed
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Fig. 5 Pre-steady state kinetic analysis of p-nitrophenyl acetate hydrolysis.
(A) 1 : 1 ratio of BphD with p-nitrophenyl acetate; (B) 1 : 10 ratio of C.
antarctica lipase B with p-nitrophenyl acetate, showing burst over 0–100 ms.


Table 4 Pre-steady state kinetic data for BphD and P. fluorescens aryl
esterase, modelled by single exponential kinetics (A = pre-exponential
factor)


Enzyme A (×103) k/s−1


B. xenovorans LB400 BphD −150.0 ± 0.2 3.8 ± 0.01
P. fluorescens aryl esterase −118.0 ± 0.1 37.8 ± 0.1


pre-steady state data could be modelled by a single exponential.
The deduced rate constants are listed in Table 4 and 5.


Kinetic analysis of S112A BphD mutant


A site-directed S112A mutant of BphD, constructed and expressed
as previously described,16 was also analysed kinetically for esterase
activity. The S112A mutant showed a low but detectable level of
activity for hydrolysis of p-nitrophenyl acetate (kcat 0.0048 s−1),
103-fold slower than wild-type BphD, and no detectable activity
towards p-nitrophenyl benzoate. Under pre-steady state condi-
tions, its reaction with p-nitrophenyl acetate could be modelled by
a single exponential, with rate constant 0.011 s−1, 300-fold slower
than wild-type BphD.


Discussion


Three mechanisms were investigated for BphD-catalysed ester
hydrolysis, involving different catalytic roles for Ser-112: A) Ser-
112 as a nucleophile, as in the serine proteases; B) hydrogen
bonding to oxyanion intermediate (see ref. 17 and 18 for precedent
in enzyme active sites); C) protonation of oxyanion intermediate
by Ser-112 (see ref. 17 and 19 for examples of serine residues acting
as proton donors in enzyme-catalysed reactions).


The Hammett plot for BphD-catalysed hydrolysis of a series
of p-nitrophenyl benzoates, shown in Fig. 4, shows an upwardly
sloping plot, with a least squares gradient of +0.98, corresponding
to Hammett reaction parameter q. This value implies a build-up
of substantial negative charge in the transition state, consistent
with the formation of an oxyanion intermediate. This observation
rules out mechanism C, in which partial positive charge would
build up upon protonation, but would be consistent with either
mechanism A or B. Closer examination of the Hammett plot for
BphD reveals that for substrates with r > 0 the plot is apparently
flat, while for r < 0 the X = NMe2 and X = OMe substrates
have significantly reduced rates. These substituents are the most
sterically demanding, therefore these substrates may show low
turnover rates due to steric effects, or non-productive binding
interactions at the enzyme active site. However, since the X = Me
substrate also shows a reduced rate, an alternative interpretation
is that there is a non-linear Hammett plot, with a change of
rate-determining step, close to r = 0. One observation that is
consistent with this interpretation is that the pre-steady state first
order rate constant for the reaction of BphD with p-nitrophenyl
acetate (3.8 s−1) is 3-fold higher than kcat for this substrate
(1.3 s−1), indicating that product release may be rate-limiting, as
found for certain site-directed mutants of C–C hydrolase MhpC.12


Therefore, an alternative interpretation is that, for BphD-catalysed
hydrolysis of substrates with r > 0, a physical step such as product
release is rate-limiting, while for substrates with electron-donating
groups the rate of carbonyl addition is slowed sufficiently that
it becomes rate-limiting. In this case the q value for r < 0 can
only be estimated to be >2. For comparison, q values for base-
catalysed and acid-catalysed ester hydrolysis are +2.55 and −0.57,
respectively.20 Reaction of p-nitrophenyl benzoates with hydroxide
or p-chlorophenoxide has been reported to give q values of 2.21
and 2.44 respectively.21


For the other a/b-hydrolase enzymes tested, positive values of
q were found, in the range 0.31–0.61, consistent with build-up
of negative charge in the transition state. Hammett analysis of a
collection of lipase enzymes has been reported, using substituted
phenyl butanoates,22 in which the variable substituent is in the
phenol leaving group, rather than in the acyl group as in our study.
In most cases a positive q value was found, with the p-nitrophenyl


Table 5 Pre-steady state kinetic data for C. antarctica lipase B and E. electricus acetylcholinesterase, showing burst kinetics over 0–100 ms (A =
pre-exponential factor)


0–100 ms 0.1–200s


Enzyme A (×103) k/s−1) A (×103) k/s−1)


C. antarctica lipase B −14.5 ± 0.7 6.8 ± 0.7 −118 ± 0.1 0.029 ± 0.001
E. electricus acetylcholinesterase −76.2 ± 8.4 7.4 ± 1.5 −1380 ± 2 0.006 ± 0.0001
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substrate the highest activity for nearly all the enzymes studied,22


which would be consistent with the positive q values found in this
study. For serine proteases, the acylation of a-chymotrypsin by
substituted phenyl acetates has been reported to give a q value of
1.8,23 while a similar analysis of subtilisin gave a value of 0.87.24


In order to investigate the rate-determining step further, the D2O
solvent kinetic isotope effect upon V max was measured in each case.
Values of 1.6–2.5 were measured, consistent with the involvement
of solvent water in the rate-limiting step in each case. This would
be consistent either with the single step of general base mechanism
B, or with the second step of nucleophilic mechanism A, namely
hydrolysis of the acyl enzyme intermediate (which is known to
be rate-limiting for the serine protease-catalysed hydrolysis of
esters.23)


The reactions were then studied using stopped-flow kinetics,
which in the case of the serine proteases is known to exhibit
burst kinetics.25 In the case of BphD, no burst of p-nitrophenol
was observed, and the pre-steady state data could be fitted by a
single exponential, consistent with a 1-step process. These data
are inconsistent with the 2-step nucleophilic mechanism A, and
are consistent with the 1-step general base mechanism B for ester
hydrolysis.


For the a/b-hydrolase enzymes tested, a burst of p-nitrophenol
was observed for C. antarctica lipase B and acetylcholinesterase,
consistent with a nucleophilic mechanism for these two enzymes.
Burst kinetics have previously been observed in the hydrolysis of p-
nitrophenyl acetate catalysed by porcine pancreatic lipase.26 For P.
fluorescens aryl esterase, no burst of p-nitrophenol was observed,
indicating perhaps a fast acyl enzyme hydrolysis step.


Crystallographic studies on C–C hydrolase MhpC have shown
that the catalytic Ser-110 and His-263 are both positioned above
the non-cleavable analogue DKNDA. If a similar arrangement
is formed during ester hydrolysis, then we propose the following
mechanism, shown in Fig. 6.


Attack of water upon the ester carbonyl is catalysed by
the catalytic base, His-265, to form an oxyanion intermediate,
stabilised through hydrogen-bonding interactions. If the alcohol
leaving group is to be protonated by His-265, then a rotation of
this intermediate must occur. We propose that the catalytic serine


Fig. 6 Proposed mechanism for BphD-catalysed ester hydrolysis.


has two functions: it stabilises the oxyanion via hydrogen-bonding;
and it facilitates the rotation of the oxyanion through a concerted
proton transfer relay, as shown in Fig. 6. This mechanism is
consistent with the kinetic results of the S112A BphD mutant,
with reduced kcat and one-step pre-steady state kinetics, in which
these two functions are lost without Ser-112.


There are two reasons why a serine residue might be particularly
well suited for these functions. Firstly, hydrogen-bonding of an
alkoxide anion to an alcohol is known to be particularly strong:
the strength of the hydrogen bond in the methanol–methoxide
dimer in the gas phase has been estimated at 29.3 kcal mol−1


(122 kJ mol−1).27 In horse liver alcohol dehydrogenase, a zinc(II)
alkoxide intermediate forms a very strong hydrogen bond with
Ser-48 in the enzyme active site, which then mediates a proton
transfer relay involving the NAD+ 2′ hydroxyl group and His-51.17


In addition, it has been reported that in human UDP-galactose
4-epimerase a low barrier hydrogen bond between the 4′-hydroxyl
group of the sugar and Oc of Ser 132 in the active site facilitates
proton transfer from the sugar 4′-hydroxyl group to Og of Tyr
157.18


Secondly, proton transfer between hydroxide ions and water is
known to be a very fast and low energy process, manifested by
the high ionic mobility of hydroxide ions in water.28 The hydroxyl
side-chain of serine is therefore uniquely suited to support such a
mechanism.


Rotation of the oxyanion intermediate then positions a new
oxygen centre in the oxyanion hole, and positions the alcohol
leaving group adjacent to the protonated His-265, which functions
as a proton donor. The larger value of q observed for BphD,
relative to lipase enzymes, is consistent with increased negative
charge in the transition state leading to the oxyanion intermediate.


This is a novel mechanism for ester hydrolysis by the serine
catalytic triad, and is a significant departure from the generally
accepted nucleophilic mechanism. As noted above, there is evi-
dence to support the operation of a general base mechanism in
the C–C cleavage reaction mechanism of MhpC and BphD. In the
C–C hydrolase reaction, there is no apparent need for rotation of
the oxyanion intermediate, but the active site serine would provide
stabilisation of the gem-diolate intermediate through hydrogen-
bonding. From kinetic analysis of a S110A mutant of MhpC, it
has been calculated that the hydroxyl group of Ser-110 provides
23 kJ mol−1 transition state stabilisation for C–C cleavage, which
could be accounted for by a strong hydrogen bond. More widely, in
the a/b-hydrolase family, it has been proposed that a general base
mechanism occurs in hydroxynitrile lyase from Hevea brasiliensis,19


therefore it seems possible that general base mechanisms might
occur more widely in this family of enzymes, and might help to
rationalise the range of diverse activities observed.3


Experimental


Materials


Wild-type Burkholderia xenovorans LB400 BphD and the S112A
BphD mutant were overexpressed and purified as previously
described.16 Pseudomonas fluorescens aryl esterase was expressed
as a C-terminal His6 fusion protein from plasmid pJOE2792,
as previously reported.29 Pseudomonas cepacia lipase, Candida
antarctica lipase B, porcine pancreatic lipase and Electrophorus


512 | Org. Biomol. Chem., 2007, 5, 507–513 This journal is © The Royal Society of Chemistry 2007







electricus acetylcholinesterase were purchased from Fluka
Biochimika. All other chemicals and biochemicals were purchased
from Sigma-Aldrich.


Synthesis of p-nitrophenyl p-substituted benzoate substrates


Substrates 1–8 were synthesized using literature procedures,13,14


either from the p-substituted benzoic acid and p-nitrophenyl
chloroformate (1–6), or from the p-substituted benzoyl chloride
and p-nitrophenol (7, 8). NMR and MS data were identical with
literature data (ref. 13 and 14).


Steady-state kinetic measurements


Esterase activity of BphD against p-nitrophenyl esters (data in
Table 2) was assayed in 1.0 ml of 10 mM potassium phosphate
buffer pH 7.0 at 25 ◦C on a Cary 1 UV–vis spectrophotometer by
monitoring the appearance of p-nitrophenol at 410 nm. Km and kcat


values were determined using Lineweaver–Burk plots. All other
enzyme assays were carried out in 200 ll of 10 mM potassium
phosphate buffer pH 7.0 at 25 ◦C on a Genios fluorometer
(Tecan), monitoring the appearance of p-nitrophenol at 400 nm
over 30 min. The assays were done in duplicate. Substrates were
dissolved in an appropriate amount of DMSO. For Hammett plot
studies, p-substituted p-nitrophenyl benzoate esters were assayed
at a final concentration of 100 lM. For solvent kinetic isotope
effect determination, p-nitrophenyl acetate (final concentration 2
mM) was used as a substrate, using 99% deuterium oxide as the
solvent, in deuterated buffer.


Pre-steady state kinetics measurements


The pre-steady state kinetic assays for BphD, C. antarctica lipase
B, aryl esterase, and acetylcholinesterase were carried out on
a DX.17MV stopped-flow spectrometer (Applied Photophysics
Ltd) using p-nitrophenyl acetate as the substrate. The enzymes
and substrate were dissolved in 10 mM potassium phosphate
buffer, pH 7.0. In each single stopped-flow experiment, solutions
of 1.0 mg ml−1 enzyme (14–32 lM) and substrate were mixed in a 1
: 1 or 1 : 10 [E] : [S] ratio, at 25 ◦C. The appearance of p-nitrophenol
was monitored at 410 nm. Data for every single shot were simulated
with single, double or treble-exponential kinetics models, and the
best-fit rate constants and amplitudes were calculated.
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An unexpected stereoselective anomeric substitution with
carbamates promoted by HNTf2 is described here. Our
experiments suggest that the observed diastereoselectivity is a
result of thermodynamic equilibration of protonated N-acyl
aminals.


Anomeric substitutions represent one of the most important
chemical transformations.1 The leaving-group [L in 1] can be
activated with a Brønsted acid, Lewis acid [LA], or transition
metal [M] to give oxocarbenium ions 2 [Fig. 1], and to complete
the substitution, a nucleophilic addition can occur at either Re
or Si face to afford 3a or 3s. The stereochemical outcome can
be controlled through an anomerically favored axial addition to
a preferred conformation of 2.1–3 Oxocarbenium ions 2 with two
or more R substituents [n = 1 through 4] can possess a distinct
advantage in the conformational control that can lead to a high
level of stereoselectivity.1 It is not until recently,4–6 that one gains
a more comprehensive understanding of fundamental issues in
anomeric substitutions when there is a minimum number of R
substituents [n = 1].4–6


Fig. 1 Stereochemical control in anomeric substitutions.


In our pursuit of cyclic ketal- or aminal-tethered reactions7–9 as
a new strategy for the synthesis of spiroketals or spiroaminals,10 we
encountered another possible mode of stereochemical control in
anomeric substitutions through oxocarbenium ions 5 in which
the existing stereocenter is conformationally flexible and exo-
cyclic to the ring, and contains a heteroatom [X]. We report here
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Table 1 An unexpected stereoselective glycosidation


Entry Acid/equiv. Time/min Yielda [%] Drb: a : s


1 0.01 1140c 39 1.6 : 1
2 0.10 60 64 2.3 : 1
3 0.25 60 70 5.8 : 1
4 0.50 30 66 6.5 : 1
5 1.0 30 73 10.3 : 1
6 1.0 5c 48 2.4 : 1
7 1.5 15 75 21.8 : 1
8 2.0 15 77 40 : 1
9 3.0 15 60 50 : 1


a Isolated yields. b Ratios by 1H or 13C NMR. c At −35 ◦C.


our observations of an unexpected stereochemical outcome in a
Brønsted acid promoted anomeric substitution with carbamates.


During the preparation of cyclic aminals from dihydropyran 7
and O-methyl carbamate employing HNTf2


11 as a Brønsted acid
catalyst12 [Table 1], we noticed that the resulting cyclic aminal
813 appeared to have a gradual but noticeable increase in the
diastereomeric ratio as the amount of HNTf2 was increased.
Specifically, the ratio would rise from 2.3 : 1 with 0.10 equiv. of
HNTf2 [entry 2] to ≥50 : 1 when using 3.0 equiv. of HNTf2 [entry
9]. The major isomer was unambiguously assigned as being anti
based on the X-ray structure of 9a (Fig. 2), which was prepared
from the addition of O-benzyl carbamate to 7.


Fig. 2 X-Ray structure of 9a: There are two independent molecules in the
asymmetric unit of 9a and only one of the two is shown (ellipses at 50%
probability).


It was quickly evident that this interesting phenomenon is
associated with HNTf2. Brønsted acids TFA, CSA, p-TsOH,
and 2,4-dinitrobenzenesulfonic acid not only were ineffective for
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promoting the cyclic aminal formation at −78 ◦C, but also when
the reaction did proceed at −35 ◦C, these acids led to cyclic aminals
8a and 8s in low yields [10–30%] with low ratios [1.6–3.0 : 1], albeit
still in favor of 8a.


In addition, when the oxocarbenium ion A was generated from
cyclic acetal 10 using BF3–OEt2, the resulting cyclic aminals
8a and 8s were obtained with an anti : syn ratio of 1 : 1.6
[Scheme 1]. On the other hand, by employing HNTf2, acetal 10
still led to cyclic aminals 8a/s with a high ratio, thereby further
implying the significance of HNTf2 and not how the oxocarbenium
intermediate was generated.


Scheme 1 Significance of HNTf2.


With HNTf2 emerging as a unique Brønsted acid in promoting
a range of transformations,11,12 and given the recent interest in the
Brønsted acid catalysis,14 we decided to investigate the origin of
this unusual stereochemical observation. We initially thought the
unexpected stereoselectivity was a kinetic phenomenon especially
when 1H NMR revealed an initial ratio of [4–5 : 1] for 8a : 8s at
−78 ◦C.15 However, we quickly found that products equilibrate
under the reaction conditions [Scheme 2], thereby suggesting a
thermodynamic control.


At the same time, what then further intrigued us was that
calculations of DE [E8a − E8s] via three separate methods appear
to indicate otherwise [see the box in Scheme 2]. The calculations
using DF-B3LYP6-31G* and HF-6-31G* actually show that 8s


Scheme 2 A proposed mechanistic model.


is slightly favored. With these conflicting results in hand, we
examined another possibility that would involve protonations of
cyclic aminal products given that HNTf2 is a powerful Brønsted
acid16 and the carbamate carbonyl oxygen atom is a good Lewis
base.


As shown in Fig. 3, DE* [E8a* − E8s*] of protonated-8a and 8s
[or denoted as 8a* and 8s*] using the same three methods revealed
that 8a* is now by far more favored. Furthermore, models illustrate
that the proton bound to the carbonyl oxygen [in bold] appears to
be within the proximity to hydrogen bond with the oxygen atom
of the OTBS group in the anti isomer 8a* [also in bold], while with
the pyranyl oxygen atom in the syn isomer 8s* [in bold italics],
which is in a boat conformation.


These calculations suggest that the observed diastereoselectivity
is likely a result of thermodynamic equilibration of protonated
cyclic aminals. This mechanistic assessment is consistent with the
observation that while the reaction is catalytic in HNTf2, greater
ratios were observed only when more HNTf2 was employed to
ensure sufficient protonation of products.


Fig. 3 Equilibration through the protonated forms.
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Table 2 Competing hydrogen bonding and protonation


Entry Equiv. carbamate HNTf2 IPA t/min R Yielda [%] Drb: a : s


1 1.0 [0.5 : 1] 2.0 — 15 Me 8 : 68 50 : 1
2 1.0 [1 : 1] 1.0 — 30 Me 8 : 64 24.4 : 1
3 6.0 [3 : 1] 2.0 — 15 Me 8 : 66 9.6 : 1
4 6.0 [6 : 1] 1.0 — 30 Me 8 : 63 8.6 : 1
5 1.0 1.0 — 30 Bn 9 : 61 38.2 : 1
6 1.0 1.0 1.0 30 Bn 9 : 63 10.4 : 1
7 1.0 1.0 3.0 30 Bn 9 : 61 2.7 : 1
8 1.0 1.0 6.0 30 Bn NDc ND


a Isolated yields. b Ratios from 1H and/or 13C NMR. c ND: not determined.


Nevertheless, we pursued the following studies to further
support the model. As shown in Table 2, we quickly found that the
ratio of carbamate : HNTf2 can impact on the selectivity [entries 1–
4] with a higher amount of carbamate providing lower ratios. This
implies that excess of carbamate can compete with products for
available protons, thereby shifting the energetic difference between
the protonated cyclic aminals 8a* and 8s*.


In addition, as an equivalent of solvent effect on the selectivity,
we examined additives such as i-PrOH [IPA] and found that
IPA also assumes a similar role in competing for protons and
disrupting the proposed energetic equilibrium [entries 5–8]. With
the carbamate : HNTf2 ratio fixed at 1 : 1, the ratio was found
to decrease with increasing amount of IPA, and 6 equiv. of IPA
actually shut down the reaction [entry 8]. These experiments
are again consistent with the proposed model in which the
stereoselectivity is a result of thermodynamic equilibration of
protonated cyclic aminals.


We have communicated here an unexpected stereoselective
anomeric substitution with carbamates promoted by HNTf2.
Efforts in achieving a complete mechanistic understanding and
developing useful synthetic methods as well as N-glycosidation
protocols based on this unexpected observation are currently
under way.
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Materials that display multiple carbohydrate residues have gained much attention due to their potential
to inhibit or modulate biological multivalent interactions. These materials can be grouped accordingly
to the way they are prepared, as unimolecular or as self-assembled systems. Both systems take
advantage of the fact that multivalent interactions have significantly higher binding affinity than the
corresponding monovalent interactions. The self-assembled system is a more recent field of research
compared to the unimolecular system. In this review, we describe current efforts to realize multivalent
carbohydrate interactions from the perspective of synthetic self-assembled systems. We limit the scope
to self-assembled systems that are stable, soluble in aqueous solution and morphologically discrete. We
grouped them into two separate categories. In the first category carbohydrate ligands self-assemble onto
a pre-organized nanostructure, and in the second carbohydrate-conjugated block molecules
spontaneously assemble to construct morphologically distinct nanostructures.


1. Introduction


Multivalent interactions, which are characterized by simultaneous
binding of multiple ligands on multiple receptors, are prevalent
and essential in many biological recognition events.1–7 Multivalent
interaction is one of the nature’s many ingenious creations and
controls the onset of many biological processes. It is a concen-
tration dependent process within the microenvironment where the
increase in the binding constant is far higher than the simple
arithmetic sum of respective binding constants of each binding
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partner. Numerous examples of biological multivalent interactions
include antibody–antigen interaction, pathogen recognition of
the host cell, ligand–receptor interactions on the cell surface,
and a number of intracellular processes such as transcriptional
regulation.


Protein–protein, nucleic acid–protein, and carbohydrate–
protein interactions are the most prevalent biological multivalent
interactions. Among them, large proportions of currently dis-
covered multivalent interactions are mediated by carbohydrate–
protein interactions.3–5 They achieve their specificity by exploring
the wide structural diversity of carbohydrates. Carbohydrate
molecules on the mammalian cell surface are the targets of many
pathogenic viruses and bacteria in their initial cell recognition
events. The pathogens utilize multivalent interactions for tight
binding and specific recognition of the cells, which is then followed
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by infection of the host cells. A number of bacterial toxin–cell
interactions also occur by multivalent interactions.8,9 For example,
shigalike and cholera toxins are members of the AB5 family of bac-
terial toxins. They are composed of one enzymatic A subunit as a
lethal factor and five B subunits. The five B subunits, galactose
binding proteins, are organized symmetrically such that the pen-
tamer interacts with the cell surface sugar ligands in multivalent
binding mode before they initiate intracellular invasion.


Self-assembly, a powerful approach for the construction of novel
supramolecular architectures, is mediated by noncovalent inter-
actions including hydrogen bonds, electrostatic interactions, and
hydrophobic interactions.10–16 Block molecules that mimic lipid
amphiphilicity have been promising scaffolds for self-assembly
into nanometer-sized objects. Depending on the molecular struc-
ture of the amphiphilic components, it has been possible to
construct various supramolecular architectures such as spherical
micelles, vesicles, fibers, and nanotubes. Since the intrinsic nature
of self-assembly is a building-up of higher-order structure by
the repetitive interactions of monomeric building blocks, self-
assembled structures are excellent platforms for constructing
multivalent ligands.


Chemically-synthesized multivalent molecules that can dis-
rupt pathological carbohydrate-dependent processes have been
regarded as potential therapeutic agents. In the past, these multiva-
lent inhibitors were prepared mostly by synthesizing polymers with
multiple pendant carbohydrates. However, the recent interest in
supramolecular chemistry is fuelling the effort directed toward the
utilization of the self-assembly process for generating multivalent
carbohydrate ligands.


2. A unimolecular system versus a self-assembled
system


Consideration of a scaffold or framework that serves as a molecu-
lar anchoring system where multiple carbohydrate ligands can be
attached is the first step in constructing a multivalent system. A
traditionally considered scaffold is a molecule with high-valency
reactive functional groups to which all the carbohydrate ligands
can be linked covalently.17–23 A number of diverse covalent scaffolds
have been used for multivalent presentation. Molecules of low
valency, generally from di- to octavalent, have been constructed
from a one-dimensional linear chain or a two-dimensional round
molecules such as macrocycles. For generating molecules of


high valency, polymer or dendrimer scaffolds have been used.
Construction of multivalent molecules by a self-assembly process,
a more recent technology, utilizes the fact that monovalent units
spontaneously assemble to form higher order structures. There are
advantages and disadvantages of both systems, i.e., the unimole-
cular system versus the self-assembled system. The advantages
of the self-assembled multivalent system that can be considered
are as follows. First, it is an energy efficient and cost-effective way;
instead of making one big molecule with multivalency, which often
demands multiple synthetic steps, all one needs to synthesize is a
simpler monovalent building block. Second, using a self-assembly
process is better, especially when it comes to making an object of
extremely high valency. Synthesis of polymers, for example, with
more than several thousands repeating units is not practically
easy and moreover, high molecular weight polymers are generally
insoluble. Synthesis of dendrimers of higher generation is also
challenging. In addition, high efficiency surface functionalization
of the high generation dendrimer periphery is often not easy
due to the steric crowding. Third, the conformation of polymer
chain is generally globular rather than extended, which might act
disadvantageously for multivalent interaction with large objects.
By contrast, it has been possible to construct self-assembled
molecules of various shapes and sizes, which extends the repertoire
of possible choice. Examples of the extended self-assembled
nanostructures are cylinders and tubes, and condensed ones are
micelles and vesicles.


3. Carbohydrate ligands assembled onto the
pre-organized nano-structures


Carbohydrate-coated gold nanoparticles


A gold surface offers an opportunity for attaching thiolated
molecules to form self-assembled monolayers. Gold nanoparticles
functionalized with thiolated carbohydrates have been prepared
to explore cell–cell interactions. The surface of mammalian cells is
covered with a dense coat of carbohydrates named the glycocalyx.
It has been shown that in addition to protein–protein and
protein–carbohydrate interactions, cells utilize attractive interac-
tions between carbohydrates as an initial step for adhesion and
recognition. The carbohydrate–carbohydrate and carbohydrate–
protein interactions are often mediated by divalent cations such
as calcium ion.24


Fig. 1 (A) Calcium ion mediated recognition of Lex-functionalized gold nanoparticles. (B) Binding of mannose-functionalized gold nanoparticles onto
the mannose binding proteins in the E. coli pili.
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As one example, gold nanoparticles coated with trisaccharide
Lewisx (Lex) and disaccharide lactose were reported.25 Lex at the
embryonic cell surface has been shown to interact specifically with
Lex on the opposing homotypic cell surfaces, providing a basic
mechanism for cell recognition during early development.24 The
gold nanoparticles were obtained by in situ functionalization of
carbohydrate disulfide, HAuCl4and NaBH4. The mean diameter
of the gold nanoparticles was around 2 nm and they were soluble
in aqueous solution. The Lex functionalized gold nanoparticles
showed a selective ability for self-recognition through a specific
carbohydrate–carbohydrate interaction in the presence of Ca2+.
The self-recognition resulted in the aggregation of the nanoparti-
cles and was dependent on the calcium ion concentration (Fig. 1A).


The biomedical application of the carbohydrate functionalized
gold nanoparticles was found in antiadhesive therapy of cancer
cells.26 In metastasis, tumoral cells detach from the primary tumor
and travel through the lymphoid and blood vessels until they
arrive at a specific target location. The adhesion of tumor cells
to the vascular endothelium for the creation of new foci is a
critical step in metastasis and is promoted by interactions between
tumor-associated carbohydrate antigens and epithelial cell surface
carbohydrates. Penadés and collaborators prepared lactosylated
gold nanoparticles with 70 lactose molecules per nanoparticle. The
nanoparticles were able to inhibit the interaction between ganglio-
side GM3 (NeuNAc2a3Galb4GlcbCer) of a murine melanoma
cell line (B16) and lactosylceramide of endothelium cells in ex vivo
mouse model.


Another type of biological application for carbohydrate coated
gold nanoparticles can be found in selective bacterial recognition
(Fig. 1B).27 Mannose coated gold nanoparticles (m-AuNP) were
synthesized using a similar in situ functionalization method to
that described above. The m-AuNP was a multivalent one with
approximately 200 attached mannose residues per nanoparticle.
The m-AuNP was very stable in deionized water and buffered
saline solution, and its stability was independent of ionic strength
and pH values in the range from 1.5–12. Electron microscopy
studies showed that m-AuNP was able to bind to mannose-specific
protein FimH of type 1 pili in Escherichia coli. The type 1 pili


are filamentous proteinaceous appendages that extend from the
surface of many Gram-negative bacteria. The specificity of the
interaction was manifested by the use of an E. coli strain without
FimH where no attachment of m-AuNP on the pili was observed.
The interaction was shown to be very strong, as 2000 times excess
monovalent mannose was required to compete out 90% bound
nanoparticles, which indicates that the interaction between m-
AuNP and FimH is multivalent.


With a similar strategy of using thiolated molecules, as in
construction of the carbohydrate-coated gold nanoparticles, the
preparation of carbohydrate-coated quantum dots has been
reported.28 The advantage of the quantum dots is that they are
useful for cellular imaging. More in depth description of relevant
topics can be found in recent reviews.29,30


Carbohydrate-coated carbon nanotubes


Carbon nanotubes (CNTs) represent a unique class of one-
dimensional nanostructures that possess characteristics suitable
for a variety of possible applications. The chemical modification
or functionalization of their surfaces allows the attachment
of various bioactive molecules including carbohydrates. The
CNTs are suitable for multivalent display because of their high
surface area-to-weight ratio. Bertozzi and collaborators recently
described the preparation of CNTs coated with a biomimetic
carbohydrate polymer for the purpose of mimicking cell surface
mucin glycoproteins.31 The polymer comprised a poly(methylvinyl
ketone) backbone decorated with a-N-acetylgalactosamine (a-
GalNAc) residues. The C18 lipid tail provided a hydrophobic
anchor for the CNT surface. By taking advantage of the Helix
pomatia agglutinin (HPA), a hexavalent lectin that is specific for
a-GalNAc residues, the mucin mimic CNTs were able to bind
specifically to Chinese hamster ovary (CHO) cells (Fig. 2). One
notable advantage of the glycopolymer-coated CNTs was that they
did not show any sign of cytotoxicity whereas unmodified CNTs
did. Thus, the glycopolymer coating renders the CNTs nontoxic
while simultaneously providing a means for specific cell surface
binding.


Fig. 2 A CNT coated with biomimetic carbohydrate polymers to mimic cell surface mucin glycoproteins. The CNTs can bind to mammalian cells
specifically with the aid of a hexavalent lectin, HPA.
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4. Self-assembly from disorganized
carbohydrate-conjugated block molecules


In the self-assembled systems described above, monovalent carbo-
hydrate units are attached to the pre-organized nanostructures,
gold nanoparticles or carbon nanotubes. Next, we describe
another type of self-assembly system in which disorganized block
molecules of a carbohydrate and an assembly molecule self-
associate to form organized nanostructures.


In one example, sialic acid (SA) was conjugated to a lipid
chain, and the conjugate was mixed with natural lipids during
liposome preparation.32 In the resulting SA-coated liposomes,
the SA moieties can, in principle, move by lateral diffusion
to optimize their binding to multiple hemagglutinin proteins
on the influenza virus surface. It was found that the liposome
display of multivalent SA molecules resulted in 500–104 fold
better efficiency in hemagglutination inhibition (HAI) assay.
A similar conformationally-flexible self-assembly strategy has
been explored by Thoma et al.33 They synthesized carbohydrate
coupled dendrons with a hydrophobic core expecting that the self-
assembled aggregates would optimize their size and shape to fit in
their multivalent binding partners. Kataoka and coworkers have
prepared sugar-installed poly(ethylene glycol) (PEG)/poly(DL-
lactide) block copolymers.34 The block copolymer formed a core–
shell type micelle with hydrophilic sugar and PEG groups at the
surface. The micelle was able to recognize a cognate lectin protein
in a multivalent manner. Surface plasmon resonance studies have
been utilized to investigate the details of interactions between self-
assembled micelles and lectins.35


Fig. 3 The mannose-coated supramolecular nanostructures of predefined
size and shape.


Rather different strategies utilized the supramolecular nanos-
tructures of predefined size and shape (Fig. 3). We have reported
several rod–coil amphiphilic molecules with attached mannose
residues that can form vesicles, spherical or cylindrical micelles


depending on the molecular architectures of the rod and the coil
segment.36,37 The supramolecular assemblies bound specifically
to cognate binding proteins on the type 1 pili of E. coli as
revealed by transmission electron microscope (TEM) analysis.
All the supramolecules showed their ability to efficiently inhibit
concanavalin A (Con A)-promoted erythrocyte agglutination in
HAI assay. Depending on the size and shape of the supramolecular
assemblies, the efficiency varied from 800–1800 fold, where
the spherical micellar object was the highest among them.
These results imply that the biological activity of carbohydrate-
functionalized supramolecular objects is critically dependent on
their size and shape.


5. Prospect for the self-assembled multivalent
carbohydrate ligands


We have described representative examples of carbohydrate-
displayed and shape-persistent self-assembled systems. Myriad
biological multivalent interactions are mediated in different phys-
iological settings. Therefore, it can be considered that the ways to
modulate these biological interactions should be different depend-
ing on their specific characteristics. The field of supramolecular
chemistry is rapidly expanding, making it possible to generate
self-assembled objects with various sizes, shapes and stimuli
responsive functions at the designer’s discretion. In addition, the
supramolecular building blocks display the range of repertoire that
spans from organic or inorganic molecules to biological molecules
such as peptides or nucleic acids. The combined versatility of
supramolecular systems should be useful in exploring biological
multivalent interactions (and this is just the beginning). We
envision that the self-assembled carbohydrate display system
will be useful in many areas of biomedical application such
as inhibition of malignant cell–cell or pathogen–cell adhesion,
gene delivery, drug delivery and cellular imaging. To achieve
these goals, the specificity of carbohydrate ligands needs to be
improved and the characteristics of self-assembled nanostructures
should be controllable to meet the demands of specific biological
circumstances.
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Diastereomeric doubly bridged biphenyl azepines, atropos at 20 ◦C and tropos at 80 ◦C, are precursors
to effective iminium organocatalysts that are employed in the enantioselective epoxidation of prochiral
olefins (up to 85% ee).


Introduction


Axially chiral biaryls are extensively studied owing to their
importance in natural product chemistry and as reagents or
catalysts in synthetic methodology.1 Atropisomeric compounds
with large rotational barriers of enantiomerisation are generally
utilised as these configurationally stable derivatives display well-
defined and permanent stereochemical environments. This class of
atropos molecules is mainly constituted by tetra-ortho-substituted
biphenyls, and 2,2′-disubstituted binaphthyls in particular.


However, recent applications in the asymmetric catalysis have
made use of enantiopure substances bearing configurationally
labile biaryls.2 This class of tropos derivatives is mainly constituted
of cyclic di-ortho-substituted biphenyls. The benefit, in this case,
is the occurrence of intramolecular discriminating interactions
that control the sense of twist of the fluctuating biaryl resulting,
possibly and directly, in a ‘matched’ diastereomeric situation.3


The frontier between these two classes of molecules has been
defined by Oki.4 Atropos molecules should be isolable as single
enantiomers and must present a half-life of at least 1000 s. At 20 ◦C,
the rotational isomerisation must present, at least, a free energy
barrier (DG�=) of 21.4 kcal mol−1. Interestingly, most tropos and
atropos derivatives display energy barriers much lower and higher
than this threshold respectively. It is, for instance, the case for
biphenyl 1 and binaphthyl 2 azepines (Fig. 1).5 Their quaternary
ammonium salts present values of 13.4 and 36.9 kcal mol−1


respectively.6 At 20 ◦C, this corresponds to half-lives of 1.1 ms
and 11.6 million years. Cyclic biphenyls and binaphthyls of type


Fig. 1 Biphenyl 1 and binaphthyl 2 azepines; doubly bridged biphenyls 3.
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1 and 2 are thus clearly highly configurationally labile and stable
over a large temperature range respectively.7 Their role as tropos
and atropos moieties cannot be interchanged.


To benefit from the advantages of both approaches, a class of
axially chiral biaryls that would display an atropos character at
20 ◦C and a tropos behaviour at slightly elevated temperature
(>65 ◦C) was looked for. In other words, we searched for a family
of biaryl derivatives that would possess free energy barriers of ca.
25 kcal mol−1 for the rotational isomerisation. Herein, we report
that diastereomeric doubly bridged biphenyl azepines (DBBAs,
Fig. 2) fit the case and show that these simple-to-make derivatives
can be used in enantioselective organocatalysis.


Fig. 2 Generic DBBA 4, atropos and tropos at 20 and 80 ◦C respectively.


Results and discussion


D2-symmetric core


Biphenyls bearing four identical substituents in positions 2, 2′, 6
and 6′ are achiral (provided there are no other substituents on the
phenyl rings). However, biphenyl systems with two identical 2,6-
and 2′,6′-bridges are chiral [Fig. 1, 3: X = N, O, S, C(O), etc.], being
exceptional in that they possess, instead of a plane of symmetry,
three mutually perpendicular C2 axes (D2 point group).8 The
barrier to inversion between the P and M enantiomers (Sa and Ra)
depends on the heteroatoms; values of 20 and 35 kcal mol−1 were
measured for the dioxepin and dithiepin derivatives respectively.


In the particular case of DBBA 4 (Fig. 2), no such kinetic data
could be found. However, good literature precedents indicated that
these moieties were the ideal candidates.9 Diastereomeric DBBAs
were prepared previously by Zavada9 by alkylation of 2,2′,6,6′-
tetrakis(bromomethyl)biphenyl with enantiopure a-branched pri-
mary amines a, b and ent-c (Fig. 3). The resulting diastereomers
were found to be atropos at room temperature and tropos at 80 ◦C;
most of them were isolable by semi-preparative HPLC and/or
crystallisation. Whereas kinetic stereocontrol was moderate
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Fig. 3 Amines used the formation of DBBAs 4a–e.


(dr up to 63 : 37, synthesis at 20 ◦C), thermodynamic selectivity
was better as equilibration studies (80 ◦C) indicated that diastere-
omeric ratios up 82 : 18 could be achieved. Enantio- and diastereo-
merically pure derivatives of type 4 can thus be readily prepared.


Surprisingly, unlike derivatives 1 and 2, compounds of type 4
have not been used in asymmetric synthesis despite the ease of
preparation. It was thus decided to extend the chemistry of such
diastereomeric DBBAs by finding chiral exocyclic appendages that
would, after physical separation of the atropisomers, (i) allow a
precise determination of the barrier of isomerisation and (ii) afford
effective organocatalysts for enantioselective olefin epoxidation
reactions.


Synthesis of diastereomeric doubly bridged biphenyl azepines (P
and M)


In fact, recent studies have indicated that biphenyl and binaphthyl
tertiary azepines bearing chiral exocyclic moieties are useful
precursors to cyclic quaternary iminium salts; these unsaturated
derivatives are effective catalysts for enantioselective epoxidation
of unfunctionalised alkenes.10,11 Care was thus taken to select,
for the synthesis of the DBBA diastereomers, three enantiop-
ure amines already tested as exocyclic auxiliaries in the above
mentioned oxidation protocol. Along with amine c, we selected
(S)-1-phenylpropylamine d and (S)-3,3-dimethylbutan-2-amine e
(Fig. 3). Amine e is by far the best of the three auxiliaries in
the tropos biphenyl series,11d and essentially as effective as L-
acetonamine in the binaphthyl catalyst variant.11b,e


Synthesis of the derived DBBAs 4c–e was realised in two
steps (Scheme 1). After the ozonolysis of pyrene (O3, then
NaI, AcOH) giving biphenyl-2,2′,6,6′-tetracarbaldehyde 5 (55%),12


Scheme 1 Synthesis of DBBAs 4c–e and iminium salts 6c–e.


reductive amination in the presence of (S)-configurated amines
c–e, NaBH3CN and AcOH afforded compounds 4c (87%), 4d
(88%) and 4e (100%) as mixtures of (S,P) and (S,M) atropisomers.
Care was taken to measure the ratios between these species right
after the synthesis (1H NMR, HPLC) and verify, as observed by
Zavada,9 that no evolution occurred at 20 ◦C.13 These ratios under
kinetic control range from 52 : 48 to 70 : 30 (Table 1).


Kinetic and thermodynamic stereoinduction


Separation of the diastereomers was achieved by column chro-
matography on silica gel.14 In all cases, the most predominant
diastereomer after the synthesis eluted first and was readily
isolated albeit in moderate yields (16–26%). Isolation of the second
eluted (minor) diastereomer in analytically pure form was more
problematic (due to the contamination by the first) and, in the
case of 4d, the use of semi-preparative HPLC was required. This
separation was essential for the determination of the relative
configuration of each diastereomer by circular dichroism (CD)
following the guidelines established by Mislow8a and Sandström.15


For amines 4c and 4d, the most (i.e. major) and least (i.e. minor)
eluted diastereomers showed negative and positive Cotton effects
around 255 nm, indicative of (S,P) and (S,M) configurations
respectively; the situation is reversed for bisazepine 4e (Table 1).


The diastereomeric ratios under thermodynamic control were
then measured by heating separately each diastereomer for 20 h
at 80 ◦C in benzene (Table 1). Under those conditions, a total
equilibration was achieved starting from both diastereomers. In
all cases, the kinetically favoured atropisomer is also thermody-
namically preferred. Interestingly, bulky amine e does not afford
the best diastereomeric excess after equilibration (71 : 29) as it is
achieved with amines c and d (82 : 18 and 81 : 19).


Barrier of isomerisation


As mentioned earlier, precise values for the isomerisation barrier
of DBBA were unknown in the literature. Diastereomerically pure
samples of 4c–e were heated at four different temperatures (60,
70, 80 and 90 ◦C) with a monitoring of the equilibration by
analytical HPLC.16 Kinetic constants were calculated at the four
temperatures and the determination of all activation parameters
realised (see ESI†, Table 1). DG�= values in accordance with our
expectations (ca. 25 kcal mol−1) were measured.


Synthesis of the iminium catalysts


With major (S,P)-4c, (S,P)-4d, (S,M)-4e and minor (S,P)-
4e in hand, the synthesis of the mixed [azepine/azepinium]
salts (6, Scheme 1) was realised in a one-pot process. Treatment
with NBS in CHCl3 at 20 ◦C afforded the unsaturated bromide
salts in a matter of minutes. Then, ion exchange metathesis with


Table 1 Kinetic, thermodynamic data and activation parameters (DH �=, DS �= and DG �=) of the isomerisation barrier of DBBAs 4c–e


Amine Major atropisomera Kinetic ratiob Thermodynamic ratioc DG �=d ,e DH �=d ,e DS �=d , f


4c (S,P) 58 : 42 82 : 18 26.8 24.8 −6.6
4d (S,P) 52 : 48 81 : 19 25.9 18.1 −26.6
4e (S,M) 70 : 30 71 : 29 24.7 17.0 −26.2


a Kinetic and thermodynamic, configuration determined by CD. b At 20 ◦C. c At 80 ◦C (20 h, benzene). d T = 293 K. e Units: kcal mol−1. f Units:
cal mol−1 K−1.
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1.2 equiv. of ammonium TRISPHAT (Fig. 4) salt afforded, after
chromatography (SiO2, CH2Cl2), the final lipophilic salts (S,P)-6c,
(S,P)-6d, (S,M)-6e and (S,P)-6e (79–92%, two steps).17,18


Fig. 4 TRISPHAT anion.


Enantioselective olefin epoxidation


Traditionally, iminium-catalyzed epoxidation reactions are per-
formed in mixtures of CH3CN and water. This combination is
a good solvent for all reagents, the lipophilic olefins as well
as the polar salts of iminium cations. However, using salts of
type [10c–e][TRISPHAT] (Fig. 5), strict biphasic CH2Cl2/water
conditions could be used and an enhancement of the selectivity


Fig. 5 Unfunctionalised olefins 7–9 and tropos catalysts 10c–e.


of the epoxidation reactions as well as a good recovery of
the epoxides was demonstrated.19 Such epoxidation conditions
[Oxone R©, CH2Cl2/NaHCO3/18-crown-6/H2O, eqn (1) in Fig. 5]
were therefore used and three different prochiral trisubstituted
unfunctionalised alkenes (7–9, Fig. 5) were selected for the
catalysis study.20 The results are reported in Tables 2 and 3 for
the diastereomeric (S,M)-6e and (S,P)-6e, and analogous (S,P)-
6c and (S,P)-6d catalysts respectively. To measure the effect of the
atropos backbone, the results are compared to those obtained with
the tropos biphenyl iminium salts 10c–e (Fig. 5).11d


Significantly, all [azepine/azepinium] salts derived from the
major diastereomeric DBBAs behave as catalysts performing, in
terms of ee, either as well as [Table 2, (S,M)-6e] or much better than
[Table 3, (S,P)-6c and (S,P)-6d] their tropos iminium analogues
10c–e; conversions being, however, globally lower.


If one compares the selectivity of the diastereomeric catalysts
together – that is (S,M)-6e with (S,P)-6e (Table 2) – one
observes different levels of stereoinduction with quite better ee
with the (S,M)-configurated catalyst derived from the major
atropisomer. Interestingly, an identical sense of induction is
obtained for the non-racemic epoxides in all examples (included
those of tropos 10e). These two characteristics, appearance of
‘matched’/‘mismatched’ distinction and the enantioselectivity
of the epoxidation reaction being controlled by the exocyclic
appendage rather than the configuration of the biaryl moiety are
in sharp contrast to what is known with the atropos binaphthyl
framework.11b


Maybe more importantly, the results detailed in Table 3 demon-
strate that the central biaryl core can have a profound influence on
the stereochemical outcome if the chiral exocyclic auxiliary fails
to provide an effective stereoinduction. It is particularly evident if
one compares the results of (S,P)-6c with 10c and those of (S,P)-
6d with 10d: the atropos iminium cations lead to much better
ee values, in particular in the case of olefin 8 (e.g. ee: 6c: 67% vs.
10c: 7% and 6d: 85% vs. 10d: 35%).


Table 2 Enantioselective epoxidation of olefins 7–9 using diastereomeric catalysts (S,M)-6e and (S,P)-6e; (S)-10e used as referencea


Major (S,M)-6e Minor (S,P)-6e (S)-10e (reference)


Alkene eeb Conv. Conf. eeb Conv. Conf. eeb Conv. Conf.


7 76 56 (−)-(1S,2S) — — — 66 68 (−)-(1S,2S)
8 76 80 (+)-(1R,2S) 49 76 (+)-(1R,2S) 80 100 (+)-(1R,2S)
9 59 61 (−)-(1S,2S) 41 75 (−)-(1S,2S) 46 75 (−)-(1S,2S)


a Conditions: 5 mol% of catalyst, 2.5 mol% 18-C-6, 1.1 equiv. Oxone R©, 4.0 equiv. NaHCO3, CH2Cl2–H2O (3 : 2), 2 h, 0 ◦C. Average of at least two runs.
b The enantiomeric excesses were determined by CSP-GC (7: Chiraldex Hydrodex b-3P) or CSP-HPLC (8,9: CHIRALCEL-ODH or CHIRALPAK R©-IB,
0.5 mL min−1, hexane–i-PrOH 95 : 5, k = 230 nm); the conversions used an internal standard (naphthalene).


Table 3 Enantioselective epoxidation of olefins 7–9 using catalysts (S,P)-6c, (S,P)-6d; (S)-10c and (S)-10d used as referencesa


Major (S,P)-6c (S)-10c (reference) Major (S,P)-6d (S)-10d (reference)


Alkene eeb Conv. Conf. eeb Conv. Conf. eeb Conv. Conf. eeb Conv. Conf.


7 58 26 (+)-(1R,2R) 3 86 (−)-(1S,2S) 71 82 (+)-(1R,2R) 26 86 (+)-(1R,2R)
8 67 69 (−)-(1S,2R) 7 100 (+)-(1R,2S) 85 60 (−)-(1S,2R) 35 92 (−)-(1S,2R)
9 49 44 (+)-(1R,2R) 8 66 (−)-(1S,2S) 55 51 (+)-(1R,2R) 6 53 (+)-(1R,2R)


a Conditions: 5 mol% of catalyst, 2.5 mol% 18-C-6, 1.1 equiv. Oxone R©, 4.0 equiv. NaHCO3, CH2Cl2–H2O (3 : 2), 2 h, 0 ◦C. Average of at least two runs.
b The enantiomeric excesses were determined by CSP-GC (7: Chiraldex Hydrodex b-3P) or CSP-HPLC (8,9: CHIRALCEL-ODH or CHIRALPAK R©-IB,
0.5 mL min−1, hexane–i-PrOH 95 : 5, k = 230 nm); the conversions used an internal standard (naphthalene).
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Conclusion


Although moderate yields of diastereomerically pure DBBAs can
be obtained under kinetic control, the fact that the most useful
(kinetic and thermodynamic) diastereomers can be favoured at
elevated temperature renders this approach interesting as higher
percentages of the useful catalyst precursors can then be afforded
after equilibration. Interestingly, selective DBBA catalyst (S,P)-6d
comes from chiral amine d that had so far shown no favourable
disposition. Studies on further applications of doubly bridged
biphenyls are currently underway in our group.


Experimental


General remarks


All reactions were carried out under dry N2 by means of an
inert gas/vacuum double manifold line and standard Schlenk
techniques. Solvents were dried through a highly activated alu-
mina column under a dry inert atmosphere prior to use. Com-
pounds 10c–e and [cinchonidinium][TRISPHAT] were prepared
according to the reported procedures.11d,17 Optical rotations were
measured on a JASCO P-1030 polarimeter in a thermostated
(20 ◦C) 10.0 cm long microcell with high pressure lamps of
sodium or mercury and are reported as follows: [a]20


D [c (g per
100 mL), solvent]. Melting points (mp) were measured in open
capillary tubes on a Büchi B540 melting point apparatus and
were uncorrected. IR spectra were recorded with a Perkin-Elmer
1650 FT-IR spectrometer using a diamond ATR Golden Gate
sampling. NMR spectra were recorded on Bruker AMX-400 at
room temperature. 1H NMR chemical shifts are given in ppm
relative to Me4Si with the solvent resonance used as the internal
standard. 13C NMR (100 MHz): chemical shifts were given in ppm
relative to Me4Si, with the solvent resonance used as the internal
standard. 31P NMR (162 MHz) chemical shifts are given in ppm
relative to H3PO4. Data were reported as follows: chemical shift
(d) in ppm on the d scale, multiplicity (s = singlet, d = doublet, t =
triplet, dd = doublet of doublets, and m = multiplet), coupling
constant (Hz), and integration. Electrospray mass spectra (ES-
MS) were obtained on a Finnigan SSQ 7000 spectrometer and EI-
MS spectra were obtained on a Varian CH4 or SM1 spectrometer;
ionizing voltage 70 eV; m/z (intensity in %) by the Department
of Mass Spectroscopy of the University of Geneva. Circular
dichroism spectra were recorded on a JASCO J-715 polarimeter in
a 1.0 cm quartz cell; k are given in nm and molar circular dichroic
absorptions (De in cm2 mmol−1). HPLC analyses were performed
on an Agilent 1100 apparatus (binary pump, autosampler, column
thermostat and diode array detector) using Chiralcel OD-H
(0.46 × 25 cm) and Chiralpak IB (0.46 × 25 cm) columns.
Chiral stationary phase (CSP) chromatography was performed on
a Hewlett Packard 6890 GC chromatograph using a Hydrodex-b
column (25 m × 0.25 m, H2, 40 psi).


General procedure for the synthesis of bisazepines 4c–e


To a solution of biphenyl-2,2′,6,6′-tetracarboxaldehyde 5
(1.0 equiv.) in CH3CN (6 mL per 0.1 g of aldehyde) was added
the corresponding enantiopure amine c to e (2.2 equiv.). After
15 min of stirring, NaBH3CN (4 equiv.) was added and the
reaction was stirred for 20 h before the addition of AcOH (ca.


10 equiv.). After 1 h, the reaction mixture was diluted with 2%
MeOH/CH2Cl2 (40 mL), washed with 1M NaOH (until pH >


10), dried over Na2SO4 and concentrated under reduced pressure.
To obtain analytically pure compounds, a filtration over basic
alumina (eluent Et2O) can be sometimes necessary to remove
boron residues and any excess of starting amines.


Atropisomers 4c. Starting from 190 mg of biphenyl-2,2′,6,6′-
tetracarboxaldehyde, compound 4c was obtained as a mixture of
two diastereomers [58 : 42 ratio (S,P)/(S,M), 340 mg, 87%] as
a white solid. In a reaction starting from 506 mg of biphenyl-
2,2′,6,6′-tetracarboxaldehyde, compound 4c was obtained as a
mixture of two diastereomers (600 mg, same ratio) with an unrep-
resentatively low yield (58%). It was nevertheless this batch that
was used for the separation of the analytically pure diastereomers.


(S,P)-4c. This first eluted diastereomer was isolated by chro-
matography on basic alumina using toluene as eluent and ob-
tained as a white solid (163 mg, 16%). Mp 101 ◦C; [a]20


D −11.2
(c 0.20, CH2Cl2); CD (c 1.0 × 10−5 M, CH2Cl2) De (k) −4.1
(255) cm2 mmol−1; mmax/cm−1 2971, 2791, 1594, 1509, 1450, 1372,
1225, 1112, 1068; dH(400 MHz; CDCl3; Me4Si) 8.40 (s, 2H), 7.6–
7.8 (m, 6H), 7.3–7.45 (m, 6H), 7.0–7.25 (m, 6H), 4.29 (d, 2H, J =
6.3 Hz), 3.69 (d, 4H, J = 12.4 Hz), 3.06 (d, 4H, J = 12.1 Hz), 1.37
(d, 6H, J = 6,6 Hz): dC(100 MHz; CDCl3; Me4Si) 142.2, 140.5,
140.2, 138.0, 135.0, 134.4, 134.2, 131,3, 129.3, 129.2, 129.0, 128.9,
128.3, 127.8, 127.6, 127.4, 126.0, 125.8, 125.4, 124.1, 59.5, 53.5,
21.9; MS-ES (+) m/z (rel. intensity) 545.3 (100, M + 1), 391.3
(40, [M − C12H12] + 1), 357.3 (20), 277.5 (25), 237.5 (20, [M − 2 ×
C12H12] + 1).


(S,M)-4c. This second eluted diastereomer was isolated by
chromatography on basic alumina using diethyl ether as eluent
and obtained as a white solid (41 mg, 4%). Mp 118.0 ◦C; [a]20


D


+3.4 (c 0.23, CH2Cl2); CD (c 1.0 × 10−5 M, CH2Cl2) De (k) 4.5
(255) cm2 mmol−1; mmax/cm−1 2975, 2793, 1595, 1507, 1452, 1372,
1224, 1111, 1068; dH(400 MHz; CDCl3; Me4Si) 8.39 (s, 2H), 8.0–
7.0 (m, 18H), 4.27 (s, 2H), 3.74 (d, 4H, J = 12.4 Hz), 3.10 (d,
4H, J = 12.4 Hz), 1.75 (d, 6H, J = 6,1 Hz); dC(100 MHz; CDCl3;
Me4Si) 139.3, 133.9, 133.2, 133.0, 130.5, 127.9, 127.7, 126.8, 126.7,
126.6, 126.4, 125.0, 124.8, 125.6, 124.4, 124.0, 123.1, 58.3, 52.0,
20.5; MS-ES (+) m/z (rel. intensity) 545.3 (100, M + 1), 391.3 (70,
[M − C12H12] + 1), 237.5 (30, [M − 2 × C12H12] + 1).


Atropisomers 4d. Starting from 197 mg of biphenyl-2,2′,6,6′-
tetracarboxaldehyde, compound 4d was obtained as a mixture of
two diastereomers [52 : 48 ratio (S,P)/(S,M), 310 mg, 88%] as a
white foam.


(S,P)-4d. This first eluted diastereomer was obtained by selective
precipitation in MeOH. The crude mixture containing the two
diastereomers (310 mg) was dissolved in methanol (ca. 4 mL)
and, after a few seconds, a white precipitate appeared. This
precipitate was filtered, washed with cold methanol to give the
desired diastereomer as a white powder (99 mg, 28%). Rf 0.21
(CH2Cl2); mp 100 ◦C; [a]20


D −298.2 (c 0.39, MeOH); CD (c 1.0 ×
10−5 M, MeOH) De (k) −33.9 (255); mmax/cm−1 2961, 2797, 1730,
1492, 1453, 1353, 1261, 1083, 1024, 961; dH(400 MHz; CDCl3;
Me4Si) 7.44–7.23 (m, 16H), 3.76 (d, 4H, JAB = 12.3 Hz), 3.36 (dd,
2H, J = 9.4 and 3.8 Hz), 3.06 (d, 4H, JAB = 12.4 Hz), 1.96 (m, 2H),
1.68 (m, 2H), 0.61 (t, 6H, J = 7.3 Hz); dC(100 MHz; CDCl3; Me4Si)
128.9, 128.7, 128.2, 127.6, 127.1, 69.1, 52.9, 27.5, 10.6; MS-ES (+)
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m/z (rel. intensity) 473.3 (100, M + 1), 355.1 (70, [M − C9H12] +
1), 277.3 (40), 237.1 (30, [M − 2 × C9H12] + 1).


(S,M)-4d. This second eluted diastereomer was isolated using a
semi-preparative HPLC column (hexane–isopropanol 95 : 5). Rf


0.37 (benzene–diethyl ether 2 : 1); mp 89 ◦C; [a]20
D +51.0 (c 0.39,


MeOH); CD (c 1.0 × 10−5 M, MeOH) De (k) 19.3 (255); mmax/cm−1


2965, 2789, 1631, 1598, 1451, 1356, 1220, 1100; dH(400 MHz;
CDCl3; Me4Si) 7.52–7.31 (m, 16H), 3.81 (d, 4H, JAB = 12.4 Hz),
3.44 (dd, 2H, J = 9.6 and 3.5 Hz), 3.06 (d, 4H, JAB = 12.4 Hz),
2.04 (m, 2H), 1.74 (m, 2H), 0.69 (t, 6H, J = 7.6 Hz); dC(100 MHz;
CDCl3; Me4Si) 143.5, 140.3, 134.7, 129.0, 128.7, 128.3, 127.3,
126.9, 69.1, 53.0, 27.1, 10.3; MS-ES (+) m/z (rel. intensity) 473.3
(100, M), 355.1 (100, [M − C9H12] + 1), 237.3 (80, [M − 2 ×
C9H12] + 1).


Atropisomers 4e. Starting from 250 mg of biphenyl-2,2′,6,6′-
tetracarboxaldehyde, compound 4e was obtained as a mixture of
two diastereomers [58 : 42 ratio (S,M)/(S,P), 380 mg, 100%].


(S,M)-4e. This first eluted diastereomer was isolated by chro-
matography on silica gel using benzene as eluent and obtained
as a white solid (76 mg, 20%). Rf 0.91 (benzene–diethyl ether 1 :
1); mp 171–172 ◦C; [a]20


D +256.0 (c 0.41, CHCl3); CD (c 1.0 ×
10−5 M, MeOH) De (k) 16.4 (255); mmax/cm−1 2967, 2863, 1459,
1356, 1154, 1116; dH(400 MHz; CDCl3; Me4Si) 7.35 (m, 6H), 3.65
(d, 4H, JAB = 12.5 Hz), 3.48 (d, 4H, JAB = 12.5 Hz), 2.53 (q, 2H,
J = 7.0 Hz), 1.19 (d, 6H, J = 7.0 Hz), 0.99 (s, 18H); dC(100 MHz;
CDCl3; Me4Si) 139.6, 136.4, 128.9, 128.0, 68.2, 54.1, 27.0, 11.6;
MS-ES (+) m/z (rel. intensity) 405.7 (100, M + 1).


(S,P)-4e. This second eluted diastereomer was isolated by a
preparative chromatography on basic alumina using pentane–c-
hexane–ethyl acetate (50 : 50 : 1.2) as eluent and obtained as a pale
yellow viscous oil (22.8 mg, 6%). Rf 0.18 (c-hexane); [a]20


D −100.0
(c 0.41, CHCl3); CD (c 1.0 × 10−5 M, MeOH) De (k) −11.4 (255);
mmax/cm−1 2949, 2902, 2865, 1637, 1480, 1548, 1355, 1154, 1114,
1074, 927; dH(400 MHz; CDCl3; Me4Si) 7.35 (m, 6H), 3.56 (dd,
8H, JAB = 12.0 Hz), 2.84 (q, 2H, J = 7.1 Hz), 1.19 (d, 6H, J =
7.0 Hz), 1.02 (s, 18H); dC(100 MHz; CDCl3; Me4Si) 139.6, 136.4,
128.1, 127.8, 69.8, 55.4, 27.4, 11.6; MS-ES (+) m/z (rel. intensity)
405.5 (100, M + 1), 321.5 (80, [M − C6H14] + 1), 237.1 (20, [M −
2 × C6H14] + 1).


General procedure for the synthesis of the iminium TRISPHAT
salts 6c–e


In a 50 mL round-bottomed flask equipped with a magnetic
stirring bar, diazepine 4c–e (0.25 mmol, 1.0 equiv.) was dissolved in
5 mL of CHCl3 and N-bromosuccinimide (0.32 mmol, 1.3 equiv.)
was added to the solution. The mixture was stirred at room
temperature for a few minutes (usually 5 min) then a solution
of [cinchonidinium][D-TRISPHAT] (0.275 mmol, 1.1 equiv.) in a
minimum amount of acetone was added. After 5 min of stirring
at room temperature the solvents were removed under reduced
pressure. The desired iminium salts 6c–e were recovered after
column chromatography (silica gel 60; CH2Cl2).


(S,P)-6c. Starting from (S,P)-4c (30 mg, 0.055 mmol), the
desired compound was obtained as a yellow solid (65 mg, 90%).
Mp 210.1 ◦C; [a]20


D −1588 (c 0.10, MeOH); mmax/cm−1 2928, 1692,
1640, 1594, 1448, 1390, 1302, 1236, 991, 823, 670; dH(400 MHz;
CDCl3; Me4Si) 10.5 (s, 1H), 8.4 (s, 1H), 8.3–6.5 (m, 20H), 5.45


(d, 1H, J = 7.6 Hz), 4.7 (d, 1H, J = 12.8 Hz), 4.3 (d, 1H, J =
6.2 Hz), 4.1 (d, 1H, J = 13.0 Hz), 3.8 (d, 1H, J = 12.2 Hz), 3.65
(d, 1H, J = 12.6 Hz), 3.0 (q, 2H, J = 12.2 Hz), 2.34 (d, 3H, J =
6.6 Hz), 1.45 (d, 3H, J = 6.4 Hz); dC(100 MHz; CDCl3; Me4Si)
170.0 (CH), 141.5 (CIV, d, J = 6.4 Hz), 140.9 (CIV), 137.9 (CIV),
137.5 (CH), 136.4 (CIV), 136.0 (CIV), 134.4 (CIV), 133.6 (CIV), 133.0
(CH), 131.9 (CH), 131.8 (CIV), 131.6 (CH), 130.9 (CIV), 129.7 (CH),
129.1 (CH), 128.9 (CH), 127.9 (CH), 127.7 (CH), 127.3 (CH),
126.6 (CIV), 126.5 (CH), 126.2 (CH), 126.0 (CH), 125.9 (CH),
125.7 (CH), 124.7 (CH), 123.1 (CIV), 121.4 (CH), 114.2 (CIV, d,
J = 20.0 Hz), 68.1 (CH), 53.6 (CH2), 53.1 (CH2), 51.1 (CH2), 29.7
(CH2), 21.7 (CH), 18.6 (CH3), 14.2 (CH3); dP(162 MHz; CDCl3;
H3PO4) −80.99; MS-ES (+) m/z (rel. intensity) 575.3 (30), 543.7
(100, M+), 389.3 (60, M − C12H12), 235.3 (10, M − 2 × C12H12);
MS-ES (−) m/z (rel. intensity) 769.0 (100, TRISPHAT).


(S,P)-6d. Starting from (S,P)-4d (45 mg, 0.095 mmol), the
desired compound was obtained as a yellow solid (100 mg, 85%).
Rf 0.72 (CH2Cl2–MeOH 95 : 5, SiO2); mp 200 ◦C (decomp.); [a]20


D


−3552 (c 0.12, MeOH); mmax/cm−1 2934, 1640, 1593, 1562, 1445,
1389, 1301, 1235, 990, 819, 718, 669; dH(400 MHz; CDCl3; Me4Si)
9.85 (s, 1H), 7.81–7.1 (m, 13H), 6.3 (d, 1H, J = 7.5 Hz), 5.9 (t, 1H,
J = 7.2 Hz), 4.7 (d, 1H, J = 13.0 Hz), 4.3 (d, 1H, J = 13.2 Hz),
3.7 (dd, 2H, J = 25.0 and 37.9 Hz), 3.05 (t, 3H, J = 11.7 Hz), 2.55
(m, 3H), 2 (m, 1H), 1.65 (m, 2H), 1.15 (t, 3H, J = 7.2 Hz), 0.9 (m,
1H), 0.65 (t, 3H, J = 7.2 Hz); dC(100 MHz; CDCl3; Me4Si) 168.2
(CH), 142.7 (CIV), 141.9 (CIV), 141.5 (CIV, d, J = 6.4 Hz), 138.4
(CIV), 137.6 (CH), 136.5 (CIV), 136.0 (CIV), 133.4 (CH), 133.1 (CIV),
132.8 (CIV), 132.0 (CH), 130.4 (CH), 130.3 (CH), 129.3 (CH), 128.7
(CH), 128.6 (CH), 128.5 (CH), 127.9 (CH), 127.4 (CH), 127.0
(CH), 126.1 (CIV), 123.0 (CIV), 114.0 (CIV, d, J = 20.0 Hz), 68.7
(CH), 53.2 (CH2), 53.0 (CH2), 51.6 (CH2), 27.2 (CH2), 25.2 (CH),
23.9 (CH2), 11.0 (CH3), 10.1 (CH3); dP(162 MHz; CDCl3; H3PO4)
−80.97; MS-ES (−) m/z (rel. intensity) 768.5 (100, TRISPHAT);
MS-ES (+) m/z (rel. intensity) 471.5 (100, M+), 197.4 (20).


(S,M)-6e. Starting from (S,M)-4e (20.0 mg, 0.050 mmol), the
desired compound was obtained as an orange solid (46 mg, 79%).
Rf 0.42 (CH2Cl2, Al2O3 basic); mp 241.3 ◦C; [a]20


D −329.6 (c 0.1,
MeOH); mmax/cm−1 2959, 1634, 1591, 1559, 1446, 1388, 1302, 1235,
990, 819, 718, 669; dH(400 MHz; CDCl3; Me4Si) 8.80 (s, 1H), 7.82
(d, 1H, J = 7.8 Hz), 7.67–7.44 (m, 4H), 4.90 (d, 1H, J = 13.4 Hz),
4.12 (q, 1H, J = 6.8 Hz), 3.83 (d, 1H, J = 10.4 Hz), 3.79 (d, 1H,
J = 9.0 Hz), 3.64 (d, 1H, J = 12.5 Hz), 3.51 (d, 1H, J = 11.9 Hz),
3.25 (d, 1H, J = 13.1 Hz), 2.63 (q, 1H, J = 7.0 Hz), 1.75 (d,
3H, J = 7.1 Hz), 1.22 (d, 3H, J = 7.0 Hz), 1.12 (s, 9H), 1.01 (s,
9H); dP(162 MHz; CDCl3; H3PO4) −80.99; MS-ES (−) m/z (rel.
intensity) 768.7 (100, TRISPHAT); MS-ES (+) m/z (rel. intensity)
403.5 (100, M+), 197.5 (12).


(S,P)-6e. Starting from (S,P)-4e (13 mg, 0.032 mmol), the
desired compound was obtained as a yellow solid (16.5 mg, 92%).
Rf 0.65 (CH2Cl2–MeOH 9 : 1); mp 237.8 ◦C; [a]20


D −134.0 (c 0.1,
MeOH); mmax/cm−1 2963, 1633, 1591, 1559, 1447, 1389, 1302, 1260,
1235, 1096, 990, 819; dH(400 MHz; CDCl3; Me4Si) 9.28 (s, 1H),
7.91 (m, 1H), 7.78 (d, 1H, J = 7.5 Hz), 7.63 (m, 2H), 7.49 (d,
1H, J = 7.2 Hz), 7.31 (m, 1H), 4.83 (d, 1H, J = 13.3 Hz), 4.48
(d, 1H, J = 13.3 Hz) 4.21 (q, 1H, J = 7.0 Hz), 3.62 (m, 3H),
3.40 (d, 1H, J = 11.6 Hz), 2.91 (q, 1H, J = 7.1 Hz), 1.66 (d, 3H,
J = 7.0 Hz), 1.21 (s, 9H), 1.04 (m, 12 H); dP(162 MHz; CDCl3;
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H3PO4) −80.81; MS-ES (+) m/z (rel. intensity) 319.3 (50, M −
C6H14), 403.3 (100, M); MS-ES (−) m/z (rel. intensity) 768.8 (100,
TRISPHAT).


Typical procedure for the biphasic enantioselective epoxidation
procedure


In a 10 mL flask equipped with a magnetic stirring bar, NaHCO3


(67.0 mg, 0.80 mmol, 4.0 equiv.) was added to 800 lL of water.
Oxone R© (132.0 mg, 0.21 mmol, 1.0 equiv.) was then added and the
solution stirred for 2 min until effervescence subsided. 500 lL of
a 0.4 mol L−1 solution of the alkene (0.20 mmol, 1.0 equiv.) and
naphthalene (0.20 mmol, 1.0 equiv., internal reference) in CH2Cl2


was added and the resulting biphasic mixture was cooled to 0 ◦C
with a cryostatic bath. The catalyst (10.0 lmol, 5 mol%) in CH2Cl2


(500 lL) was added, followed by a solution of 18-crown-6 (1.0 mg,
5.0 lmol, 2.5 mol%) in CH2Cl2 (200 lL). The reaction mixture
was then stirred at room temperature for 2 h.
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Enantiopure trans-dihydrodiols have been obtained by a chemoenzymatic synthesis from the
corresponding cis-dihydrodiol metabolites, obtained by dioxygenase-catalysed arene cis-dihydroxylation
at the 2,3-bond of monosubstituted benzene substrates. This generally applicable, seven-step synthetic
route to trans-dihydrodiols involves a regioselective hydrogenation and a Mitsunobu inversion of
configuration at C-2, followed by benzylic bromination and dehydrobromination steps. The method has
also been extended to the synthesis of both enantiomers of the trans-dihydrodiol derivatives of toluene,
through substitution of a vinyl bromine atom of the corresponding trans-dihydrodiol enantiomers
derived from bromobenzene. Through incorporation of hydrogenolysis and diMTPA ester
diastereoisomer resolution steps into the synthetic route, both trans-dihydrodiol enantiomers of
monohalobenzenes were obtained from the cis-dihydrodiols of 4-haloiodobenzenes.


Introduction


Mammalian metabolism of arenes A, in common with fungal
biodegradation, often involves monooxygenase-catalysed oxida-
tion to yield phenols. The corresponding arene oxides B1,2, B2,3


and B3,4 have been proposed as initial metabolites on the basis
of their detection or isolation, e.g. from benzene1 (A, R = H)
to yield benzene oxide (B1,2 = B2,3 = B3,4, R = H) or from methyl
benzoate2 (A, R = CO2Me), to give the 1,2-oxide B1,2 (R = CO2Me,
Scheme 1). Substituted benzene oxide intermediates, e.g. B2,3 (R =
Br), synthesised from enantiopure cis-dihydrodiol precursors, were
found to spontaneously racemise via the corresponding oxepin
valence tautomers.3 Further examples of arene oxide intermediates
have been isolated from mammalian liver metabolism of polycyclic
arenes, e.g. naphthalene4 and quinoline,5 but these arene oxides do
not equilibrate with the corresponding oxepins and are generally
more stable. Arene oxide intermediates B1,2, B2,3 and B3,4, derived
from substituted monocylic arenes A, are often unstable, and thus
difficult to isolate, due to their rapid isomerisation to phenols.
However, further evidence for the intermediacy of arene oxides
can be obtained from their epoxide hydrolase-catalysed hydrolysis,
to yield the corresponding trans-dihydrodiols C1,2, C2,3 and C3,4.
A relatively small number of trans-dihydrodiol metabolites have
been isolated from benzene (C1,2 = C2,3 = C3,4 where R =
H) and from other monosubstituted benzene substrates (C3,4


where R = Cl, Br) as well as non-aromatic precursors (C2,3


where R = CO2H).6–10 trans-Dihydrodiols are commonly found
as metabolites of polycyclic arenes, e.g. benzo[a]pyrene, and these
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Scheme 1


have been extensively studied, in order to elucidate their role in
carcinogenesis induced by polycyclic aromatic hydrocarbons.11


Comprehensive studies of the alternative dioxygenase-catalysed
metabolism pathway of mono- and poly-cyclic arenes in bacteria,
have been carried out in these and other laboratories and, as a
result, several hundred examples of cis-dihydrodiol metabolites
are now available as synthetic precursors.12–22 The corresponding
range of trans-dihydrodiols, however, cannot yet be obtained in
significant yields by direct biotransformation methods (exclud-
ing the trans-dihydrodiols from benzoic acid).7,8 We have been
interested in exploring potential methods for the synthesis of
trans-dihydrodiols, from the readily available corresponding cis-
dihydrodiols.23 This has resulted in the development of a generally
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applicable synthetic route from cis-dihydrodiol metabolites 2a–2e
(Scheme 2) to the corresponding regioisomeric trans-dihydrodiols
C3,4 (R = Cl, Br, I, Scheme 3).24 A similar approach was
also applied to the synthesis of an alternative trans-dihydrodiol
regioisomer C1,2 (R = Me) but could not be used to synthesise any
member of the regioisomeric trans-dihydrodiol series C2,3.24 The
present study, based on an earlier preliminary communication,3


provides an alternative complementary chemoenzymatic route to
the trans-dihydrodiols C2,3, from the corresponding cis-dihydrodiol
precursors (Scheme 2). The chemoenzymatic routes reported in
this and the earlier paper3 provide access to all the possible
types of trans-dihydrodiol regioisomers (C1,2, C2,3, C3,4) from
monosubstituted benzenes which are required in our laboratories
as (i) synthetic precursors, (ii) substrates for biological screening
programmes and (iii) subjects for comparative aromatisation
studies.


Scheme 2


Results and discussion


The enantiopure (>98% ee) cis-dihydrodiol metabolites 2a–2e,
derived from biotransformation of the monosubstituted benzene
substrates, chlorobenzene (1a), bromobenzene (1b), iodobenzene
(1c), 1,1,1-trifluorotoluene (1d) and toluene (1e) were available
from earlier studies, using toluene dioxygenase (TDO) present in
whole cells of Pseudomonas putida UV4 (Scheme 2).25


A generally applicable seven-step synthetic sequence, from cis-
dihydrodiols 2a–2d to the corresponding trans-dihydrodiols of
type C2,3, has been developed (Scheme 3). The steps involve
selective hydrogenation at the less substituted alkene bond (2 →
3), a regioselective Mitsunobu inversion at an allylic centre (3 →
4), hydrolysis (4 → 5), protection (5 → 6), allylic bromination
(6 → 7), dehydrobromination (7 → 8) and deprotection (8 → 9).


Regioselective catalytic hydrogenation (H2, 5% Rh–Al2O3) of
cis-dihydrodiols 2a–2d, under pressure in THF solution, yielded
the corresponding cis-tetrahydrodiols 3a–3d, generally, in high
yield (80–90%). The partial hydrogenation of cis-dihydrodiol
metabolite 2c of iodobenzene proved difficult. It required careful
monitoring of the progress of the reaction, to minimise the
competing aromatization to ortho-iodophenol. cis-Tetrahydrodiol
3c could only be obtained in ca. 50% yield. The selective hydro-
genation of cis-dihydrodiol metabolite 2e of toluene also proved
to be more difficult and an alternative approach was adopted for
the synthesis of trans-dihydrodiol 9e of toluene (Scheme 4).


Scheme 3 Reagents: i H2, Rh–Al2O3; ii PPh3, DEAD, 4-NO2·C6H4·CO2H; iii K2CO3, H2O, MeOH; iv Ac2O, pyridine; v NBS, CCl4; vi LiCl, Li2CO3,
HMPA.


Scheme 4 Reagents: i TBDMSTf, Et3N, DCM; ii NBS, AIBN, CCl4; iii Li2CO3, LiCl, HMPA; iv MeMgBr, Ni(acac)2, Et2O; v TBAF, THF.
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Due to the general instability of cis-dihydrodiols 2a–2d, at-
tempts to carry out the Mitsunobu inversion reaction on these
parent diols did not succeed; the corresponding phenols were
the only products formed. However, using standard conditions,
their stable cis-tetrahydrodiol derivatives 3a–3d were found to
undergo inversion of the hydroxyl group at the allylic carbon
centre. Thus, reaction of tetrahydrodiols 3a–3d, with a mixture of
triphenylphosphine, diethyldiazodicarboxylate (DEAD) and para-
nitrobenzoic acid (p-NBA), in benzene, resulted in the exclusive
inversion of configuration at C-2 to yield the monoesters 4a–
4d. The progress of the reaction was monitored by TLC and the
identification of compounds 4a–4d was carried out by 1H-NMR
spectroscopic analyses of small samples, after workup. The major
portion of each of the crude reaction mixtures was hydrolysed,
in situ, using K2CO3 in aq. MeOH, to give trans-tetrahydrodiols
5a–5d in an overall yield of 58–64% from the corresponding cis-
tetrahydrodiol precursors 3a–3d.


trans-Tetrahydrodiols 5a–5d were protected, as diacetates 6a–
6d (Ac2O–pyridine) in 93–96% yield prior to allylic bromination,
using N-bromosuccinimide in CCl4, to give the corresponding
bromides 7a–7d. The latter compounds were found to exist
as isomeric mixtures that showed evidence of decomposition,
during attempted purification by chromatography. These relatively
unstable bromides 7a–7d were, therefore, used without purification
in the next dehydrobromination step (Li2CO3 and LiCl in HMPA)
which gave the corresponding trans-dihydrodiol diacetates 8a–
8d (74–93% yields from the diacetate precursors 6a–6d). The
final hydrolysis step of diacetates 8a–8d with K2CO3 in aq.
MeOH yielded the target molecules, trans-dihydrodiols 9a–9d (94–
98%). The versatility of this synthetic route, from cis-dihydrodiol
precursors 2a–2d to the corresponding trans-dihydrodiols 9a–
9d, is demonstrated by its application to other members of the
substituted benzene cis-dihydrodiol series and also to the opposite
enantiomers, after suitable modification (Schemes 4–6).


The original synthetic sequence (Scheme 3) shows the con-
version of the trans-tetrahydrodiol of bromobenzene 5b to the
corresponding trans-dihydrodiol 9b in four steps, using acetate
protecting groups (6b, 7b and 8b). trans-Tetrahydrodiol 5b was
also converted to the trans-dihydrodiol 9b using a similar synthetic
sequence but using diTBDMS protecting groups (10, 11 and 12
respectively, Scheme 4). This approach allowed the bromine atom


in compound 12 to be replaced with a methyl group (to give
intermediate 13 using a Grignard reagent), before deprotection
to yield the trans-dihydrodiol of toluene 9e, in a total of eight
steps from cis-dihydrodiol 2b.


All of the trans-dihydrodiols 9a–9e, obtained using the method
shown in Schemes 3 and 4, were single enantiomers having
(1S) absolute configurations. The synthesis of trans-dihydrodiol
enantiomers 9a′–9c′ and 9e′ of (1R) configuration, was also carried
out using two different methods.


The first synthetic approach was based on the Mitsunobu inver-
sion of the non-allylic (C-1) chiral centre in a cis-tetrahydrodiol,
using a suitably protected derivative. The cis-tetrahydrodiol of
bromobenzene 3b was thus selectively protected as a monoTB-
DMS derivative 14, taking advantage of the less sterically hindered
position of the C-1 hydroxyl group (Scheme 5). The remaining
hydroxyl group at C-2 was then protected as the less sterically
demanding allyl ether 15. Removal of the TBDMS group yielded
the required non-allylic alcohol 16 which was easily converted into
para-nitrobenzoate 17 via a Mitsunobu inversion process. Alkaline
hydrolysis of ester 17 gave alcohol 18 which on deprotection
(RhCl(Ph3P)3, DABCO, EtOH, H2O) yielded the (1R)-trans-1,2-
tetrahydrodiol 5b′. The remaining steps in the synthesis of (1R)
enantiomer 9e′ were identical to those used for (1S)-trans-1,2-
dihydrodiol 9e (Scheme 4). The latter method requires a twelve
step synthesis from cis-1,2-dihydrodiol 2b.


A shorter alternative synthetic approach to enantiomers 9a′–
9c′ was also examined (Scheme 6). In contrast to the enantiopure
cis-dihydrodiol metabolites 2a–2e, derived from the correspond-
ing monosubstituted benzene substrates 1a–1e, para-substituted
iodobenzenes 19a–19c on biotransformation (P. putida UV4) gave
mixtures of cis-dihydrodiol enantiomers 20a/20a′ (from 19a)26 and
20b/20b′ (from 19b)26 and an achiral cis-dihydrodiol 20c = 20c′


(from 19c) (Scheme 6). Controlled hydrogenolysis to remove only
an iodine atom, in each case, produced an enantiomeric mixture
of monosubstituted benzene cis-dihydrodiols 2a/2a′ (35 : 60),
2b/2b′ (39 : 61), 2c/2c′ (50 : 50) in 40–70% yields. The partial
hydrogenolysis of achiral cis-dihydrodiol 20c = 20c′ required
careful monitoring of the progress of the reaction, to minimise
the loss of both iodine atoms. Partial hydrogenation of the
enantiomeric mixtures of cis-dihydrodiols 2a–2c/2a′–2c′, to yield
the corresponding cis-tetrahydrodiols 3a–3c/3a′–3c′ and their


Scheme 5 Reagents: i TBDMSTf, Et3N, DCM; ii BrCH2CH=CH2, BaO, DMF, H2O; iii TBAF, THF; iv Ph3P, DEAD, 4-NO2·C6H4·CO2H, THF;
v K2CO3, MeOH; vi RhCl(Ph3P)3, DABCO, H2O, EtOH; vii NBS, CCl4; viii Li2CO3, LiCl, HMPA; ix MeMgBr, Et2O; x TBAF, THF.
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Scheme 6 Reagents: i H2, Pd–C; ii H2, Rh–Al2O3; iii PPh3, DEAD, 4-NO2·C6H4·CO2H; iv NaOH, H2O,MeOH; v (−)-MTPACl, pyridine; vi Ac2O,
pyridine; vii NBS, CCl4; viii LiCl, Li2CO3, HMPA.


conversion to the corresponding trans-tetrahydrodiols 5a–5c/5a′–
5c′, was carried out as described (Scheme 3).


Earlier studies from these laboratories have shown that the
abnormal (1R)-cis-dihydrodiol enantiomers 2a′–2c′ can be ob-
tained via a second biotransformation, using an enzyme-catalysed
kinetic resolution method.27 In this further biotransformation,
with naphthalene diol dehydrogenase enzymes present in whole
cells of wild type (e.g. P. putida NCIMB 8859) or recombinant
(e.g. E. coli nar B) strains,27,28 only the normal (1S)-cis-dihydrodiol
enantiomers 2a–2c were found to be the substrates and were
converted to the corresponding catechols. The residual abnormal
(1R)-cis-dihydrodiol enantiomers 2a′–2c′ were then separated from
the catechols by chromatography. An alternative method to the
second biotransformation procedure, using a chemical resolution
process, is also presented in this study.


The enantiomeric mixtures of trans-tetrahydrodiol enan-
tiomers 5a/5a′–5c/5c′ were treated with (−)-(R)-a-methoxy-a-
(trifluoromethyl)phenylacetyl (MTPA) chloride in pyridine so-
lution, to yield the corresponding diMTPA diastereoisomers
21a/21a′–21c/21c′ which were separated by preparative layer
chromatography (PLC) (Scheme 6). Hydrolysis of the sepa-
rated diMTPA ester diastereoisomers under alkaline condi-
tions, produced single enantiomers of the corresponding trans-
tetrahydrodiol enantiomers 5a–5c and 5a′–5c′ which were, in turn,
converted in four steps to the corresponding trans-dihydrodiols
9a–9c and 9a′–9c′, using the method discussed earlier (Schemes 3
and 6). This route, to the synthesis of trans-1,2-dihydrodiol
enantiomers 9a′–9c′, from cis-1,2-dihydrodiol precursors 20a′–
20c′, is slightly shorter than the one used for trans-dihydrodiol
9e′ (Schemes 4 and 5). Furthermore, both trans-(1S,2R)-(9a–9c)
and trans-(1R,2S)-dihydrodiols (9a′–9c′) were synthesised from
metabolites produced by a single biotransformation.


Conclusion


The syntheses of trans-(1S,2R)-dihydrodiols (9a–9c) and trans-
(1S,2S)-dihydrodiol (9d) enantiomers from enantiopure cis-
dihydrodiol precursors have been carried out through a generally
applicable chemoenzymatic method. A modification of this route
has been used in the synthesis of both trans-(1S,2R)-(9a–9c)
and the reverse trans-(1R,2S)-dihydrodiol enantiomers (9a′–9c′).
Thus, cis-dihydrodiol metabolites of 4-substituted iodobenzenes
containing both enantiomers (20a/20a′–20c/20c′) were converted
to the corresponding trans-tetrahydrodiols (5a/5a′–5c/5c′) and
resolved via their diMTPA esters (21a/21a′–21c/21c′). Replace-
ment of a bromine atom with a methyl group in the diTBDMS
derivatives of trans-tetrahydrodiol enantiomers 5b and 5b′ pro-
vided a synthetic route to the corresponding trans-dihydrodiols
enantiomers 9e and 9e′.


Expermental


NMR (1H and 13C) spectra were recorded on Bruker Avance
DPX-300 and DPX-500 instruments and mass spectra were run
at 70 eV, on a VG Autospec Mass Spectrometer, using a heated
inlet system. Accurate molecular weights were determined by the
peak matching method, with perfluorokerosene as the standard.
Elemental microanalyses were carried out on a PerkinElmer 2400
CHN microanalyser. For optical rotation ([a]D) measurements
(ca. 20 ◦C, 10−1 deg cm2 g−1), a PerkinElmer 341 polarimeter
was used. Flash chromatography and PLC were performed on
Merck Kieselgel type 60 (250–400 mesh) and PF254/366 respec-
tively. Merck Kieselgel type 60F254 analytical plates were used
for TLC. cis-Dihydrodiols (1S,2S)-2a–2c (>98% ee), (1S,2R)-
2d and 2e (>98% ee), (1R,2S)-20a/(1S,2R)-20a′ (ca. 25% ee),
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(1R,2S)-20b/(1S,2R)-20b′ (ca. 22% ee) and the achiral cis-
dihydrodiol 20c were available from earlier work,25,26 were used
for this study.


Hydrogenolysis of cis-dihydrodiols 20a–20c/20a′–20c′ to yield the
corresponding cis-dihydrodiols 2a–2c/2a′–2c′


A solution of cis-1,2-dihydroxycyclohexa-3,5-diene enantiomers
20a–20c/20a′–20c′ (3.0 mmol), in MeOH (20 cm3) containing
NaOAc·3H2O (0.272 g, 6.0 mmol) and quinoline (50 ll), was
stirred, at room temperature under H2 (1 atm.) in the presence
of Pd/C (3%, 0.1 g) until the hydrogenolysis was complete (2–
4 h). Removal of the catalyst by filtration and concentration of
the filtrate yielded the crude mixture of enantiomers 2a–2c/2a′–
2c′ that was purified (40–70% yield) by PLC (Rf 0.3 to 0.5, 50%
EtOAc in hexane).


Partial hydrogenation of cis-dihydrodiols 2a–2d/2a′–2c′ to yield
cis-tetrahydrodiols 3a–3c/3a′–3c′


Typical procedure: cis-1,2-Dihydroxycyclohexa-3,5-diene 2a–
2d/2a′–2c′ (5 mmol) was dissolved in THF (15 cm3) and the
solution poured into a hydrogenation bottle containing catalyst
(0.5 g) Rh–Al2O3 (5%). The bottle filled with H2 [25 psi (2a/2a′),
40 psi (2b/2b′), 75 psi (2c/2c′), 20 psi (2d)] was mechanically shaken
until hydrogenation was complete [ca. 3 h (2a/2a′), 6 h (2b/2b′),
16 h (2c/2c′), 2 h (2d)]. The catalyst was removed by filtration,
the filtrate concentrated, and the crude hydrogenated compound
purified by flash chromatography (5% MeOH in CHCl3 or 40%
EtOAc in hexane) to give cis-tetrahydrodiol 3a–3d/3a′–3c′.


cis-(1S,2S)- 3a and cis-(1R,2R)-1,2-Dihydroxy-3-chlorocyclo-
hex-3-ene 3a′. Enantiomer 3a, white crystalline solid (0.64 g,
86%); mp 111–112 ◦C (CHCl3–hexane); [a]D −158 (c 1.06, MeOH);
(Found: C, 48.5; H, 5.9. C6H9ClO2 requires C 48.5; H, 6.1%); dH


(500 MHz, CDCl3) 1.79 (2 H, m, 6-H, 6′-H), 2.14 (1 H, m, 5-H),
2.30 (1 H, m, 5′-H), 3.93 (1 H, m, 1-H), 4.16 (1 H, d, J2,1 3.5, 2-H),
5.99 (1 H, dd, J4,5 = J4,5′ 4.1, 4-H); m/z (EI) 150 (M+, 1%), 148 (4),
106 (30), 104 (100), 95 (7), 69 (16), 65 (18). Enantiomer 3a′: [a]D


+154 (c 1.11, MeOH).


For compounds 3b, 3b′, 3c, 3c′ and 3d see ESI.†


Mitsunobu inversion reaction with cis-tetrahydrodiols
3a–3d/3a′–3c′ to yield the 4-nitrobenzoates of trans-tetrahydrodiol
4a–4d/4a′–4c′ and their hydrolysis to produce
trans-tetrahydrodiols 5a–5d/5a′–5c′


Typical procedure: To a stirring solution of cis-tetrahydrodiols 3a–
3d/3a′–3c′ (5.5 mmol) and Ph3P (6 mmol), in anhydrous benzene
(20 cm3) containing dry 3 Å molecular sieves (1 g), DEAD
(6 mmol) was added drop-wise, at room temperature. After stirring
the reaction mixture for 30 min, p-nitrobenzoic acid (5.4 mmol)
was added, the mixture was stirred for a further 30 min, and then
refluxed at 90 ◦C until the reaction was complete (ca. 3 h, by TLC).
The mixture was filtered, the filtrate concentrated under reduced
pressure, and the concentrate dissolved in MeOH (15 cm3). Water
(1 cm3) and K2CO3 (15 mmol) were added, and the reaction
mixture stirred at room temperature. When the hydrolysis was
complete (ca. 3 h), the inorganic material was filtered off, and


the filtrate concentrated under reduced pressure. The residue was
partitioned by extraction, with a mixture of ethyl acetate (50 cm3)
and saturated aq. NaCl solution (30 cm3). The EtOAc layer was
separated, dried (Na2SO4), and concentrated. Further purification
of the product, by flash chromatography (15% → 50% EtOAc in
hexane) yielded trans-tetrahydrodiol 5a–5d/5a′–5c′.


trans-(1S,2R)- 5a and trans-(1R,2S)-1,2-Dihydroxy-3-chloro-
cyclohex-3-ene 5a′. Enantiomer 5a, white crystals (0.53 g, 65%);
mp 69–70 ◦C (CHCl3–hexane), [a]D +79 (c 1.77, MeOH); (Found:
C, 48.5; H, 6.1. C6H9ClO2 requires C 48.5; H, 6.1%); dH (500 MHz,
CDCl3) 1.74 (1 H, m, 6-H), 1.95 (1 H, m, 6′-H), 2.20 (2 H, m, 5-H,
5′-H), 3.85 (1 H, m, 1-H), 4.07 (1 H, d, J2,1 6.5, 2-H), 5.92 (1 H, dd,
J4,5 = J4,5


′ 4.0, 4-H); m/z (EI) 150 (M+, 1%), 148 (3), 132 (1), 132
(3), 106 (36), 104 (100), 95 (5), 69 (7), 65 (5), 41 (18). Enantiomer
5a′: [a]D −72 (c 1.62, MeOH).


For compounds 5b, 5b′, 5c, 5c′ and 5d see ESI.†


Acetylation of trans-tetrahydrodiols 5a–5d/5a′–5c′ to yield
trans-tetrahydrodiol diacetates 6a–6d/6a′–6c′


Typical procedure: A solution of trans-tetrahydrodiol 5a–5d/5a′–
5c′ (3.5 mmol), in anhydrous pyridine (0.5 cm3), was treated with
Ac2O (10 mmol), and the mixture heated at 50 ◦C for 4 h. The crude
product obtained, after removal of excess of Ac2O and pyridine
under reduced pressure, was purified by flash chromatography
(hexane → 30% Et2O in hexane) to yield diacetate 6a–6d/6a′–6c′.


trans-(1S,2R)- 6a and trans-(1R,2S)-1,2-Diacetoxy-3-chloro-
cyclohex-3-ene 6a′. Enantiomer 6a, white crystals (0.78 g, 96%);
mp 43–45 ◦C (CHCl3–hexane), [a]D +97 (c 1.53, CHCl3); (Found:
C, 51.5; H, 5.6. C10H13ClO4 requires C 51.6; H, 5.6%); dH


(300 MHz, CDCl3) 1.91 (2 H, m, 6-H, 6′-H), 2.06 (3 H, s, OCOMe),
2.12 (3 H, s, OCOMe), 2.25 (2 H, m, 5-H, 5′-H), 5.05 (1 H, m, H-1),
5.40 (1 H, d, J2,1 6.0, 2-H), 6.14 (1 H, dd, J4,5 = J4,5


′ 3.9, 4-H); m/z
(EI) 234 (M+, 1%), 232 (1), 197 (5), 174 (4), 172 (12), 132 (35), 130
(84), 112 (45), 95 (25), 77 (14), 43 (100). Enantiomer 6a′: [a]D −100
(c 1.40, CHCl3).


For compounds 6b, 6b′, 6c, 6c′ and 6d see ESI.†


Benzylic bromination of the trans-tetrahydrodiol diacetates
6a–6d/6a′–6c′ to yield trans-tetrahydrodiol bromodiacetates
7a–7d/7a′–7c′


Typical procedure: Freshly crystallised N-bromosuccinimide
(3.7 mmol) and a,a-azoisobisbutyronitrile (AIBN) (ca. 2 mg)
were added to a solution of trans-tetrahydrodiol diacetate 6a–
6d/6a′–6c′ (3.4 mmol) dissolved in carbon tetrachloride (10 cm3).
The reaction mixture was gently refluxed, under nitrogen, using
a heat lamp. The reaction, monitored by TLC, was complete
after 1.5 h of refluxing. The reaction mixture was cooled to
room temperature, the precipitated succinimide filtered off, and
the solvent removed in vacuo. The crude product 7a–7d/7a′–7c′,
identified as a diastereoisomeric mixture of bromides of tetra-
hydrodiol diacetate, by 1H-NMR spectroscopy, was used imme-
diately in the next step without purification due to its unstable
nature.
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trans-(1S,2R)- 7a and trans-(1R,2S)-1,2-Diacetoxy-3-chloro-5-
bromocyclohex-3-ene 7a′. Enantiomers 7a and 7a′, light yellow
oil (1.01 g, 95%); dH (500 MHz, CDCl3) 2.10 (3 H, s, OCOMe),
2.12 (3 H, s, OCOMe), 2.41 (1 H, m, 6-H), 2.51 (1 H, m, 6′-H),
4.78 (1 H, m, 5-H), 5.33 (1 H, m, 1-H), 5.55 (1 H, m, 2-H), 6.35
(1 H, m, 4-H).


For compounds 7b, 7b′, 7c, 7c′ and 7d see ESI.†


Dehydrobromination of trans-tetrahydrodiol bromodiacetates
7a–7d/7a′–7c′ to yield trans-dihydrodiol diacetates 8a–8d/8a′–8c′


Typical procedure: Anhydrous lithium chloride (8 mmol) and
anhydrous lithium carbonate (7 mmol) were added with stirring
to a solution of trans-tetrahydrodiol bromodiacetates 7a–7d/7a′–
7c′ (2.9 mmol) in freshly distilled HMPA (2 cm3). The reaction
mixture was heated (2 h) at 95 ◦C under N2 with stirring. The
mixture was then cooled to 0 ◦C, diluted with Et2O (25 cm3), and
aq. HCl solution (1 M, 15 cm3) was added to it drop-wise. After
shaking the mixture in a separating funnel, the Et2O layer was
separated and the aq. layer was again extracted with Et2O (2 ×
15 cm3). The combined Et2O extract was washed with aq. NaHCO3


solution (2.5%, 20 cm3), dried (Na2SO4), and concentrated in
vacuo. Purification of the residue by PLC (50% Et2O in hexane, Rf


∼0.50,) yielded the trans-dihydrodioldiacetate 8a–8d/8a′–8c′.


trans-(1S,2R)- 8a and trans-(1R,2S)-1,2-Diacetoxy-3-chloro-
cyclohexa-3,5-diene 8a′. Enantiomer 8a, white crystals (0.63 g,
93%); mp 53–54 ◦C, (EtOAc–hexane); [a]D +437 (c 1.03, CHCl3);
(Found: C, 51.9; H, 4.7. C10H11ClO4 requires C 52.1; H, 4.8%); dH


(500 MHz, CDCl3) 2.08 (3 H, s, OCOMe), 2.13 (3 H, s, OCOMe),
5.34 (1 H, dd, J1,2 4.0, J1,6 4.6, 1-H), 5.66 (1 H, d, J2,1 4.0, 2-H),
5.90(1 H, dd, J6,1 4.6, J6,5 9.5, 6-H), 6.09 (1 H, dd, J5,4 6.2, J5,6 9.5,
5-H), 6.29 (1 H, d, J4,5 6.2, 4-H); m/z (EI) 232 (M+, 3%), 230 (7),
195 (13), 130 (22), 128 (57), 43 (100). Enantiomer 8a′: [a]D −435
(c 0.75, CHCl3).


For compounds 8b, 8b′, 8c, 8c′ and 8d see ESI.†


Hydrolysis of trans-dihydrodiol diacetates 8a–8d/8a′–8c′ to yield
trans-dihydrodiols 9a–9d/9a′–9c′


Typical procedure: To a stirring solution of trans-dihydrodiol
diacetate 8a–8d/8a′–8c′ (2.65 mmol) in MeOH (10 cm3), was
added water (1 cm3) and K2CO3 (8 mmol). On completion of the
hydrolysis (ca. 3 h, by TLC), the potassium salts were filtered off
and the filtrate concentrated under reduced pressure. The crude
product was dissolved in EtOAc (25 cm3), the solution washed
with brine solution (10 cm3), dried (Na2SO4), and concentrated in
vacuo. Purification of the residue by PLC (50% EtOAc in hexane)
yielded trans-dihydrodiol 9a–9d/9a′–9c′.


trans-(1S,2R)- 9a and trans-(1R,2S)-1,2-Dihydroxy-3-chloro-
cyclohexa-3,5-diene 9a′. Enantiomer 9a, white crystals (0.38 g,
98%); mp 94–96 ◦C (MeOH–CHCl3); [a]D +504 (c 0.66, MeOH);
(Found: M+, 146.0138. C6H7ClO2 requires 146.0135; dH (500 MHz,
CDCl3) 4.42 (1 H, dd, J2,1 9.1, J2,6 3.4, 2-H), 4.52 (1 H, m, 1-H),
5.92 (2 H, m, 5-H, 6-H), 6.12 (1 H, m, 4-H); m/z (EI) 146 (M+,
54%), 130 (8), 128 (125), 117 (24), 111 (12), 100 (100), 93 (14), 81
(48), 65 (77), 53 (65). Enantiomer 9a′: [a]D −489 (c 0.59, MeOH).


For compounds 9b, 9b′, 9c, 9c′ and 9d see ESI.†


(1R,6S)- 10 and [(1S,6R)-2-Bromo-6-{[1-(tert-butyl)-1,1-
dimethylsilyl]oxy}-2-cyclohexenyl)oxy] (tert-butyl)-
dimethylsilane 10′


A stirring solution of trans-tetrahydrodiol 5b (0.135 g, 0.7 mmol)
and Et3N (0.4 cm3, 2.8 mmol) in dry CH2Cl2 (10 cm3) was treated,
under N2 at 0 ◦C, with TBDMSTf (0.37 cm3, 1.6 mmol), and the
reaction mixture was allowed to come to room temperature. After
stirring for 1 h, the reaction was quenched by the addition of 5%
aq. NaHCO3 solution. The organic layer was separated and the
aq. layer extracted with CH2Cl2 (10 cm3). The combined solution
was dried (Na2SO4) and the solvent evaporated. Purification of the
residue by flash chromatography (hexane) yielded pure diTBDMS
derivative 10 as a colourless semisolid (0.28 g, 95%); [a]D +76
(c 0.73, CHCl3); (Found: M+–C4H9, 363.0798. C14H28BrO2Si2


requires 363.0811); dH(500 MHz, CDCl3) 0.06, 0.07, 0.13, 0.20
[3 H each, s, 2 × –Si(Me)2], 0.87, 0.91 [9 H each, s, 2 × –C(Me)3],
1.57–1.63 (1H, m, 5-H), 1.80–1.86 (1 H, m, 5′-H), 1.94–2.00 (1 H,
m, 4-H), 2.24–2.31 (1 H, m, 4′-H), 3.84 (1 H, d, J1,6 2.9, 1-H),
3.89 (1 H, m, 6-H), 6.16 (1 H, dd, J3,4 2.5, J3,4′ 5.5, 3-H); m/z (EI)
363 (M+–C4H9, 27%), 263 (18), 233 (21), 205 (24), 189 (16), 147
(100), 79 (11) and 73 (62). Enantiomer 10′ was similarly prepared
from trans-tetrahydrodiol 5b′ (0.220 g, 1.14 mmol), as a colourless
semisolid (0.44 g, 92%); [a]D −75 (c 0.87, CHCl3).


(1R,6S)- 12 and [(1S,6R)-2-Bromo-6-[{1-(tert-butyl)-1,1-
dimethylsilyl}oxy]-2,4-cyclohexenyl)oxy](tert-butyl)-
dimethylsilane 12′


DiTBDMS derivative 10 (0.172 g, 0.41 mmol) was converted into
the corresponding diastereomeric mixture of bromo compounds
11 with N-bromosuccinimide, using the typical procedure for
bromination mentioned earlier. The crude brominated mixture (ca.
0.220 g) was dissolved in HMPA (0.5 cm3), and treated with an-
hydrous Li2CO3 (0.06 g, 0.82 mmol) and LiCl (0.03 g, 0.82 mmol)
according to the typical procedure mentioned earlier. Purification
of the crude product by PLC (hexane) gave compound 12 as a
colourless oil (0.07 g, 43%); [a]D +303 (c 0.88, CHCl3); (Found M+,
418.1344. C18H35BrO2Si2 requires 418.1359); dH(500 MHz, CDCl3)
0.07, 0.11, 0.17, 0.19, (3 H each, s, 2 × –Si(Me)2) 0.88, 0.90 (9 H
each, s, 2 × –C(Me)3), 4.14 (1 H, dd, J6,1 2.5, J6,5 6.0, 6-H), 4.17
(1 H, d, J1,6 2.5, 1-H), 5.87 (1 H, dd, J5,4 9.3, J5,6 6.0, 5-H), 5.89
(1H, dd, J4,5 9.3, J4,3 5.3, 4-H), 6.34 (1 H, d, J3,4 4.5, 3-H); m/z (EI)
418 (M+, 45%), 339 (47), 305 (8), 225 (15), 189 (18), 147 (100), 115
(6), 73 (84) and 59 (8).


Bromo diTBDMS derivative 12′ was similarly prepared from
compound 10′ (0.2 g, 0.55 mmol), as a colourless semisolid
(0.092 g, 40%); [a]D +295 (c 0.68, CHCl3).


tert-Butyl(1R,6R)- 13 and tert-butyl[(1S,6S)-6-
{[1-(tert-butyl)-1,1-dimethylsilyl]oxy}-2-methyl-2,
4-cyclohexadienyl)oxy] dimethylsilane 13′


A solution of compound 12 (0.34 g, 0.81 mmol) in dry THF
(7 cm3), containing nickel(II) acetylacetonate (0.01 g, 0.04 mmol),
was treated drop-wise with a solution of MeMgBr (3 M in Et2O,
2.0 mmol, 0.68 cm3), under a N2 atmosphere. The reaction mixture
was refluxed at 60 ◦C (3 h), left stirring at room temperature
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(10 h), cooled (0 ◦C), and then treated with aq. NH4Cl solution to
terminate the reaction. Ether (30 cm3) was added to the mixture
and the organic layer separated. The remaining aq. layer was
extracted with Et2O (2 × 10 cm3). The combined organic extract
was dried (Na2SO4), concentrated under reduced pressure, and
the residue purified by PLC (hexane). DiTBDMS derivative 13 was
obtained as a colourless semisolid (0.245 g, 85%); [a]D +275 (c 0.98,
CHCl3); (Found: M+, 354.2400. C19H38O2Si2 requires 354.2410);
dH(500 MHz, CDCl3) 0.026, 0001, 0006, 0.024 [3 H each, s, 2 ×
–Si(Me)2], 0.79, 0.80 [9 H each, s, 2 × –C(Me)3], 1.75 (3 H, s, –Me),
3.94 (1 H, d, J1,6 5.5, 1-H), 4.01 (1 H, dd, J6,1 5.5, J6,5 5.0, 6-H),
5.59–5.62 (2 H, m, 4-H, 6-H), 5.78 (1 H, dd, J4,5 5.0, J4,3 3.2, 4-H);
m/z (EI) 354 (M+, 100%), 165 (13), 147 (46), 137 (20), 133 (8), 91
(13), 84 (35) and 73 (70).


Enantiomer 13′ was similarly obtained from compound 12′


(0.290 g, 0.7 mmol) as a colourless semisolid (0.17 g, 70%); [a]D


−270 (c 0.60, CHCl3).


(1S,2S)- 9e and (1R,2R)-3-Methyl-3,5-cyclohexadiene-1,2-diol 9e′


Tetrabutylammonium fluoride solution (1.0 M in THF, 1.7 cm3)
was added to a cooled (0 ◦C) solution of diTBDMS derivative 13
(0.17 g, 0.48 mmol) in THF (3 cm3). After stirring the reaction
mixture at 0 ◦C (10 min.) and then room temperature (3 h),
the solvent was removed under reduced pressure and the residue
purified by PLC (50% EtOAc in hexane). trans-Dihydrodiol 9e
was obtained as a white crystalline solid (0.04 g, 67%); Rf 0.26
(45% EtOAc in hexane); mp 90–92 ◦C (from EtOAc–hexane); [a]D


+310 (c 0.40, MeOH); (Found: M+, 126.0679. C7H10O2 requires
126.0681); dH(500 MHz, CDCl3) 1.91 (3 H, s, –Me), 4.22 (1 H, d,
J1,2 10.5, J6,1 1.5, 1-H), 4.37 (1 H, d, J2,1 10.5, 2-H), 5.70 (1 H,
dd, J6,5 11.5, J6,1 1.5, 6-H), 5.80 (1 H, dd, J4,5 10.5, 4-H), 5.89
(1 H, ddd, J5,6 11.5, J5,4 3.0, J5,1 1.5, 5-H); dC(125 MHz, CDCl3)
18.94, 73.76, 76.36, 119.85, 124.93, 126.57, 126.99; m/z (EI) 126
(M+, 66%), 111 (22), 108 (63), 97 (41), 80 (100), 77 (36), 69 (27),
65 (56) and 55 (54). trans-Dihydrodiol 9e′ was similarly obtained
from compound 13′ (0.17 g, 0.48 mmol) as a white solid (0.042 g,
70%); [a]D −301 (c 0.47, MeOH).


(1S,6S)-2-Bromo-6-[{1-(tert-butyl)-1,1-dimethylsilyl}oxy]-2-
cyclohexen-1-ol 14


To a solution of tetrahydrodiol 3b (2 g, 10.4 mmol) in dry
pyridine (4 cm3), TBDMSCl (1.9 g, 12.6 mmol) and DMAP
(5 mol%, 0.063 g) were added and the reaction mixture was stirred
overnight at room temperature. Excess of pyridine was removed
in vacuo, the residue extracted with EtOAc (50 cm3), the extract
washed with water (2 × 15 cm3) and dried (Na2SO4). Removal of
solvent under reduced pressure yielded crude monoTBDMS 14.
Purification by flash chromatography (10% EtOAc in hexane) gave
monoTBDMS 14 as a colourless oil (2.94 g, 92%); (Found: M+–
C(Me)3, 248.9944. C8H14BrO2Si requires 248.9947); [a]D −51
(c 1.0, CHCl3); dH(500 MHz, CDCl3) 0.006, 0.008 [3 H each, s,
–Si(Me)2], 0.79 [9 H, s, –C(Me)3], 1.49–1.53 (1 H, m, 5-H), 1.68–
1.76 (1 H, m, 5′-H), 1.89–1.97 (1 H, m, 4-H), 2.07–2.14 (1 H, m,
4′-H), 2.66 (1 H, d, J 3.7, –OH), 3.83 (1 H, ddd, J6,5 10.5, J6,5′ 4.0,
J6,1 3.5, 6-H), 3.99 (1 H, d, J1,6 3.5, 1-H), 6.09 (1 H, dd, J3,4 4.9
J3,4′ 3.4, 3-H); dC(125 MHz, CDCl3) −4.84, −4.50, 17.28, 25.23,
25.45, 25.47, 25.80, 25.84, 70.80, 72.33, 121.84, 132.35; m/z (EI)


249 [M+–C(Me)3, 8%], 211 (15), 197 (94), 184 (100), 170 (7), 150
(3), 90 (10) and 43 (5).


(1S,2S)-2-[{(Allyloxy)-3-bromo-3-cyclohexenyl}oxy]-
(tert-butyl)dimethylsilane 15


MonoTBDMS ether 14 (0.06 g, 0.2 mmol) was dissolved in DMF
(0.5 cm3) and BaO (0.06 g, 0.4 mmol), allyl bromide (0.045 cm3,
0.52 mmol) and water (0.25 cm3) were added to the solution.
The reaction mixture was stirred at room temperature. When the
starting material had been consumed (∼48 h), the barium salts
were filtered off and the filtrate concentrated in vacuo. Purification
of the residue by flash chromatography (10% ether in hexane) gave
the allyloxy TBDMS derivative 15 as a colourless oil (0.061 g,
90%); [a]D −284 (c 0.40, CHCl3); (Found: M+–C(Me)3, 289.9944.
C11H18BrO2Si requires 289.9960); dH(500 MHz, CDCl3) 0.07, 0.09
[3 H each, s, –Si(Me)2], 0.91 [9 H, s, –C(Me)3], 1.58–1.62 (1 H, m,
6-H), 1.91–1.98 (1 H, m, 6′-H), 2.00–2.09 (1 H, m, 5′-H), 2.17–
2.23 (1 H, m, 5-H), 3.85–3.87 (1 H, m, 1-H), 3.90 (1 H, d, J2,1


3.5, 2-H), 4.23–4.27 (1 H, ddt, J 14, J 7.5, J 1.5, –OCH2CHCH2),
4.40–4.44 (1 H, ddt, J 14.0, J 7.5, J 1.5, –OCH2CHCH2), 5.15–
5.18 (1 H, ddd, J 10.5, J 3.0, J 1.5, –OCH2CHCH2), 5.27–5.31
(1 H, ddd, J 17.5, J 5.0, J 1.5, –OCH2CHCH2), 5.98–6.06 (1 H,
m, –OCH2CHCH2), 6.10 (1 H, dd, J4,5 5.0, J4,5′ 2.5, 4-H); m/z (EI)
290 [M+–C(Me)3, 17%], 231 (28), 200 (13), 156 (34), 122 (43), 87
(21), 43 (100) and 23 (66).


(1S,2S)-2-(Allyloxy)-3-bromo-3-cyclohexen-1-ol 16


Allyloxy monoalcohol 16 was prepared from compound 15 (0.22 g,
0.63 mmol) using the procedure described for the synthesis of
compound 9e. Purification by flash chromatography (20% Et2O
in hexane) afforded allyloxy monoalcohol 16 as a colourless oil
(0.125 g, 84%); [a]D −235 (c 0.26, CHCl3); (Found: M+, 232.0097.
C9H13BrO2 requires 232.0099); dH(500 MHz, CDCl3) 1.76–1.80
(2 H, m, 6-H), 2.02–2.08 (1 H, m, 5-H), 2.24–2.31 (1 H, m, 5′-H),
2.47 (1 H, d, J 8.0, –OH), 3.87–3.92 (1 H, m, 1-H), 3.95 (1 H, d, J2,1


4.5, 2-H), 4.26–4.29 (1 H, ddt, J 13.7, J 7.0, J 1.5, –OCH2CHCH2),
4.44–4.85 (1 H, ddt, J 13.7, J 7.0, J 1.5, –OCH2CHCH2), 5.22–
5.25 (1 H, ddd, J 10.5, J 4.0, J 1.0, –OCH2CHCH2), 5.32–5.37
(1 H, ddd, J 17.5, J 4.0, J 1.0, –OCH2CHCH2), 5.96–6.03 (1 H,
m, –OCH2CHCH2), 6.22 (1 H, t, J4,5 = J4,5′ 4.0, 4-H); m/z (EI)
232 (M+, 3%), 190 (98), 188 (100), 160 (22), 162 (24), 119 (13), 109
(25), 97 (43), 81 (61), 67 (58) and 55 (41).


(1R,2S)-2-(Allyloxy)-3-bromo-3-cyclohexenyl (4-nitrophenyl)
carbonate 17


Monoalcohol 16 (0.12 g, 0.52 mmol) was converted into p-
nitrobenzoate derivative 17 using the typical procedure described
earlier for the Mitsunobu reaction. Purification by flash chro-
matography (20% Et2O in hexane) yielded p-nitrobenzoate 17
as white needles (0.128 g, 65%); Rf 0.38 (15% Et2O in hexane);
mp 104–105 ◦C (from hexane); [a]D −137 (c 0.88, CHCl3);
(Found: M+–C3H5, 339.9870. C13H11BrNO5 requires 339.9821);
dH(500 MHz, CDCl3) 2.02–2.09 (2 H, m, 6-H), 2.21–2.26 (1 H, m,
5-H), 2.29–2.35 (1 H, m, 5′-H), 3.90 (1 H, d, J2,1 2.5, 2-H), 4.27–4.35
(2 H, m, –OCH2CHCH2), 5.23 (1 H, d, J 10.5, –OCH2CHCH2),
5.34–5.37 (1 H, m, –OCH2CHCH2), 5.41 (1 H, dt, J1,2 2.5, J1,6 =
J1,6′ 5.0, 1-H), 5.95–6.03 (1 H, m, –OCH2CHCH2), 6.38 (1 H, m,
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J4,6 5.0, J4,6′ 3.06, 4-H), 8.16–8.18 (2 H, d, J 8.5, Ar–H), 8.29–8.31
(2 H, d, J 8.5, Ar–H); m/z (EI) 340 (M+–C3H5, 12%), 233 (8), 231
(9), 214 (22), 190 (39), 188 (42), 158 (53), 150 (100), 135 (30), 104
(56), 79 (29) and 65 (15).


(1R,2S)-2-(Allyloxy)-3-bromo-3-cyclohexen-1-ol 18


Allyloxy monoalcohol 18 was obtained by the hydrolysis of p-
nitrobenzoate 17 (0.3 g, 0.78 mmol), using the procedure described
earlier. Purification by flash chromatography (5% EtOAc in hex-
ane) afforded alcohol 18 as an off-white semisolid (0.16 g, 87%); Rf


0.18 (20% Et2O in hexane); [a]D −66 (c 0.95, CHCl3); (Found: M+,
232.0090. C9H13BrO2 requires 232.0099); dH(500 MHz, CDCl3)
1.72–1.79 (1 H, m, 6-H), 1.92–1.97 (1 H, m, 6′-H), 2.09–2.24 (2 H,
m, 5-H), 3.80 (1 H, d, J2,1 5.0, 2-H), 3.97–3.99 (1 H, m, 1-H),
4.18–4.22 (1 H, ddt, J 12.5, J 6.0, J 1.5, –OCH2CHCH2), 4.29–
4.33 (1 H, ddt, J 12.5, J 6.0, J 1.5, –OCH2CHCH2), 5.15–5.24
(1 H, ddd, J 10.0, J 2.5, J 1.0, –OCH2CHCH2), 5.32–5.36 (1 H,
ddd, J 17.5, J 3.0, J 1.5, –OCH2CHCH2), 5.96–6.04 (1 H, m,
–OCH2CHCH2), 6.21 (1 H, t, J4,5 = J4,5′ 4.0, 4-H); m/z (EI) 232
(M+, 5%), 190 (97), 188 (100), 153 (15), 146 (22), 109 (29), 97 (40),
81 (68), 67 (61) and 55 (53).


(1R,2S)-3-Bromo-3-cyclohexene-1,2-diol 5b′


To a solution of compound 18 (0.12 g, 0.51 mmol) in a mixture
of H2O–EtOH (9 : 1, 5 cm3), tris(triphenylphosphine)rhodium(I)
chloride [RhCl(Ph3P)3] (0.034 g, 7 mol equv.) and 1,4-
diazobicyclo[2.2.2]octane (0.015 g, 0.13 mmol) were added. After
refluxing the reaction mixture (3 h), at 100 ◦C under N2, 1 M
aq. HCl solution (2 cm3) was added to quench the reaction. The
solvents were removed under reduced pressure and the residue
purified by PLC (50% EtOAc in hexane), to yield pure trans-
tetrahydrodiol 5b′ as colourless crystals (0.08 g, 80%); mp 98 ◦C
(from CHCl3); [a]D −77 (c 0.97, MeOH).


DiMTPA esters 21a–21c/21a′–21c′ of trans-tetrahydrodiols
5a–5c/5a′–5c′


Typical procedure: A solution of the enantiomeric mix-
ture of trans-tetrahydrodiol 5a–5c/5a′–5c′ (2.5 mmol) in
dry pyridine (2 cm3) was treated with (−)-(R)-a-methoxy-a-
(trifluoromethyl)phenylacetyl (MTPA) chloride (1.40 g, 5.5 mmol)
and the reaction mixture was stirred at 60 ◦C overnight. Excess
of pyridine was removed in vacuo and the crude mixture of two
diastereoisomers (>95% yield) was separated by multi-elution
PLC (7% ether in hexane), after purifying the mixture by filtering
its chloroform solution through a pad of silica gel.


(1S,2R)-Di-[(S)-2-methoxy-2-phenyl-2-trifluoroacetoxy]-3-chloro-
cyclohex-3-ene 21a. White solid, mp 125–127 ◦C; (Found: M+,
580.1074. C26H23


35ClF6O6 requires 580.1087); [a]D +40 (c 1.94,
CHCl3); dH(500 MHz, CDCl3) 1.69 (1 H, m, 6-H), 1.93 (1 H, m,
6′-H), 2.18 (2 H, m, 5-H, 5′-H), 3.51 (3 H, s, OMe), 3.60 (3 H, s,
OMe), 5.26 (1 H, m, 1-H), 5.48 (1 H, d, J2,1 2.9, 2-H), 6.18 (1 H,
d, J4,5 4.0, 4-H), 7.41–7.59 (10 H, m, Ar–H).


(1R,2S)-Di-[(S)-2-methoxy-2-phenyl-2-trifluoroacetoxy]-3-chloro-
cyclohex-3-ene 21a′. White solid, mp 128–130 ◦C; (Found: M+,
580.1077. C26H23


35ClF6O6 requires 580.1087); [a]D −110 (c 1.81,
CHCl3); dH(500 MHz, CDCl3) 1.88 (1 H, m, 6-H), 1.94 (1 H, m,


6′-H), 2.15 (1 H, m, 5-H), 2.17 (1 H, m, 5′-H), 3.54 (3 H, s, OMe),
3.56 (3 H, s, OMe), 5.36 (1 H, m, 1-H), 5.60 (1 H, d, J2,1 3.3, 2-H),
6.12 (1 H, m, 4-H), 7.40–7.58 (10 H, m, Ar–H).


For compounds 21b, 21b′, 21c and 21c′ see ESI.†


Hydrolysis of diMTPA esters 21a–21c/21a′–21c′ to
trans-tetrahydrodiols 5a–5c/5a′-5c′


Typical procedure: DiMTPA ester 21a–21c/21a′–21c′ (2 mmol) in
THF (15 cm3) was treated with a methanolic solution of NaOH
(1 M, 3 cm3) and the reaction mixture was stirred at ambient
temperature (3 h). A saturated aq. solution of NH4Cl (2 cm3)
was added and the solvents were distilled off at normal pressure.
A solution of brine (20 cm3) was added to the residue, the aq.
mixture extracted with EtOAc (2 × 25 cm3), the extract dried
(Na2SO4) and concentrated in vacuo to give trans-tetrahydrodiol
5a–5c/5a′–5c′ (ca. 95% yield).
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Contrary to a previous report, the sulfurisation of phosphorus(III) derivatives by
3-amino-1,2,4-dithiazole-5-thione (xanthane hydride) does not yield carbon disulfide and cyanamide as
the additional reaction products. The reaction of xanthane hydride with triphenyl phosphine or
trimethyl phosphite yields triphenyl phosphine sulfide or trimethyl thiophosphate, respectively, and
thiocarbamoyl isothiocyanate which has been trapped with nucleophiles. The reaction pathway involves
initial nucleophilic attack of the phosphorus at sulfur next to the thiocarbonyl group of xanthane
hydride followed by decomposition of the phosphonium intermediate formed to products. The
Hammett q-values for the sulfurisation of substituted triphenyl phosphines and triphenyl phosphites in
acetonitrile are ∼ −1.0. The entropies of activation are very negative (−114 ± 15 J mol−1 K−1) with little
dependence on solvent which is consistent with a bimolecular association step leading to the transition
state. The negative values of DS �= and q values indicate that the rate limiting step of the sulfurisation
reaction is formation of the phosphonium ion intermediate which has an early transition state with
little covalent bond formation. The site of nucleophilic attack has been also confirmed using
computational calculations.


Introduction


There is increasing use of phosphorothioate analogues of
oligonucleotides in nucleic acid research.1 The stability of
the phosphorothioate linkage and its resistance to hydrolysis
by nucleases together with the improved pharmacokinetic
profiles of these analogues have led to their incorporation into
therapeutic oligonucleotides.2 Phosphorothioates have been used
as inhibitors of gene expression3 and have also been introduced
into oligonucleotides for mechanistic studies on DNA–protein
and RNA–protein interactions.4 Therefore, the synthesis of
oligonucleotide phosphorothioate analogues is of considerable
interest. Synthesis is normally achieved by the sulfurisation of the
corresponding nucleotide-phosphite through reaction of the P(III)
analogue, supported on a solid support, with an organic sulfurising
agent which is present in an organic solvent. As with all the steps
involved in the synthesis of oligonucleotide based phosphoroth-
ioates, the sulfurisation step of the synthesis must be rapid and
have a near quantitative yield. The sulfurisation of phosphorus(III)
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compounds has been achieved with a number of reagents such as:
phenylacetyl disulfide (PADS),5 3H-1,2-benzodithiol-3-one-1,1-
dioxide (Beaucage reagent),6 tetraethylthiuram disulfide (TETD),7


dibenzoyl tetrasulfide,8 bis(O,O-diisopropoxyphosphinothioyl)
disulfide (S-Tetra),9 benzyltriethylammonium tetrathiomolybdate
(BTTM),10 bis(p-toluenesulfonyl) disulfide,11 3-ethoxy-1,2,4-
dithiazoline-5-one (EDITH),12 1,2,4-dithiazolidine-3,5-dione
(DTSNH),12 bis(ethoxythiocarbonyl)tetrasulfide,13 3-methyl-
1,2,4-dithiazolin-5-one (MEDITH)14 and 3-amino-1,2,4-
dithiazole-5-thione (1a) (ADTT, xanthane hydride).15 The last
reagent, in particular, appears to have an optimal combination of
properties that suggest it will be an advantageous alternative to
existing sulfurising reagents.15


To date there have been very few mechanistic studies of the
sulfurisation reactions of phosphorus(III) analogues using hete-
rocyclic sulfurisation reagents. We report here the results of our
product and kinetic studies which provide a detailed mechanism
for the sulfurisation of substituted triphenyl phosphines (2a–g),
triphenyl phosphites (3a–e) and trialkyl phosphites (4a–f) with 3-
amino-1,2,4-dithiazole-5-thione (1a) and 3-dimethylamino-1,2,4-
dithiazole-5-thione (1b) (Scheme 1).


Results and discussion


Products of the sulfurisation reaction


Sulfurisation reactions of triphenyl phosphines (2a–g), triph-
enyl phosphites (3a–e) and trialkyl phosphites (4a–f) with 3-
amino-1,2,4-dithiazole-5-thione (1a) and 3-dimethylamino-1,2,4-
dithiazole-5-thione (1b) were studied in acetonitrile, ethanol and
dichloromethane at 25 ◦C. Under these conditions sulfurisation
proceeds smoothly and the yield of the corresponding phosphine
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Scheme 1


Scheme 2


sulfide or phosphorothioate is almost quantitative. In reporting
the use of 3-amino-1,2,4-dithiazole-5-thione (1a) as a sulfurisation
agent Tang et al. proposed15 that carbon disulfide and cyanamide
or carbodiimide were additional reaction products and that the
reaction likely proceeded via nucleophilic attack at the sulfur
adjacent to the amino group, to generate an intermediate phospho-
nium ion (Scheme 2). Although this suggestion has been widely
accepted, no evidence was provided for the proposed reaction
products or the mechanism.


In the current study, the reactions of triphenyl phosphine (2d)
with 1a and triphenyl phosphite (3d) with 1a in acetonitrile were
analysed by 1H, 13C and 31P NMR and by GC-MS. All attempts to
detect carbon disulfide and cyanamide or carbodiimide failed.
A possible explanation of this result could lie in the possible
formation of N-cyanocarbonimidodithioic acid (5b) instead of
carbodiimide and carbon disulfide. N-Cyanocarbonimidodithioic
acid (5b) is a tautomer of the proposed intermediate carbodiimide
(5a) (Scheme 3).


Scheme 3


N-Cyanocarbonimidodithioic acid (5b) is an unstable
compound16 and its characterisation in a pure state was unsuccess-


ful. On the other hand, the dipotassium salt of (5b) is stable and is
easily available from the reaction of cyanamide and carbon disul-
fide in aqueous or ethanolic potassium hydroxide16,17 solutions or
by hydrolysis of 3-amino-1,2,4-dithiazole-5-thione (1a) in aqueous
potassium hydroxide.16 Although N-cyanocarbonimidodithioic
acid (5b) itself is an unstable compound, it is an important
intermediate18 during synthesis of 1a. The analysis of the reaction
products from the sulfurisation of triphenyl phosphine (2d) with
1a in acetonitrile, after work up with potassium hydroxide, showed
only trace levels of the dipotassium salt of 5b.


The 1H and 13C NMR spectra of the crude by-products show
major signals that are more typical of a H2N–(C=S)–N grouping,
i.e. two broad singlets at 7.85 and 8.43 ppm in 1H NMR, and
a signal at 186.7 ppm in 13C NMR. This is not consistent
with the previously proposed products and mechanism15 and
an alternative reaction pathway must occur. A possible reac-
tion pathway involves nucleophilic attack of the phosphorus at
sulfur next to the thiocarbonyl group of 1a and subsequent
decomposition of the phosphonium intermediate formed into
triphenyl phosphine sulfide and thiocarbamoyl isothiocyanate (6)
(Scheme 4).


Thiocarbamoyl isothiocyanate (6) itself has not been described
in the literature, presumably because of its high reactivity and
instability. N,N-Dimethylthiocarbamoyl isothiocyanate has been
characterised and is stable for a couple of days19 at −15 ◦C;
at ambient temperature N,N-dimethylthiocarbamoyl isothio-
cyanate readily undergoes19,20 dimerisation ([4 + 2] cycloaddition)


Scheme 4
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to give 2-dimethylamino-5-dimethylthiocarbamoyl-1,3,5-thiadia-
zine-4,6-dithione.


To prove the presence of the reactive thiocarbamoyl isothio-
cyanate (6) during the course of the sulfurisation reaction we added
an external nucleophile, 4-nitroaniline, to the reaction mixture to
act as a trap. After reaction work up, 1-(4-nitrophenyl)dithiobiuret
was obtained which is the expected product of nucleophilic
addition of 4-nitroaniline to thiocarbamoyl isothiocyanate
(Scheme 5). The analogous product (i.e. 1-(4-nitrophenyl)-5,5-
dimethyldithiobiuret) was obtained when 3-dimethylamino-1,2,4-
dithiazole-5-thione (1b) was reacted with triphenyl phosphine (2d)
in the presence of 4-nitroaniline. Further evidence supporting
the involvement of thiocarbamoyl isothiocyanate as a reaction
product was sought from performing the reaction in ethanol as
solvent. Although ethanol is a weak nucleophile a reaction with
the reactive thiocarbamoyl isothiocyanate was possible. However,
the desired ethyl thiourea N-thiocarboxylate was not isolated
after 24 hours at ambient temperature, but instead, O-ethyl-S-
potassium N-cyanocarbonimidothioate (8) was obtained as the
main by-product (Scheme 6).


Scheme 5


Scheme 6


There are two possible explanations of this unexpected be-
haviour. One explanation is that changing the solvent alters
the site of attack; attack at the sulfur adjacent to the amino
group would generate N-cyanocarbonimidodithioic acid (5b)
which could undergo esterification with ethanol to give a half
ester which, after work up with potassium hydroxide, gives
(8). Our preferred explanation involves initial formation of the
unstable thiocarbamoyl isothiocyanate (6) which then undergoes
a slow intramolecular cyclisation giving intermediate 4-imino-
1,3-thiazolidine-2-thione (7) which ring opens18 to generate N-
cyanocarbonimidodithioic acid (5b) (Scheme 6).


N-Substituted xanthane hydrides, such as 3-dimethylamino-
1,2,4-dithiazole-5-thione (1b), cannot form the corresponding N-
cyanocarbonimidodithioic acid (5) because the tautomerisation
of the thiocarbamoyl isothiocyanate (6) (Scheme 3) via the
intermediate (7) is not possible. Confirmation of our proposed
pathway comes from the observation that the sulfurisation of


(1b) in ethanol gives the expected O-ethyl N,N-dimethylthiourea-
N ′-thiocarboxylate (9) (Scheme 7) and a small amount
of the dimer (2-dimethylamino-5-dimethylthiocarbamoyl-1,3,5-
thiadiazine-4,6-dithione).


Scheme 7


In order to gain more information about the site of attack
the selenium analogue of 1a, i.e. 3-amino-1,2,4-thiaselenazole-
5-thione (10), was prepared. Reaction of this compound with
triphenyl phosphine in acetonitrile-d3 was monitored using 31P
NMR spectroscopy. It was found that the major product was
triphenyl phosphine sulfide (96%) and less than 5% triphenyl
phosphine selenide was generated. In methanol-d3 the ratio of
products was similar (93% of triphenyl phosphine sulfide and 7%
of triphenyl phosphine selenide). The formation of the sulfide in
preference to the selenide supports nucleophilic attack on sulfur
adjacent to the thione.


The site of nucleophilic attack has been also confirmed using
computational calculations—GAUSSIAN 03 as described in the
Experimental section. The structures of 1a, 1b and 10 as depicted
in Scheme 8 were found to be the most stable tautomers (99.998%).
In the case of 1a and 1b, both in acetonitrile as well as in ethanol,
there is lower electron density at sulfur close to the thiocarbonyl
group (S-1) than at the sulfur (S-2) close to the amino group
(Scheme 8) based on both Mulliken charges and charges calculated
using natural bond analysis (NBO). Presumably this is due to the
electrons at S-1 being more involved in conjugation with the –
C=S– grouping compared with the level of conjugation between
S-2 and C=N. This is consistent with differences in bond lengths
between (C-5)–(S-1) and (C-3)–(S-2) determined in the crystal21


structure. Population analysis also shows higher electron density
between S-1 and C-5 than between S-2 and C-3. Such differences
in conjugation will lead to a polarisation of the S–S bond which
is comparable with the polarisation of a C–S bond. From the
data presented in Scheme 7 it is also clear that the solvent has little
influence on the electron densities at either of the two sulfur atoms.


Scheme 8 Mulliken charges and natural bond analysis (NBO) charges in
acetonitrile and ethanol (values given in parentheses) for 1a, 1b and 10.
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Mulliken charges were calculated and NBO analysis was also
performed for 3-amino-1,2,4-thiaselenazole-5-thione (10) in ace-
tonitrile (Scheme 8). In this case the electron densities at sulfur and
selenium are almost the same in terms of Mulliken charges and,
using NBO analysis, the positive charge at selenium is predicted to
be larger and this is probably caused by the lower electronegativity
of selenium. This result could suggest nucleophilic attack might
be expected to occur at both selenium and sulfur. In order to get
a further insight into the factors that control the reactivity of 10,
we made use of the NBO analysis. Valence electrons at selenium
are further away from the core and are therefore less involved in
conjugation with –C=N– as compared with conjugation of (S-1)
with C=S. The calculated shapes and energy levels of the LUMO
orbitals at sulfur and selenium indicate that the electron density
at selenium, in the direction of potential nucleophilic attack, is
approximately three times higher than at the adjacent sulfur.


Kinetic studies of the sulfurisation reaction


The kinetics of the sulfurisation reaction were determined by
monitoring the decrease in concentration of 1a, 1b and 10 spec-
trophotometrically at 360 nm in various solvents in the presence
of excess phosphine or phosphite. The absorbance decreased
exponentially with time from which was obtained a pseudo-first-
order rate constant which varied linearly with the concentration of
the phosphorus(III) derivative to give the corresponding second-
order rate constant. Rate constants were determined for the
sulfurisation reactions of substituted triphenyl phosphines (2a–g),
triphenyl phosphites (3a–e) and trialkyl phosphites (4a–f) using
1a, 1b and 10 as sulfurisation agents (Tables 1 and 2).


The single exponential decay of absorbance both for phosphites
and phosphines indicates that the reaction proceeds in one
observable step, which is also supported by the observation that
no consecutive reactions are seen at any wavelength in the UV-Vis
spectrum. It is concluded that if the reaction proceeds through a
reactive intermediate then its concentration is negligible compared
to that of the reactants throughout the entire reaction time.


Table 1 Second order rate constants k (l mol−1 s−1) for reaction of 1a,
1b and 10 with substituted triphenyl phosphines (2a–g) in acetonitrile at
25 ◦C


Phosphine k(1a) × 10−4 k(1b) × 10−4 k(8) × 10−4


2a 5.947 4.465 —
2b 3.404 2.791 —
2c 1.782 1.335 —
2d 1.323 1.220 0.041
2e 0.787 0.519 —
2f 0.410 0.251 —
2g 0.026 0.015 —


Table 2 Second order rate constants k (l mol−1 s−1) for reaction of 1a with
substituted triphenyl phosphites (3a–e, 4a–f) in acetonitrile at 30 ◦C


Phosphite k(1a) Phosphite k(1a)


3a 26.24 4a 3030
3b 6.746 4b 3122
3c 3.991 4c 3655
3d 3.263 4d 3870
3e 0.509 4e 5.641


4f 702.3


A Hammett plot for the data, the logarithm of the second-order
rate constants against r, is presented in Fig. 1 for seven substituted
triphenyl phosphines (2a–g). The plot is linear, for both of the
sulfurisation agents, (1a) and its dimethyl derivative (1b), the slope
of which generates reaction constants q(1a) = −0.86 and q(1b) =
−0.92 (Fig. 1). A similar value is also seen for the sulfurisation
of substituted triphenyl phosphites (3a–e) in acetonitrile, q(1a) =
−1.10. The correlation shown is against r− which is better than that
against r, presumably because there is some conjugation between
the P lone pair and the aromatic ring.


Fig. 1 Hammett correlation for sulfurisation of triphenyl phosphine (2d)
with 1a (solid points and solid line) and with 1b (open points and dashed
line).


The interpretation of the Hammett q-value in terms of charge
distribution in the transition state requires a reference reaction,
ideally a corresponding q-value for an equilibrium reaction. There
are a limited number of Hammett correlations in the literature
which relate to reactions of phosphorus(III) species, but they
include kinetic values measured for the reaction of: aryldiethyl
phosphines with ethyl iodide,22 q = −1.0; triaryl phosphines with
elemental sulfur,23 q = −2.5; and triaryl phosphines and triaryl
phosphites with24 diphenyl trisulfide, q = −1.1. In determining
possible transition state structures these values can be compared
with equilibrium data measured for the protonation of phosphines,
measured in nitromethane using Taft substituent constants25 q* =
−2.6 which is very similar to the reaction constant determined for
protonation of amines,26 q = −2.77.


It is likely that the sulfurisation reaction proceeds by initial
nucleophilic attack of phosphorus(III) on the disulfide linkage to
generate a phosphonium ion intermediate as shown in Scheme 4.


Either formation or breakdown of the intermediate could be the
rate limiting step and both steps would have transition states with
positively charged phosphorus compared with the reactant state.
The relatively small reaction constant measured here of about
−1.0 indicates the development of a partial positive charge on
phosphorus in the transition state. If the first step is rate limiting
then the observed q-value suggests an early transition state with
little build up of charge on phosphorus. If the second step is rate
limiting then the reaction constant is the sum of two values for the
two steps (Scheme 4), probably with opposite signs. The reaction
constant for the formation of intermediate q is expected to be
about −2.8. It is therefore unlikely that the second step is rate
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limiting and the observed q-value is indicative of rate limiting
formation of the phosphonium ion with less than half of the unit
positive charge developed on phosphorus in the transition state as
a result of bond formation.


In order to support this conclusion activation parameters
for the sulfurisation reaction were also determined. Activation
parameters were measured in both acetonitrile and ethanol for the
sulfurisation of triphenyl phosphine (2d) and triphenyl phosphite
(3d) with 1a and 1b. The measurements were carried out at four
temperatures (Table 3) and from the dependence of ln(k/T) vs.
1/T activation enthalpies and entropies at 30 ◦C were calculated
(Table 4). The entropies of activation are very negative (−114 ±
15 J mol−1 K−1) and are consistent with a bimolecular association
step leading to the transition state. This is consistent with the
first step being rate limiting but may also contain a contribution
from the entropy change associated with increased solvation of
charge in the transition state. From Tables 3 and 4 it is clear
that both the rate constants and activation parameters are only
slightly dependent on solvent. To confirm this observation the
kinetics of sulfurisation of triphenyl phosphine (2d) with 1b in
dichloromethane were also determined. The second order rate
constant k = 1.16 × 104 l mol−1 s−1 is similar to that in acetonitrile
(Table 1). From this it can be concluded that the transition state
of the rate limiting step is not very polar. For the reaction of
triphenyl phosphines and phosphites with benzhydrylium cations
in dichloromethane, where charge is neither created nor destroyed
values of activation entropy DS�= around −90 J mol−1 K−1 have been
reported.27 The rate constants for this reaction in dichloromethane
and acetonitrile are also similar.


The second order rate constants obtained for triphenyl phos-
phines (2a–g) are more than three orders of magnitude higher
than those for the corresponding triphenyl phosphites (3a–e) and
more than one order of magnitude higher than those for trialkyl
phosphites (4a–f) (Tables 1 and 2) which is consistent with the
higher nucleophilicity of phosphines. Even greater rate differences
have been observed in the case of reactions of triphenyl phosphines
and triphenyl phosphites with various carbocations.27 Despite the
rate differences we observe here, the q-values for both reaction
series are very similar. This is also the case for the reaction of


Table 3 Bimolecular rate constants k (l mol−1 s−1) for reaction of 1a
and 1b with triphenyl phosphine (2d) in acetonitrile and ethanol and for
reaction of 1a and triphenyl phosphite (3d) at 25, 30, 35 and 40 ◦C


T/◦C
k(1a) × 10−4


(acetonitrile)
k(1b) × 10−4


(acetonitrile)
k(1a) × 10−4


(ethanol)
k(1a + 3d)
(acetonitrile)


25 1.323 1.220 0.394 2.648
30 1.439 1.339 0.465 3.263
35 1.603 1.466 0.551 4.231
40 1.781 1.605 0.644 5.410


triarylphosphines, triaryl phosphinites and triaryl phosphonites
with diphenyl trisulfide.24


Conclusions


In summary, it can be concluded that the sulfurisation reaction
involves nucleophilic attack of the phosphorus at sulfur next to
the thiocarbonyl group of 1a and 1b to form a phosphonium in-
termediate. The intermediate then breakdowns in a unimolecular
step by carbon–sulfur bond fission to generate the thiophosphoryl
product and thiocarbamoyl isothiocyanate (Scheme 4). The nega-
tive values of DS �= and q values indicate that the rate limiting step
of the sulfurisation reaction is formation of the phosphonium ion
intermediate which has an early transition state with little covalent
bond formation.


Experimental
1H, 13C, 31P and 77Se NMR spectra were recorded on a Bruker
400 MHz or Bruker AVANCE 500 MHz instrument. Chemical
shifts d are referenced to solvent residual peaks d(DMSO-d6) =
2.50 (1H) and 39.6 ppm (13C), and d(CDCl3) = 7.27 (1H) and
77.0 (13C). 31P NMR shifts are referenced to 85% phosphoric acid
(external standard) and 77Se NMR shifts are referenced to H2Se.
Coupling constants J are quoted in Hz.


The kinetic measurements were carried out on a Diode Array
Stopped-Flow SX.18 MV-R (Applied Photophysics) spectropho-
tometer at 25 ◦C. The observed pseudo-first-order rate constants
kobs were calculated from the measured time dependence of
absorbance at 360 nm with the help of an optimisation program.


Quantum chemical computations were carried out with the
GAUSSIAN 03 program28 employing the hybrid density func-
tional B3LYP.29 Full geometry optimisations were performed
by using the TZVP basis set.30 The nature of the stationary
points was verified by analytical computations of harmonic
vibrational frequencies. Solvation effects were included using the
polarizable continuum model (PCM).31 A natural bond orbital
(NBO) analysis32 was invoked using the population keyword in
GAUSSIAN 03.


Triphenylphosphines (2a–g), triphenyl phosphite (3d) and tri-
alkyl phosphites (4a–d) were purchased from Sigma-Aldrich and
used without further purification. Triphenyl phosphites (3a–c,
3e) and trialkyl phosphites (4e–f) were prepared and purified
according to ref. 33. Due to potential oxidation of all phos-
phorus(III) compounds all the solutions were freshly prepared
just before kinetic measurements. Solvents used were of HPLC
quality. 3-Amino-1,2,4-dithiazole-5-thione (1a) was obtained from
Avecia Biotechnology, Grangemouth, UK and recrystallised from
a mixture of water and dimethyl sulfoxide. Dipotassium N-
cyanocarbonimidodithioate was prepared according to ref. 17.


Table 4 Activation parameters DH �= and DS �= for reaction of 1a and 1b with triphenyl phosphine (2d) and triphenyl phosphite (3d) in acetonitrile (ACN)
and ethanol (EtOH) at 30 ◦C


1a + 2d (ACN) 1b + 2d (ACN) 1a + 2d (EtOH) 1a + 3d (ACN)


DH �=/kJ mol−1 13.3 11.7 23 36.5
DS �=/J mol−1 K−1 −121 −128 −99 −115
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3-Dimethylamino-1,2,4-dithiazole-5-thione (1b)


This compound was prepared according to ref. 34 and purified by
crystallisation from acetonitrile. 1H NMR (DMSO-d6, 400 MHz)
d 3.26 and 3.36 (2 × s, 6H, 2 × NCH3). 13C NMR (DMSO-d6, 100
MHz) d 42.2, 42.7, 181.7, 206.6.


3-Amino-1,2,4-thiaselenazole-5-thione (10)


This compound was prepared according to ref. 18 and used
immediately for reaction with triphenyl phosphine. 1H NMR
(DMSO-d6, 400 MHz) d 9.37 and 10.00 (2 × bs, 2H, NH2). 13C
NMR (DMSO-d6, 100 MHz) d 181.9, 209.6. 77Se NMR (DMSO-
d6, 95 MHz) d 738.2 (d, J 11.4).


Sulfurisations in acetonitrile


Reaction of 1a with triphenyl phosphine (2d). 3-Amino-1,2,4-
dithiazole-5-thione (1a) (1 g, 6.7 mmol) was dissolved in 400 ml of
acetonitrile under a nitrogen atmosphere at 30 ◦C and a solution
containing 1.75 g (6.7 mmol) of triphenyl phosphine (2d) in 100 ml
of acetonitrile was added in one portion. The reaction mixture was
stirred for 40 min. and then acetonitrile was removed. The solid
residue was mixed with 30 ml of aqueous potassium hydroxide
solution. After filtration the insoluble material was practically
pure triphenyl phosphine sulfide (1.8 g), the filtrate was evaporated
to give a crude mixture of by-products. 1H NMR (D2O, 400
MHz) d 7.85 and 8.43 (2 × bs, 2H, NH2). 13C NMR (D2O, 100
MHz) d 133.5, 186.7 (major signals), 121.6, 228.4 (minor signals
corresponding17 to dipotassium N-cyanocarbonimidodithioate)
and 160.6, 171.1 (minor signals of unknown compound, possibly
(7)).


Reaction of 1a with triphenyl phosphine (2d) and 4-nitroaniline.
3-Amino-1,2,4-dithiazole-5-thione (1a) (1 g, 6.7 mmol) was dis-
solved in 400 ml of acetonitrile under a nitrogen atmosphere at
30 ◦C and a solution containing 1.75 g (6.7 mmol) of triphenyl
phosphine (2d) in 100 ml of acetonitrile was added in one portion.
The reaction mixture was stirred for 5 min. and then 0.92 g
(6.7 mmol) of 4-nitroaniline in 20 ml acetonitrile was added.
After 15 hours the acetonitrile was removed and the solid residue
was quickly extracted with 3 × 40 ml of 3% aqueous potassium
hydroxide solution. After filtration the insoluble material, pure
triphenyl phosphine sulfide (1.85 g, 94%), was recovered. The
filtrate was immediately acidified by addition of concentrated HCl
(pH = 3). Precipitated 1-(4-nitrophenyl)dithiobiuret was filtered
off and dried. Yield 1.65 g (97%). Mp 168–170 ◦C. 1H NMR
(DMSO-d6, 500 MHz) d 7.97 (AA′XX′, J 9.05, 2H, Ar-2H), 8.25
(AA′XX′, J 9.1, 2H, Ar-2H), 9.1 and 9.42 (2 × bs, 2H, NH2),
11.01 (bs, 1H, NH), 13.22 (bs, 1H, NH). 13C NMR (DMSO-d6,
125 MHz) d 123.3, 124.6, 143.7, 144.3, 177.3, 179.2. m/z (ESI)
255.0016 (M−.C8H7N4O2S2 requires 255.0005).


Reaction of 1a with trimethyl phosphite (4a) and 4-nitroaniline.
The reaction was carried out in the same way as for triphenyl
phosphine. Yield of isolated 1-(4-nitrophenyl)dithiobiuret was
1.35 g (80%).


Reaction of 1b with triphenyl phosphine (2d) and 4-nitroaniline.
3-Dimethylamino-1,2,4-dithiazole-5-thione (1b) (1.78 g, 0.01 mol)
was dissolved in 200 ml of acetonitrile under a nitrogen atmosphere


at 30 ◦C and a solution containing 2.62 g (0.01 mol) of triphenyl
phosphine (2d) in 100 ml of acetonitrile was added in one
portion. The reaction mixture was stirred for 5 min and then
1.38 g (0.01 mol) of 4-nitroaniline in 30 ml of acetonitrile
was added. After 20 hours precipitated 1-(4-nitrophenyl)-5,5-
dimethyldithiobiuret (1.25 g) was filtered off and the acetonitrile
was removed. The solid residue was quickly extracted with 2 ×
50 ml portions of 3% aqueous potassium hydroxide solution. After
filtration, the insoluble material pure triphenyl phosphine sulfide
(2.9 g, 98%) was recovered and the filtrate was immediately acid-
ified by the addition of concentrated HCl (pH = 3). Precipitated
1-(4-nitrophenyl)-5,5-dimethyldithiobiuret (1.2 g) was filtered off
and dried. Overall yield 2.45 g (87%). Mp 155–156 ◦C (ref. 19 gives
mp 188 ◦C). 1H NMR (DMSO-d6, 500 MHz) d 3.31 (s, 6H, 2 ×
NCH3), 7.97 (AA′XX′, J 9.1, 2H, Ar-2H), 8.24 (AA′XX′, J 9.1,
2H, Ar-2H), 10.33 (bs, 1H, NH), 11.76 (bs, 1H, NH). 13C NMR
(DMSO-d6, 125 MHz) d 41.5, 42.4, 122.1, 124.3, 143.2, 144.9,
178.6, 178.9. m/z (ESI) 283.0313 (M+. C10H11N4O2S2 requires
283.0318).


Reaction of 10 with triphenyl phosphine (2d) (31P NMR study).
3-Amino-1,2,4-thiaselenazole-5-thione (10) (21 mg, 106 lmol)
was dissolved in 3 ml of acetonitrile-d3 and 0.5 ml of DMSO-
d6. Triphenyl phosphine (2d) (28 mg, 107 lmol) in 0.5 ml of
acetonitrile-d3 was added and a 31P NMR spectrum was recorded
after 15 min, 45 min and 24 hours. All spectra contained two
singlets belonging to triphenyl phosphine sulfide (43.2 ppm;
in accordance with ref. 30) and triphenyl phosphine selenide
(35.5 ppm; in accordance with refs. 30,31) in the ratio 23 : 1.


Sulfurisations in ethanol


Reaction of 1a with triphenyl phosphine (2d). 3-Amino-1,2,4-
dithiazole-5-thione (1a) (1 g, 6.7 mmol) was dissolved in 200 ml of
ethanol under a nitrogen atmosphere at 30 ◦C and a solution con-
taining 1.75 g (6.7 mmol) of triphenyl phosphine (2d) in 100 ml of
ethanol was added in one portion. The reaction mixture was stirred
for 17 hours and then precipitated triphenyl phosphine sulfide was
filtered off (0.7 g). Ethanol was removed and the solid residue was
mixed with 30 ml of 3% aqueous potassium hydroxide solution.
After filtration the insoluble triphenyl phosphine sulfide (1.1 g,
overall yield 92%) was recovered and the filtrate was evaporated
to dryness. The resulting solid was washed with ethanol to give
0.7 g (67%) of O-ethyl-S-potassium N-cyanocarbonimidothioate
(8). 1H NMR (DMSO-d6, 400 MHz) d 1.13 (t, J 7.1, 3H, CH3),
4.08 (q, J 7.1, 2H, OCH2). 13C NMR (DMSO-d6, 125 MHz) d
14.6, 64.4, 120.2, 197.1. m/z (ESI) 129.0156 (M − K+. C4H5N2OS
requires 129.0117). m/z (ESI) 206.9398 (M + K+. C4H5K2N2OS
requires 206.9391).


Reaction of 1b with triphenyl phosphine (2d). 3-
Dimethylamino-1,2,4-dithiazole-5-thione (1b) (1.78 g, 0.01 mol)
was suspended in 500 ml of ethanol under a nitrogen atmosphere
at 30 ◦C and a solution containing 2.62 g (0.01 mol) of triphenyl
phosphine (2d) in 100 ml of ethanol was added in one portion. The
reaction mixture was stirred for 23 hours and then precipitated
triphenyl phosphine sulfide was filtered off. The volume of the
reaction mixture was reduced to 50 ml and the rest of the solid
triphenyl phosphine sulfide (2.8 g, overall yield 95%), was filtered
off. The filtrate was evaporated to give a yellow oil. 1H NMR
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(CDCl3, 500 MHz) d 1.33 (t, J 7.2, 3H, CH3), 3.23 and 3.41 (2 × s,
6H, 2 × NCH3), 4.48 (q, J 7.2, 2H, OCH2), 8.57 (bs, 1H, NH). 13C
NMR (CDCl3, 125 MHz) d 13.8, 42.3, 43.6, 68.0, 179.3, 186.5.
m/z (ESI) 191.0299 (M − H+. C6H11N2OS2 requires 191.0307).


Reaction of 10 with triphenyl phosphine (2d) (31P NMR study).
3-Amino-1,2,4-thiaselenazole-5-thione (10) (21 mg, 106 lmol) was
dissolved in 2 ml of methanol-d4 and 1 ml of DMSO-d6. Triphenyl
phosphine (2d) (28 mg, 107 lmol) in 1 ml of methanol-d4 was
added and a 31P NMR spectrum was recorded after 2 hours. The
spectrum contained two singlets belonging to triphenyl phosphine
sulfide (43.2 ppm; in accordance with ref. 35) and triphenyl
phosphine selenide (35.5 ppm; in accordance with refs. 35,36) in
the ratio 1 : 0.07.
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Various calix[4]arene derivatives, fixed in the cone conformation by decylether groups and
functionalized at their wide rim by urea residues, were synthesized. In two compounds (4f,g) sulfur
functions were attached to the urea groups via different spacers in order to allow binding to metal
surfaces. While they exist as single molecules in polar solvents, tetraurea calix[4]arenes of this type (4)
combine to form dimeric capsules in aprotic, apolar solvents. A solvent molecule is usually included in
such a capsule, if no guest with a higher affinity is present. In the presence of an equimolar amount of
the tetratosylurea 5, the exclusive formation of heterodimers, consisting of one molecule of 4 and 5, is
observed. The homo- and heterodimerization of the newly prepared derivatives 4f,g were studied by 1H
NMR to establish the conditions under which they exhibit the desired dimerization behaviour.
Self-assembled monolayers (SAMs) were formed using the single calix[4]arenes 4f,g and the
heterodimeric capsules 4g·5. Chloroform, dichloromethane and ferrocenium cations were used as guests
in these immobilized heterodimeric capsules. The particular supramolecular architecture of the
heterodimers should ensure that, after the immobilization on the metal surface, decomposition of the
capsules and release or exchange of the guest is impossible or at least hindered. The self-assembly
process and the stability of SAMs formed by capsules filled with ferrocenium cations in electrolyte
solutions were tested with surface plasmon spectroscopy. The inclusion of guests, such as
dichloromethane or ferrocenium, in the immobilized capsules were confirmed by classical surface
plasmon spectroscopy, by gold nanoparticle absorption spectroscopy and by time-of flight secondary
ion mass spectrometry (ToF-SIMS). The film stability and quality was tested by cyclic voltammetry.


Introduction


Molecular guest–host systems have attracted enormous interest
in recent years.1–6 Inclusion of a guest without covalent binding
into a host material can serve many purposes, such as solubility
enhancement, protection against degradation by light or oxygen,
separation by chromatography2 or simply removing undesired
substances from a mixture, and is widely used in industrial
products. Typically, most guest–host systems consist of an open
cavity (the host) which allows molecules (the guest) to adsorb
and bind and to desorb again according to chemical equilibrium.
This equilibrium depends on the accessibility of the cavity, the
concentration of the guest and the host and their affinity for each
other.7–10


However, a “guest” molecule may also be more or less perma-
nently included in cage-type molecules of the carcerand or hemi-
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carcerand type,11,12 or reversibly encapsulated in hollow assemblies
held together by electrostatic forces,13 by metal coordination14


or by hydrogen bonding.15 In so far as hydrogen bonding is
concerned, dimeric capsules from calix[4]arenes (substituted at
their wide rim by four (aryl) urea groups) have been extensively
studied16 in solution17 and characterized by several single crystal
X-ray structures.18 If such a tetraurea is decorated by suitable
sulfur functions, the formation of SAMs on gold should be
possible. In addition, the attachment to the gold surface may
lead to the permanent inclusion of a guest molecule; similar to
carcerands.


Self-assembled monolayers (SAMs) are ordered molecular
assemblies spontaneously formed by the adsorption of an active
surfactant on a solid surface. In particular, the self-assembly
of organosulfur adsorbates on gold has attracted considerable
attention in recent decade(s).19 The high specificity of the sulfur–
gold interaction (which is strong but reversible) allows for the
introduction of various functional groups into such monolayers
without interfering with the adsorption process. The number of
surface active organosulfur compounds that form monolayers has
increased in recent years. These include dialkyl sulfides20 and di-
sulfides,21 mercaptans,22 thiophenols,23 and various mercapto-sub-
stituted aromatic compounds,23,24 to mention just a few examples.


Dialkyl sulfide groups were attached to calix[4]arenes,25 to
resorcarenes26 and to resorcarene-derived cavitands26 in order to
obtain the respective SAMs on gold. Similar monolayers were
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obtained from carceplexes27 and hemicarceplexes,28 The attach-
ment of a thioether residue to one of the melamine residues of a
bis-melamine-substituted calix[4]arene made the construction of
hydrogen-bonded “double rosettes” in self-assembled monolayers
on the gold surface possible.29


As illustrated in Fig. 1, the attachment of sulfur functions to
the ether residues should allow for a more or less unhindered
decomposition of the capsules from the monolayer, leading to a
loss or exchange of guests. Attachment of the sulfur functions
to the urea residues, however, suggests the possibility that such
immobilized capsules cannot fall apart, even if the hydrogen bonds
are broken. The interdigitating urea residues in the dimer should
prevent its disentanglement and keep the guest molecules bound
to the surface, even when equilibrium conditions and osmotic
pressure dictate a release.


Fig. 1 Schematic representation of SAMs formed by hydrogen-bonded
heterodimers. a) Attachment of sulfur functions to the ether residues of
the narrow rim; b) attachment of sulfur functions to the urea residues at
the wide rim.


Thus, we envisaged tetraaryl urea derivatives substituted by
sulfur functions in the urea residues as target. If their heterodimers
with a suitable partner, e.g. with a tetratosylurea calix[4]arene,
would form SAMs on gold, it should be possible that an included
guest can be permanently trapped. In the following report we
describe the synthesis of these target compounds and the study
of the self-assembly of their monomers or heterodimers on gold
surfaces. We finally try to give a first answer to the question of
whether or not the attachment to the surface makes dissociation
of the capsules, and hence the release of the included guest,
impossible.


Results and discussion


A. Syntheses


There are various methods for introducing sulfur-containing
residues into a molecule and, as a result, enabling its self-assembly
on gold surfaces. Lipoic acid, for instance, is frequently used, since
it is commercially available and can be easily bound/attached
to amino groups via amide linkages.30 Thioether groups offer
another possibility and have been applied to the functionalization


of calixarenes,25 resorcarenes26 and cavitands26 or carcerands27,28


derived from them.
The synthesis of such tetraurea calix[4]arenes with sulfur


functions is summarized in Scheme 1. To attach the four urea
groups, the tetraamino calix[4]arene 1 was converted to an active
urethane 2 by acylation with p-nitrophenyl chloroformate (81%),
which was subsequently treated with the anilines 3a–c (75–90%).
The precursors 4a–c were thus available in yields between 60–70%.
While 3a is commercially available, 3b was prepared in four steps by
O-alkylation of p-nitrophenol with N-(d-bromobutyl)phthalimide,
followed by hydrazinolysis, acylation with Boc-anhydride, and
hydrogenation of the nitro group (overall ∼50%). [This exchange
of the protective group (phthalimido against Boc) was necessary,
since a tetraurea obtained analogously with phthalimido groups
could not be deprotected by hydrazine, leaving the urea func-
tions intact.] To obtain 3c, p-hydroxyacetanilide was O-alkylated
with 11-bromoundecene followed by alkaline hydrolysis (overall
∼80%), since the selective hydrogenation of a nitro group is not
possible in this case.


Scheme 1 also indicates the further modification of 4a–c. After
the usual deprotection (cleavage of the Boc group) acylation
with a-lipoic acid anhydride gave 4d and 4f, while 4e was
prepared for comparison with acetic acid anhydride. Addition
of decylmercaptan in the presence of 9-borabicyclo[3.3.1]nonane
converted 4c into 4g in 60% yield.


All tetraurea derivatives 4 were chromatographically pure
(TLC). They were characterized mainly by their 1H NMR spectra,
which confirmed their C4v-symmetrical structure in hydrogen-
bond-breaking solvents, while their dimerization in apolar solvents
led to more complicated spectra reflecting an S8-symmetry for
homodimers and a C4-symmetry for heterodimers. In all relevant
cases the molecular mass was confirmed by ESI-MS or FD-MS.


B. Dimerization studies


The dimerization of tetratolylurea (4, R = CH3) with the inclusion
of cobaltocenium as guest was shown using dichloroethane as a
solvent.31 However, this is not suitable for the intended electro-
chemical studies. Thus, conditions under which dimeric capsules
with cobaltocenium as a guest are quantitatively formed within
reasonable times had to first be established. For tetratolylurea,
this has been shown in CD2Cl2, where the signals for homo- or
heterodimers (5 and 6, respectively)32 are seen in the NMR spectra
recorded immediately after the dissolution of a stoichiometric
mixture.33 On the other hand, CDCl3, a better guest itself, shows
slower kinetics, and after 20 h an equilibrium mixture exists where
approximately 15% of the capsules contain CDCl3.


Among the compounds with sulfur functions foreseen for the
formation of SAMs, 4d was practically insoluble in all relevant
solvents (CD2Cl2, CDCl3, C6D6) at room temperature. In 1,1,2,2-
tetrachloroethane (TCE) at 75 ◦C, the monomer can be seen
in addition to irregular aggregates, while with the tetraloop
compound 6 heterodimers are predominantly formed.


Compounds 4f and 4e (as a simpler model) have only slightly
improved solubility, and conditions for the (exclusive) formation
of the desired dimers were not found. Heterodimers of 4f with
5 or 6 in different solvents and homodimers with cobaltocenium
as a guest in CD2Cl2 were accompanied by irregular aggregates.
Interestingly, in TCE, homodimers of 4f are in equilibrium with the
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Scheme 1 Syntheses of tetraurea calix[4]arenes bearing sulfur functions.


monomeric species at higher temperatures (75–100 ◦C) and with
less defined species/aggregates at room temperature. It seems that
the additional amide functions in 4f are detrimental to controlled
dimerization (although amide functions as such did not prevent
the dimerization), as shown, for instance, by the formation of
“polycaps”.34,35 The difference may be due to the fact that the
amide-containing residues are bound to the urea functions (at the
wide rim) in 4f, which are essential for the dimerization, and not
to the phenolic oxygens at the narrow rim.


Tetraurea 4g not only forms homodimers, but also heterodimers
with 5 or 6 (Scheme 2) in CDCl3 or C6D6. In CD2Cl2, the inclusion
of cobaltocenium occurs rapidly, and heterodimers with 5 or
6 and cobaltocenium cations as guests are exclusively formed


Scheme 2 Chemical structure of compounds 5 and 6.


in stoichiometric mixtures. Thus, given these observations, 4g
seems to be the most appropriate derivative to form SAMs of
heterodimeric capsules on a gold surface.


In general, these results demonstrate that, except under limited
conditions, the selective formation of dimeric capsules from
tetraurea calix[4]arenes containing additional functional groups
and the desired guest may be a demanding problem. However, as
also shown, this problem can be solved using a wide variety of
structural modifications.


C. SAMs: formation and properties


The SAMs were usually formed from 10 lM solutions of the
calixarenes 4g or 4f or of their stoichiometric mixture with 5. THF
was used as a solvent for SAMs of a single calixarene (4g or 4f),
and chloroform (or dichloromethane) for heterodimeric capsules
containing the solvent as guest. SAMs of capsules including
ferrocenium as a guest were formed from dichloromethane. Here
the concentration of both calixarenes (e.g. 4g and 5) was increased
to 0.1 mM, and a 20% excess of the ferrocenium salt was added
(c = 0.12 M) in order to shift the equilibrium from solvent-filled to
ferrocenium-filled capsules. Since the gold substrate was immersed
in the pre-fabricated solution, we assume that the capsules are
formed in solution and that the SAMs are formed from completely
filled capsules.


The SAM formation was investigated by surface plasmon
resonance (SPR) spectroscopy, by monitoring the shift of the
surface plasmon resonance while forming the SAM. Details are
reported elsewhere.7–9,36 From these plasmon resonance angle
shifts, the thickness and the refractive index of the various SAMs
on the gold surface were simulated.7–9,36,37 The SPR results for
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Table 1 Data analysis of SPR experiments for SAMs of 4g, 4f, capsule 4g·5 and capsule 4f·5, filled with solvent or ferrocenium from the resonance angle
shift Dh; n is the refractive index and e is the dielectric constant at 632.8 nm wavelength


SAM Thickness of SAM/Å e (SAM) n (SAM) n (solvent)


4g (in THF) 46.5 2.03 1.425 1.407
4f (in THF) 48 2.14 1.463 1.407
Capsule 4g·5 (in CHCl3) 48 2.14 1.463 1.446
Capsule 4f·5 (in CHCl3) 54 2.27 1.507 1.446
Capsule 4g·5 (in CH2Cl2) 50 2.19 1.480 1.424
Capsule 4g·5 + ferrocenium (in CH2Cl2) assembled in a 0.1 mM solution 50 2.15 1.466 1.424
Capsule 4g·5 + ferrocenium (in CH2Cl2) assembled in a 1 mM solution 50 2.162 1.47 1.424


SAMs of 4g, 4f, and the capsules 4g·5 and 4f·5 filled with
chloroform, dichloromethane and ferrocenium are summarized
in Table 1.


The theoretical sizes of the molecules bound to the gold and
the maximum thickness of the SAMs were calculated using an
idealized model. The estimated size/thickness of both 4g and the
capsule 4g·5 is 52 Å, since the urea groups of 4g and 5 interdigitate
when the capsule is formed and the back-folded alkyl chains of
the dialkyl sulfide groups in 5 do not contribute to the size of
the capsule. However, they increase the overall density of the film
and, hence, the refractive index. Thus, we expect a slightly higher
refractive index for the capsules in comparison to SAMs of pure
4g or 4f.


Both capsules (4g·5, 4f·5) are filled with solvent when they are
in solution. Therefore, the refractive index of the SAMs made
up of capsules must depend on the refractive index of the guest
solvent. Single molecules 4g and 4f are not necessarily filled with
a solvent molecule, since they probably assume a “pinched cone”
conformation.


SAMs of 4g or 4f obtained in THF, the solvent with the lowest
refractive index used (n = 1.407), show a refractive index of 1.425
with a thickness of 46.5 Å, or 1.463 with a thickness of 48 Å,
respectively. The higher refractive index for the 4f SAM is due
to a higher density because of the back-folding alkyl chains.38


SAMs of the capsules 4g·5 and 4f·5, which cannot be formed in
the hydrogen-bond-breaking THF, but can be in CHCl3,39 show a
thickness of 48 Å and 54 Å, respectively. The increase in refractive
index to 1.463 and 1.507 can be attributed to the inclusion of a
CHCl3 guest molecule (n = 1.446) and to the above mentioned
interdigitation.


Surprisingly, the refractive index of SAMs of capsules 4g·5 filled
with dichloromethane increased in comparison to chloroform-
filled SAMs of 4g·5, although dichloromethane has a smaller
refractive index (n = 1.424). They also have a slightly larger film
thickness of 50 Å. It has been shown recently40 that heterodimers
of tetraaryl/tetratosylurea calix[4]arenes may contain two guest
dichloromethane molecules. Aside from the better packing in the
SAMs assembled from dichloromethane, it might also be possible
that two dichloromethane molecules are encapsulated in 4g·5.
Both effects should yield a higher film density, and therefore an
increased refractive index relative to the chloroform-filled film.


Although the proper formation of SAMs of 4f and 4f·5 seems
to be possible (despite the fact that 4f·5 is in equilibrium with
its monomers), we decided to concentrate our further studies on
capsule 4g·5.


Filling the capsule 4g·5 with ferrocenium in dichloromethane
does not change the thickness of its SAM but decreases its


refractive index slightly to 1.466. It is known that tetraurea
calix[4]arene dimers formed in a ferrocenium solution contain
one ferrocenium cation as a guest, while ferrocene itself is not
included.31 The ferrocenium ion exhibits cation–p interactions
with the aromatic groups of the cavity, which compensates for the
weakened hydrogen bonding caused by the large guest molecule.
This cation–p stabilization is missing in the case of the neutral
molecule ferrocene.


In the case of the ferrocenium-filled capsule 4g·5, if SAMs
were formed at an elevated concentration of 1 mM, the film
thickness remained unchanged at 50 Å; however, a minor increase
in refractive index could be observed. This is attributed to a slightly
more densely packed film due to an enhanced amount of available
material.


In order to confirm the difference in the SAMs made of capsules
containing dichloromethane or ferrocenium, which should have a
higher refractive index than dichloromethane41,42 as a guest, we
did UV-Vis absorption spectroscopy on gold nanoparticles, both
uncapped and capped with the SAMs under consideration. The
position of the plasmon band of a SAM-capped nanoparticle
yields information about the dielectric constant of the capping
material. Fig. 2 shows a discrete dipole approximation (DDA)43


calculation for hemispherical gold nanoparticles with a radius of
7 nm and a cap of 7 nm of e.g. an organic material, in an aqueous
environment. The refractive index of the cap is systematically
varied from n = 1.33, the blank particle in water, to n = 3.33.
It can clearly be seen that the plasmon band absorption maximum
shifts to higher wavelengths with the increasing refractive index of
the capping material. The double peak structure appearing first at
a refractive index of n = 2 is due to the dipolar and quadrupolar
contributions of the plasmon band, which start to be separated
spectrally under these conditions.44


We prepared simple gold nanoparticle samples by sputtering
gold onto a microscope glass slide with a mean gold film thickness
of 15 nm. These samples were used to prepare SAMs of a
dichloromethane- and a ferrocenium-filled capsule 4g·5. Their
absorption spectra in air are shown in Fig. 3 along with a blank
gold nanoparticle sample. A plasmon band around 545 nm can
clearly been seen for the blank gold nanoparticles. The SAM of
the ferrocenium-filled capsule 4g·5 shows a plasmon resonance at
around 560 nm, whereas that of the dichloromethane-filled capsule
4g·5 has a plasmon band maximum at the longer wavelength
of 570 nm. Again we find that the SAM of ferrocenium-filled
capsules shows a smaller dielectric constant than that of the
dichloromethane-filled one. Assuming the capsule itself does not
change when assembled in dichloromethane, and that one ferroce-
nium is located in the capsule 4g·5, two dichloromethane molecules
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Fig. 2 DDA calculation of hemispherical gold nanoparticles (radius = 7 nm, cap = 7 nm) for capping materials with different refractive indices.


Fig. 3 UV-Vis spectra of SAMs of (a) pure gold; (b) 4g·5 filled with fer-
rocenium on gold nanoparticles, and (c) 4g·5 filled with dichloromethane
on gold nanoparticles.


should be encapsulated in the case of the pure dichloromethane
assembly.


D. ToF-SIMS investigations: is ferrocenium present in the
SAMs?


Both sets of surface plasmon data only indirectly confirm the
presence of the ferrocenium in the capsules. Therefore, in a second,
direct approach with ToF-SIMS, the presence of the ferrocenium
was studied by examining the iron signal of the ferrocenium. Fig. 4
depicts two ToF-SIMS spectra of SAMs of capsule 4g·5 assembled
with ferrocenium at two capsule concentrations: 0.1 mM and
1 mM. Both spectra clearly show the most dominant Fe isotope
(91.720%) with a peak at m/z = 55.935 u for SAMs of capsule 4g·5
assembled with ferrocenium. No mass peak of iron is obtained in
ToF-SIMS spectra for SAMs formed with CH2Cl2 as guests, in the


Fig. 4 ToF-SIMS spectra of SAMs of ferrocenium-filled capsules of 4g·5
on gold, formed from (a) a 0.1 mM solution; (b) a 1 mM solution.


absence of ferrocenium (data not shown). The Fe mass peak of
the SAMs assembled from 1 mM 4g·5 with ferrocenium is about
twice as high as that of the 0.1 mM encapsulated ferrocenium.
ToF-SIMS is a quantitative and linear method; we therefore
conclude that in the samples obtained from the more concentrated
solution, about twice the amount of ferrocenium is present in the
SAM due to a shift in the equilibrium between ferrocenium- and
dichloromethane-filled capsules towards the ferrocenium-filled
capsules.


E. Stability of 4g·5 SAMs in electrolytes


Given the previous results, we can conclude that we are able
to fabricate SAMs of capsule 4g·5 filled with ferrocenium, viz.
encapsulated, immobilized ferrocenium. The next question which
has to be addressed is the stability of these SAMs in a liquid
environment, e.g. in water, in an aqueous electrolyte or in
dichloromethane with tetrabutylammonium hexafluorophosphate
(TBAPF6). The stability was tested with SPR spectroscopy by
taking spectra (always in dichloromethane) of SAMs formed by
capsule 4g·5 filled with dichloromethane or with ferrocenium
before and after immersion in pure Milli-Q-water, in 0.1 M KCl
aqueous solution, in pure CH2Cl2 and in 0.15 M or 0.06 M
TBAPF6 in CH2Cl2 for 2 days.
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Fig. 5 displays as an example the plasmon spectra of an SAM
of capsule 4g·5 filled with ferrocenium (a) before and (b) after
immersion in 0.1 M aqueous KCl solution. Clearly, in this case the
plasmon resonance had shifted slightly towards smaller coupling
angles with the immersion, indicating a loss of material from the
film. Under these conditions the SAM is obviously not stable.


Fig. 5 Plasmon spectra (taken in dichloromethane) of a capsule 4g·5
SAM with ferrocenium immersed for 2 days in 0.1 M aqueous KCl
solution: (a) before and (b) after immersion.


For all aqueous solutions this instability was found for the
SAMs of ferrocenium-filled capsules. A very minor shift in
the surface plasmon resonance curve was found for the SAM
of the ferrocenium -filled capsule 4g·5 with 0.15 M TBAPF6,
but no shift is observed with 0.06 M TBAPF6. The SAMs of
dichloromethane-filled capsules did not yield any shifts in the
tested solvents and were always stable for at least 2 days. Given that
the SAMs of the ferrocenium-filled capsule 4g·5 are not stable in
an aqueous environment, but are stable in dichloromethane with
0.06 M TBAPF6, it should be possible to perform electrochemical
experiments, such as cyclic voltammetry, in dichloromethane with
0.06 M TBAPF6 and, possibly, with 0.15 M TBAPF6.


F. Coverage of gold by SAMs of 4g·5: electrochemistry


Oxidation/reduction reactions of a redox couple in solution are
often used for probing the coverage and quality of monolayers on
a metal surface.7,44 In our case, ferrocene/ferrocenium–methanol
was used. After monolayer formation on the electrode surface, the
current flow through the SAM was probed by cyclovoltammetry.
A closely packed monolayer can block this current between
the electrode with the monolayer and the electrolyte solution
dramatically. This technique is highly sensitive to monolayer
defects.7,44


In Fig. 6 the cyclic voltammogram of an electrode covered by
a SAM fabricated from 4g is shown. The electrochemical data for
SAMs of dichloromethane-filled capsules 4g·5 and ferrocenium-
filled capsules 4g·5 look identical (not shown). The very distinct
cyclic voltammograms (a) depict the pure gold surface with the


Fig. 6 Cyclic voltammetric current response vs. applied potential for
(a) a pure gold surface and (b) for 4g SAM/Au. Scan rate: 20 mV s−1.


oxidation peak of the ferrocene–methanol and the reduction peak
of the ferrocenium–methanol. The curve (b) depicts the response
of the gold electrode with the SAM. Clearly, the electrochemical
reactions are hindered and a basically flat, nearly featureless
current–voltage behavior is found. This indicates that the SAMs
blocked the electron transfer between redox couple and the
electrode very well in aqueous solution. The low currents (around
1.5% of that for the bare gold case) from those voltammograms
indicate that the SAMs are well-packed at the electrode. Sweeping
the voltage several times did not change the electrochemical
response, indicating the SAMs are stable over the duration of
these electrochemical tests.


Conclusions


We were able to fabricate stable SAMs of the “monomeric”
calix[4]arenes 4g and 4f by adsorption from a hydrogen-bond-
breaking solvent (ethanol–chloroform 6 : 4, THF), and of
the heterodimeric capsules 4g·5 and 4f·5 by adsorption from
chloroform, which is also included as a guest. Since independent
1H NMR studies showed that capsule 4f·5 is in equilibrium
with its monomers and does not exclusively form heterodimers,
we concentrated on capsule 4g·5 for our in-depth studies. The
ferrocenium cation is encapsulated in 4g·5 and captured (see
Fig. 1b) when the guest–host system is immobilized by self-
assembly from dichloromethane. The SAMs of capsule 4g·5 filled
with ferrocenium are unstable in water, probably because hydrogen
bonds are broken, but are stable in dichloromethane with salt
concentrations up to 0.15 M TBAPF6. Electrochemistry has
shown densely packed films, which are stable to electrochemical
experiments in an aqueous environment for a few minutes.


The entanglement of the urea residues in heterodimers of
capsule 4g·5 obviously is not sufficient for continued stabilization
of the capsules and of their SAMs when the hydrogen bonds of
the dimers are broken. Therefore, our future studies will focus on
heterodimers formed by tetraureas of type 4g with the tetraloop
tetraureas of type 6, in which the capsules after binding to the
surface have a four-fold rotaxane (with Au as “stopper”) or
catenane structure (with Au as a connection between urea arms).
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The capsules may then still be opened if the hydrogen bonds are
broken, but they cannot fall apart. Under appropriate geometrical
conditions (e.g. length of the spacer, size of the loops) this may lead
to a permanent encapsulation of an included guest.


Experimental


Syntheses and dimerization


Solvents and all other chemicals were purchased from Acros,
Aldrich and Lancaster, and used without further purification.
1H NMR spectra were recorded on a Bruker DRX400 Avance
instrument (at 400 MHz). FD and ESI mass spectra were measured
on a Finnigan MAT 8230 spectrometer and a Micromass Q-
ToF Ultima3 instrument, respectively. Melting points are un-
corrected. p-Tetraaminocalix[4]arene tetradecylether 1 and p-
tosyltetraurea tetrapentyl ether 5 were prepared according to
published procedures.45 Tetraloop-tetraurea calix[4]arenes 6 were
prepared as described.46


p-(N-Phthalimidobutyloxy)nitrobenzene. A suspension of p-
nitrophenol (2.02 g, 14.5 mmol), potassium carbonate (2.21 g,
16 mmol) and bromobutylphthalimide (4.51 g, 16 mmol) in
acetonitrile (80 ml) was refluxed for 24 hours. The hot mixture was
filtered to remove potassium salts, and the filtrate was evaporated.
The oily residue was recrystallized from acetonitrile (50 ml) to
give the product (4.15 g, 84%) as white needles. Mp 120 ◦C (lit.,47


119 ◦C); 1H NMR (CDCl3), d: 8.16 (2 H, d, 3JHH 8.8 Hz, Ar-H),
7.89–7.78 (2 H, m, Ar-H), 7.77–7.65 (2 H, m, Ar-H), 6.91 (2 H,
d, 3JHH 8.8 Hz, Ar-H), 4.08 (2 H, br t, -OCH2-), 3.77 (2 H, br t,
-OCH2-), 1.97–1.78 (4 H, m, -CH2-). m/z (FD): 340.3 (M+).


p-(Aminobutyloxy)nitrobenzene. A slurry of p-(phthalimido-
butyloxy)nitrobenzene (1.00 g, 2.92 mmol) and hydrazine hydrate
(7.2 ml, 147 mmol) in ethanol (50 ml) was refluxed for 4 hours.
After evaporation the product was extracted from the residue with
dichloromethane. The extract was washed with aqueous sodium
hydroxide and water and dried (MgSO4). Evaporation finally gave
the amine (0.50 g, 80%) as a yellow solid, which was used for
the next step without further purification. Mp 40 ◦C; 1H NMR
(CDCl3), d: 8.18 (2 H, d, 3JHH 9.2 Hz, Ar-H), 6.93 (2 H, d,
3JHH 9.2 Hz, Ar-H), 4.06 (2 H, t, 3JHH 6.2 Hz, -OCH2-), 2.80
(2 H, t, 3JHH 6.8 Hz, -CH2NH2), 1.93–1.57 (6 H, m, -CH2-, -NH2).
m/z (FD) 210.1 (M+).


p-(tert-Butyloxycarbonylamidobutyloxy)nitrobenzene. A solu-
tion of p-(aminobutyloxy)nitrobenzene (1.50 g, 7.13 mmol) and
Boc-anhydride (1.56 g, 7.13 mmol) in THF (80 ml) was stirred at
rt for 24 h. The solvent was evaporated to give an oily residue,
which solidified after drying under vacuum (oil pump). The solid
was triturated with hexane, filtered and dried to give the N-Boc-
protected product (1.87 g, 84%) as yellowish powder. Mp 58–
60 ◦C; 1H NMR (CDCl3), d: 8.18 (2 H, d, 3JHH 9.2 Hz, Ar-H), 6.93
(2 H, d, 3JHH 9.2 Hz, Ar-H), 4.57 (1 H, br s, -NH-), 4.06 (2 H, t,
3JHH 6.2 Hz, -OCH2-), 3.25–3.13 (2 H, m, -CH2NH-), 1.90–1.80
(2 H, m, -CH2-), 1.72–1.62 (2 H, m, -CH2-), 1.43 (9 H, s, -CH3).
m/z (FD) 310.1 (M+).


p-(tert-Butyloxycarbonylamidobutyloxy)aniline 3b. p-(tert-
Butyloxycarbonylamidobutyloxy)nitrobenzene (1.80 g,
5.80 mmol) was dissolved in toluene (50 ml), a catalytic


amount of Raney-Ni was added and the mixture was vigorously
stirred in a hydrogen atmosphere at rt for 6–8 hours (the
conversion may be monitored by TLC). The catalyst was filtered
off and the solvent was removed in vacuum to give the pure aniline
(1.38 g, 85%) as yellowish solid. Mp 46–47 ◦C; 1H NMR (CDCl3),
d: 6.72 (2 H, d, 3JHH 8.7 Hz, Ar-H), 6.62 (2 H, d, 3JHH 8.5 Hz,
Ar-H), 4.62 (1 H, br s, N-H), 3.88 (2 H, t, 3JHH 6.1 Hz, -OCH2-),
3.40 (2 H, br s, -NH2), 3.25–3.07 (2 H, m, -CH2-), 1.86–1.54 (4 H,
m, -CH2-), 1.43 (9 H, s, -CH3). m/z (FD) 280.1 (M+).


4-(10′-Undecenyloxy)acetamide. A suspension of 4-acetami-
dophenol (3.00 g, 19.8 mmol) and potassium carbonate (5.49 g,
39.7 mmol) in acetonitrile (150 ml) was refluxed for 1 hour.
11-Bromo-1-undecene (6.02 g, 25.8 mmol) was then added and
the mixture was refluxed for 48 hours. After evaporation the
product was extracted with CHCl3. The organic solution was
washed with aqueous sodium carbonate and water, and dried
(MgSO4). The residue obtained by evaporation was recrystallized
from acetonitrile–methanol, yielding the product (5.35 g, 89%).
Mp 89.5 ◦C; 1H NMR (CDCl3), d: 7.35 (2 H, d, 3JHH 8.1 Hz,
Ar-H), 7.02 (1 H, s, N-H), 6.83 (2 H, d, 3JHH 8.1 Hz, Ar-H), 5.88–
5.73 (1 H, m, -CH=CH2), 5.04–4.86 (2 H, m, -CH=CH2), 3.91
(2 H, t, 3JHH 6.2 Hz, -OCH2-), 2.14 (3 H, s, -CH3), 2.08–1.96 (2 H,
m, -OCH2CH2-), 1.82–1.67 (2 H, m, -CH2-), 1.49–1.17 (12 H, m,
-(CH2)6-). m/z (FD) 303.2 (M+).


4-(10′-Undecenyloxy)aniline 3c. A mixture of the O-alkylated
acetamide (5.35 g, 17.6 mmol) and sodium hydroxide (24.7 g,
617 mmol) was refluxed in EtOH (100 ml) and H2O (10 ml) for
12 h. The solvent was evaporated and the residue was partitioned
between ether and H2O. The organic layer was washed twice with
aqueous sodium carbonate and water and dried (MgSO4). The
residue obtained by evaporation, a brown solid (4.30 g, 93%), was
analytically pure and used in further reactions without additional
purification. Mp 37–38 ◦C; 1H NMR (CDCl3), d: 6.74 (2 H, d,
3JHH 8.8 Hz, Ar-H), 6.62 (2 H, d, 3JHH 8.8 Hz, Ar-H), 5.96–5.68
(1 H, m, -CH=CH2), 5.12–4.85 (2 H, m, -CH=CH2), 3.86 (2 H,
t, 3JHH 6.6 Hz, -OCH2-), 3.39 (2 H, br s, -NH2), 2.18–1.92 (2 H,
m, -OCH2CH2-), 1.87–1.56 (2 H, m, -CH2-), 1.54–1.15 (12 H, m,
-(CH2)6-). m/z (FD) 261.2 (M+).


Calix[4]arene 2. The solution of tetraamine 1 (2.00 g,
1.91 mmol) in THF (15 ml) was added to the stirred solution of
4-nitrophenylchloroformate (2.55 g, 12.6 mmol) in CHCl3 (22 ml).
The reaction mixture was refluxed for 12 hours. After evaporation,
the residue was triturated with ethyl acetate and stored in a
refrigerator for 4–8 hours. The solid was filtered off, washed with
ethyl acetate and dried to give the pure product (2.65 g, 81%) as
light-yellow powder. Mp 181 ◦C; 1H NMR (DMSO-d6), d: 9.93
(4 H, s, N-H), 8.18 (8 H, d, 3JHH 7.0 Hz, Ar-H), 7.35 (8 H, d,
3JHH 6.6 Hz, Ar-H), 6.90 (8 H, s, Ar-H), 4.33 (4 H, d, 2JHH 10.6 Hz,
ArCH2Ar), 3.78 (8 H, br s, -OCH2-), 3.08 (4 H, d, 2JHH 10.3 Hz,
ArCH2Ar), 1.87 (8 H, br s, -OCH2CH2-), 1.54–1.03 (56 H, m,
-CH2-), 0.84 (12 H, t, 3JHH 6.8 Hz, -CH3). m/z (FD) 1706.0
(M+).


Calix[4]arene 4a. N-Boc-1,4-phenylene diamine (0.081 g,
0.387 mmol), and diisopropylethylamine (0.050 g, 0.387 mmol)
in DMF (5 ml) were added to a stirred solution of 2 (0.132 g,
0.0774 mmol) in DMF (5 ml). The mixture was stirred at rt for
24 hours. The product was precipitated with water, filtered off
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and washed several times with water. The crude product was
triturated with acetonitrile and the white powder was purified
by reprecipitation from THF–methanol, yielding the product
(0.137 g, 89%). Mp >195 ◦C (decomposition); 1H NMR (DMSO-
d6), d: 9.11 (4 H, s, N-H), 8.17 (4 H, s, N-H), 8.12 (4 H, s, N-H),
7.29 (8 H, d, 3JHH 8.4 Hz, Ar-H), 7.21 (8 H, d, 3JHH 9.2 Hz, Ar-H),
6.78 (8 H, s, Ar-H), 4.31 (4 H, d, 2JHH 12.1 Hz, ArCH2Ar), 3.80
(8 H, br t, -OCH2-), 3.08 (4 H, d, 2JHH 12.5 Hz, ArCH2Ar), 1.90
(8 H, m, -OCH2CH2-), 1.45 (36 H, s, -CH3), 1.42–1.15 (56 H, m,
-CH2-), 0.85 (12 H, br t, -CH3). m/z (ESI) 2005.3 (M + Na+),
1014.2 (M + 2Na+).


Calix[4]arene 4b. Prepared as described above for 4a from
2 (0.195 g, 0.114 mmol), aniline 3b (0.130 g, 0.464 mmol) and
diisopropylethylamine (0.070 g, 0.510 mmol) in DMF (10 ml);
reprecipitation from THF–acetonitrile. Yield: 0.195 g (75%). Mp
>165 ◦C (decomposition); 1H NMR (DMSO-d6), d: 8.11 (4 H, s,
N-H), 8.09 (4 H, s, N-H), 7.21 (8 H, d, 3JHH 8.9 Hz, Ar-H), 6.88–
6.69 (20 H, m, Ar-H, N-H), 4.31 (4 H, d, 2JHH 11.9 Hz, ArCH2Ar),
3.87 (8 H, t, 3JHH 6.3 Hz, -OCH2-), 3.79 (8 H, br t, -OCH2-), 3.07
(4 H, d, 2JHH 12.3 Hz, ArCH2Ar), 3.02–2.87 (8 H, m, -NHCH2-),
1.90 (8 H, m, -OCH2CH2-), 1.70–1.58 (8 H, m, -CH2-), 1.56–1.16
(100 H, m and s (1.36) overlapped, -CH2-, -CH3), 0.85 (12 H, br
t, 3JHH 6.3 Hz, -CH3). m/z (ESI) 2293.6 (M + Na+), 1158.3 (M +
2Na+).


Dimer (4b)2. 1H NMR (CDCl3), d: 9.20 (8 H, s, N-H), 7.70
(8 H, d, 3JHH 8.9 Hz, Ar-H), 7.60 (8 H, s, Ar-H), 7.03 (8 H, s,
N-H), 6.87 (16 H, d, 3JHH 8.9 Hz, Ar-H), 5.96 (8 H, s, Ar-H), 4.59
(8 H, br s, N-H), 4.22 (8 H, d, 2JHH 11.6 Hz, ArCH2Ar), 3.97–3.85
(16 H, m, -OCH2-), 3.65 (16 H, t, 3JHH 7.8 Hz, -OCH2-), 3.24–
3.06 (16 H, m, -NHCH2-), 2.82 (8 H, d, 2JHH 11.9 Hz, ArCH2Ar),
2.02–1.87 (16 H, m, -CH2-), 1.84–1.71 (16 H, m, -CH2-), 1.69–
1.53 (16 H, m, -CH2-), 1.43 (72 H, s, -CH3), 1.38–1.19 (112 H, m,
-CH2-), 0.88 (24 H, t, 3JHH 6.8 Hz, -CH3).


Calix[4]arene 4c. Prepared as described above for 4a from 2
(0.72 g, 0.42 mmol), aniline 3c (0.50 g, 1.9 mmol) and diisopropyl-
ethylamine (0.27 g, 2.1 mmol) in DMF (35 ml). Trituration with
acetonitrile gave the analytically pure product (0.63 g, 68%) as a
white powder. Mp 155 ◦C (decomposition); 1H NMR (DMSO-
d6, 80 ◦C), d: 7.89 (4 H, s, N-H), 7.84 (4 H, s, N-H), 7.21
(8 H, d, 3JHH 8.7 Hz, Ar-H), 6.80 (8 H, s, Ar-H), 6.77 (8 H, d,
3JHH 8.7 Hz, Ar-H), 5.87–5.73 (4 H, m, CH=CH2), 5.04–4.87
(8 H, m, CH=CH2), 4.38 (4 H, d, 2JHH 12.6 Hz, ArCH2Ar), 3.97–
3.81 (16 H, m, -OCH2-), 3.09 (4 H, d, 2JHH 12.9 Hz, ArCH2Ar),
2.07–1.97 (8 H, m, -OCH2CH2-), 1.96–1.83 (8 H, m, -OCH2CH2-),
1.74–1.62 (8 H, m, -CH2-), 1.49–1.19 (104 H, m, -CH2-), 0.88
(12 H, br t, -CH3). m/z (ESI) 2217.7 (M + Na+).


Dimer (4c)2. 1H NMR (CDCl3), d: 9.22 (8 H, s, N-H), 7.71
(8 H, d, 3JHH 8.8 Hz, Ar-H), 7.60 (8 H, d, 2JHH 2.4 Hz, Ar-H),
7.02 (8 H, s, N-H), 6.87 (16 H, d, 3JHH 8.8 Hz, Ar-H), 5.94 (8 H,
d, 2JHH 2.4 Hz, Ar-H), 5.86–5.74 (8 H, m, CH=CH2), 5.02–4.88
(16 H, m, CH=CH2), 4.20 (8 H, d, 2JHH 11.2 Hz, ArCH2Ar), 3.94–
3.82 (16 H, m, -OCH2-), 3.64 (16 H, br t, 3JHH 8.1 Hz, -OCH2-),
2.81 (8 H, d, 2JHH 11.7 Hz, ArCH2Ar), 2.07–1.99 (16 H, m, -CH2-),
1.98–1.87 (16 H, m, -CH2-), 1.78–1.67 (16 H, m, -CH2-), 1.48–1.19
(208 H, m, -CH2-), 0.88 (24 H, t, 3JHH 6.8 Hz, -CH3).


Calix[4]arene 4d. A solution of calixarene 4a (0.137 g,
0.0691 mmol) in dichloromethane (10 ml) and trifluoroacetic acid
(4 ml) was stirred at rt for 2 h. The solvent was evaporated and the
residue was triturated with Et2O. A solid was filtered off, washed
with Et2O and dried. The salt obtained was dissolved in THF
(10 ml), treated with an excess of Et3N (0.5 ml) and with a-lipoic
acid anhydride (prepared from a-lipoic acid (0.071 g, 0.345 mmol)
and DCC (0.036 g, 0.173 mmol) in benzene (5 ml) as described
in the literature48). The reaction mixture was stirred at rt for 2 h.
The solvent was evaporated and the residue was triturated with
methanol to give the pure product (0.120 g, 74%) as a yellowish
powder. Mp >190 ◦C (decomposition); 1H NMR (DMSO-d6), d:
9.07 (s, N-H, 4 H), 8.23 (4 H, s, N-H), 8.14 (4 H, s, N-H), 7.43
(8 H, d, 3JHH 8.8 Hz, Ar-H), 7.25 (8 H, d, 3JHH 8.4 Hz, Ar-H), 6.79
(8 H, s, Ar-H), 4.31 (4 H, d, 2JHH 11.0 Hz, ArCH2Ar), 3.90 (8 H,
m, -OCH2-), 3.90 (4 H, m, -SCH-), 3.23–2.97 (12 H, m, -SCH2-,
ArCH2Ar), 2.50–2.35 (8 H, m, -CH2-), 2.26 (8 H, br t, -CH2C(O)-),
2.02–1.80 (8 H, m, -CH2-), 1.78–1.48 (16 H, m, -CH2-), 1.49–1.14
(64 H, m, -CH2-), 0.85 (12 H, br t, -CH3). m/z (ESI) 2358.3 (M +
Na+), 1190.7 (M + 2Na+).


Calix[4]arene 4e. A solution of calixarene 4b (0.100 g,
0.0440 mmol) in dichloromethane (10 ml) and trifluoroacetic acid
(1 ml) was stirred at rt for 2 h. The solvent was evaporated, the
residue dissolved in THF (15 ml), and then treated with an excess of
diisopropylethylamine (0.114 g, 0.880 mmol) and acetic anhydride
(0.045 g, 0.440 mmol). The reaction mixture was stirred for 12 h at
rt and evaporated. The oily residue was triturated with acetonitrile;
the solid was filtered off and dried to give the pure product (0.083 g,
93%) as a white powder. Mp >150 ◦C (decomposition); 1H NMR
(DMSO-d6), d: 8.13 (4 H, s, N-H), 8.11 (4 H, s, N-H), 7.82 (4 H, br
t, 3JHH 5.1 Hz, N-H), 7.22 (8 H, d, 3JHH 8.8 Hz, Ar-H), 6.86–6.71
(16 H, m, Ar-H), 4.31 (4 H, d, 3JHH 12.2 Hz, ArCH2Ar), 3.88
(8 H, t, 3JHH 6.4 Hz, -OCH2-), 3.79 (8 H, br t, -OCH2-), 3.14–3.00
(12 H, m, -NHCH2-, ArCH2Ar), 1.98–1.84 (8 H, m, -CH2-), 1.78
(12 H, s, -CH3), 1.72–1.60 (8 H, m, -CH2-), 1.57–1.46 (8 H, m,
-CH2-), 1.46–1.17 (52 H, m, -CH2-), 0.86 (12 H, br t, 3JHH 6.6 Hz,
-CH3). m/z (ESI) 2061.4 (M + Na+), 1042.2 (M + 2Na+).


Calix[4]arene 4f. Prepared as described above for 4d from
calixarene 4b (0.195 g, 0.0859 mmol), a-lipoic acid (0.100 g,
0.504 mmol) and DCC (0.050 g, 0.252 mmol) in benzene (5 ml)
and THF (8 ml). When the oily product was triturated with
acetonitrile a solid formed, which was filtered off and dried to give
the pure product (0.156 g, 59%) as a white powder. Mp >145 ◦C
(decomposition); 1H NMR (DMSO-d6), d: 8.12 (s, N-H, 4 H), 8.09
(4 H, s, N-H), 7.78 (4 H, br t, N-H), 7.22 (8 H, d, 3JHH 8.2 Hz, Ar-
H), 6.94–6.63 (16 H, m, Ar-H), 4.43–4.17 (4 H, br d, ArCH2Ar),
3.97–3.66 (16 H, m, -OCH2-), 3.58 (4 H, m, -SCH-), 3.20–2.89
(12 H, m, -SCH2-, ArCH2Ar), 2.50–2.28 (8 H, m, -CH2-), 2.04
(8 H, br t, -CH2C(O)-), 1.96–1.74 (8 H, m, -CH2-), 1.73–1.05
(80 H, m, -CH2-), 0.85 (12 H, br t, -CH3). m/z (MALDI-ToF)
2623.4 (M+).


Heterodimer 4f·5. 1H NMR (TCE), d: 10.62 (4 H, s, N-H),
8.12 (8 H, d, 3JHH 8.0 Hz, Ar-H), 8.02 (4 H, s, N-H), 7.91 (8 H, s,
N-H, Ar-H), 7.59 (8 H, d, 3JHH 8.3 Hz, Ar-H), 6.50 (8 H, d,
3JHH 8.4 Hz, Ar-H), 7.41 (4 H, s, N-H), 6.98 (8 H, s, Ar-H), 6.66
(8 H, d, 3JHH 9.1 Hz, Ar-H), 7.48 (4 H, t, 3JHH 5.6 Hz, N-H),
5.26 (4 H, s, Ar-H), 4.54 (4 H, d, 2JHH 11.5 Hz, ArCH2Ar), 4.09
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(4 H, d, 2JHH 11.1 Hz, ArCH2Ar), 4.01–3.65 (16 H, m, -OCH2-),
3.65–3.48 (10 H, m, -OCH2-, -SC*H-), 3.38 (4 H, d, 2JHH 11.1 Hz,
ArCH2Ar), 3.32–3.08 (18 H, m, -NHCH2-, -SCH2-, -SC*H-), 2.71
(4 H, d, 2JHH 12.5 Hz, ArCH2Ar), 2.59–2.32 (20 H, m and s (2.52)
overlapped, -CH3, -CH2-), 2.22–2.02 (16 H, m, -CH2-), 2.00–1.10
(120 H, m, -CH2-), 1.00–0.78 (24 H, m, -CH3).


Calix[4]arene 4g. The solution of calixarene 4c (0.31 g,
0.14 mmol), 1-decanethiol (0.30 g, 1.7 mmol) in THF (10 ml)
was degassed with nitrogen and cooled to 0–5 ◦C. Then a 0.5 M
solution of 9-BBN in THF (0.2 ml, 0.1 mmol) was added and
the reaction mixture was stirred for 24 h while being allowed to
warm to rt. The residue obtained after evaporation was triturated
with acetonitrile. The solid formed was filtered off and dried to
give the pure sulfide (0.25 g, 60%) as a white powder. Mp 104 ◦C
(decomposition); 1H NMR (DMSO-d6/CDCl3), d: 8.02 (8 H, s,
N-H), 7.18 (8 H, d, 3JHH 8.8 Hz, Ar-H), 6.76 (8 H, s, Ar-H), 6.71
(8 H, d, 3JHH 8.8 Hz, Ar-H), 4.33 (4 H, d, 2JHH 12.7 Hz, ArCH2Ar),
4.00–3.59 (16 H, m, -OCH2-), 3.04 (4 H, d, 2JHH 11.7 Hz, Ar-CH2-
Ar), 2.41 (16 H, t, -SCH2-), 1.90 (8 H, m, -OCH2CH2-), 1.77–0.99
(192 H, m, -CH2-), 0.96–0.70 (24 H, m, -CH3). m/z (ESI) 2915.4
(M + Na+), 1469.2 (M + 2Na+).


Homodimer (4g)2. 1H NMR (CDCl3), d: 9.22 (8 H, s, N-H),
7.71 (8 H, d, 3JHH 8.2 Hz, Ar-H), 7.60 (8 H, s, Ar-H), 7.02 (8 H, s,
N-H), 6.87 (16 H, d, 3JHH 8.2 Hz, Ar-H), 5.94 (8 H, s, Ar-H), 4.21
(8 H, d, 2JHH 11.0 Hz, ArCH2Ar), 3.99–3.79 (16 H, m, -OCH2-),
3.64 (16 H, br t, -OCH2-), 2.81 (8 H, d, 2JHH 11.0 Hz, ArCH2Ar),
2.48 (32 H, t, 3JHH 7.0 Hz, -SCH2-), 2.03–1.84 (16 H, m, -CH2-),
1.81–1.65 (16 H, m, -CH2-), 1.65–1.02 (368 H, m, -CH2-), 1.00–
0.75 (48 H, m, -CH3).


Heterodimer 4g·5. 1H NMR (C6D6), d: 11.10 (4 H, s, N-H),
8.66 (4 H, s, N-H), 8.56 (4 H, s, Ar-H), 8.53 (4 H, s, N-H), 8.19
(8 H, d, 3JHH 7.8 Hz, Ar-H), 7.96 (8 H, d, 3JHH 8.8 Hz, Ar-H),
7.85 (4 H, s, N-H), 7.77 (4 H, s, Ar-H), 7.51 (4 H, s, Ar-H),
6.78 (8 H, d, 3JHH 8.3 Hz, Ar-H), 6.68 (8 H, d, 3JHH 8.8 Hz, Ar-
H), 5.55 (4 H, s, Ar-H), 4.92 (4 H, d, 2JHH 11.2 Hz, ArCH2Ar),
4.28 (4 H, d, 2JHH 11.2 Hz, ArCH2Ar), 4.07 (8 H, t, 3JHH 7.6 Hz,
-OCH2-), 3.96 (4 H, d, 2JHH 11.7 Hz, ArCH2Ar), 3.57 (8 H, t,
3JHH 7.8 Hz, -OCH2-), 3.53–3.43 (4 H, m, -OCH2-), 3.43–3.32 (4 H,
m, -OCH2-), 3.01 (4 H, d, 2JHH 11.7 Hz, ArCH2Ar), 2.50–2.39
(16 H, m, -SCH2-), 2.38–2.25 (8 H, m, -CH2-), 2.02–1.90 (8 H,
m, -CH2-), 1.85 (12 H, s, -CH3), 1.69–1.09 (208 H, m, -CH2-),
1.03–0.95 (24 H, m, -CH3), 0.92 (12 H, t, 3JHH 7.1 Hz, -CH3).


Heterodimer 4g·6. 1H NMR (C6D6), d: 10.08 (4 H, s, N-H),
9.75 (4 H, s, N-H), 8.22 (4 H, s, Ar-H), 8.17 (4 H, s, Ar-H), 8.08
(8 H, d, 3JHH 8.8 Hz, Ar-H), 7.97 (4 H, s, Ar-H), 7.49 (4 H, s, N-H),
7.27 (4 H, s, Ar-H), 7.01 (4 H, s, N-H), 6.84 (8 H, d, 3JHH 8.3 Hz,
Ar-H), 6.54 (4 H, s, Ar-H), 6.36 (4 H, s, Ar-H), 6.31 (4 H, s, Ar-H),
4.45 (4 H, d, 2JHH 11.7 Hz, ArCH2Ar), 4.32 (4 H, d, 2JHH 11.7 Hz,
ArCH2Ar), 4.15–3.40 (44 H, m, -OCH2-, -OCH3), 3.33–3.08 (8 H,
m, ArCH2Ar), 2.43 (16 H, m, -SCH2-), 2.15–1.94 (8 H, m, -CH2-),
1.80–1.04 (256 H, m, -CH2-), 1.03–0.82 (24 H, m, -CH3).


Complex of dimer (4g)2 with cobaltocenium. 1H NMR
(CD2Cl2), d: 9.03 (8 H, s, N-H), 7.75 (24 H, d and s overlapped, 3JHH


8.4 Hz, Ar-H), 6.99 (16 H, d, 3JHH 8.8 Hz, Ar-H), 6.74 (8 H, s, N-
H), 5.64 (8 H, br s, Ar-H), 4.34 (8 H, d, 2JHH 11.7 Hz, ArCH2Ar),
3.98–3.82 (16 H, m, -OCH2-), 3.74 (16 H, t, 3JHH 7.1 Hz, -OCH2-),


2.93 (8 H, d, 2JHH 11.7 Hz, ArCH2Ar), 2.82 (10 H, s, included
cobaltocenium), 2.48 (32 H, t, 3JHH 7.1 Hz, -SCH2-), 2.00–1.86
(16 H, m, -CH2-), 1.78–1.66 (16 H, m, -CH2-), 1.62–1.48 (16 H, m
under water peak, -CH2-), 1.48–1.14 (352 H, m, -CH2-), 0.98–0.82
(48 H, m, -CH3).


Complex of dimer (4g)2 with tetraethylammonium. 1H NMR
(CD2Cl2), d: 8.95 (8 H, s, N-H), 7.79 (24 H, d and s overlapped,
3JHH 9.3 Hz, Ar-H), 7.00 (16 H, d, 3JHH 8.8 Hz, Ar-H), 6.36
(8 H, s, N-H), 5.61 (8 H, br s, Ar-H), 4.33 (8 H, d, 2JHH 11.7 Hz,
ArCH2Ar), 3.90 (16 H, m, 3JHH 6.1 Hz, -OCH2-), 3.76 (16 H, t,
3JHH 8.1 Hz, -OCH2-), 2.97 (8 H, d, 2JHH 12.2 Hz, ArCH2Ar),
2.47 (32 H, t, 3JHH 7.3 Hz, -SCH2-), 2.03–1.86 (16 H, m, -CH2-),
1.78–1.64 (16 H, m, -CH2-), 1.62–1.48 (16 H, m under water peak,
-CH2-), 1.48–1.17 (352 H, m, -CH2-), 1.14 (4 H, br s, included
Et4N+, N-CH2-), 0.98–0.82 (48 H, m, -CH3), 0.50 (4 H, br s,
included Et4N+, N-CH2-), –0.15 (6 H, br s, included Et4N+,
N-CH3), –3.29 (6 H, br s, included Et4N+, N-CH3).


Complex of heterodimer 4g·5 with cobaltocenium. 1H NMR
(CD2Cl2), d: 11.16 (4 H, s, N-H), 8.40 (4 H, s, N-H), 8.14 (8 H,
d, 3JHH 8.3 Hz, Ar-H), 7.93 (4 H, s, N-H), 7.84 (4 H, br s, Ar-
H), 7.59 (8 H, d, 3JHH 9.3 Hz, Ar-H), 7.53 (8 H, d, 3JHH 8.3 Hz,
Ar-H), 7.50 (4 H, s, N-H), 7.11 (4 H, br s, Ar-H), 7.00 (4 H,
br s, Ar-H), 6.69 (8 H, d, 3JHH 8.8 Hz, Ar-H), 4.86 (4 H, br s,
Ar-H), 4.64 (4 H, d, 2JHH 11.7 Hz, ArCH2Ar), 4.09 (4 H, d,
2JHH 11.7 Hz, ArCH2Ar), 4.04–3.87 (8 H, m, -OCH2-), 3.80–3.65
(8 H, m, -OCH2-), 3.56 (8 H, t, 3JHH 7.8 Hz, -OCH2-), 3.37 (4 H, d,
2JHH 12.2 Hz, ArCH2Ar), 3.05 (10 H, s, included cobaltocenium),
2.69 (4 H, d, 2JHH 11.7 Hz, ArCH2Ar), 2.53 (12 H, s, -CH3),
2.52–2.44 (16 H, t (2.49) and t (2.48) overlapped, 3JHH 7.3 Hz
and 3JHH 7.3 Hz, -SCH2-), 2.14–2.00 (8 H, m, -CH2-), 2.85–1.72
(8 H, m, -CH2-), 1.66–1.49 (8 H, m, -CH2-), 1.48–1.16 (200 H, m,
-CH2-), 1.00–0.78 (36 H, m, -CH3).


Complex of heterodimer 4g·6 with cobaltocenium. 1H NMR
(CD2Cl2), d: 9.14 (4 H, s, N-H), 9.01 (4 H, s, N-H), 7.81 (4 H, s,
Ar-H), 7.79 (8 H, d, 3JHH 8.8 Hz, Ar-H), 7.67 (4 H, s, Ar-H), 7.44
(4 H, s, Ar-H), 7.06 (4 H, s, N-H), 7.03 (8 H, d, 3JHH 8.8 Hz,
Ar-H), 6.71 (4 H, s, Ar-H), 6.52 (4 H, s, N-H), 6.19 (4 H, s,
Ar-H), 5.68 (4 H, s, Ar-H), 5.43 (4 H, s, Ar-H), 4.25 (4 H, d,
2JHH 11.7 Hz, ArCH2Ar), 4.27 (4 H, d, 2JHH 11.7 Hz, ArCH2Ar),
4.09–3.61 (44 H, m, -OCH2-, -OCH3), 2.98 (4 H, d, 2JHH 12.1 Hz,
ArCH2Ar), 2.86–2.73 (14 H, d and s of included cobaltocenium
overlapped, ArCH2Ar), 2.48 (16 H, m, 3JHH 6.6 Hz, -SCH2-), 1.99–
1.65 (32 H, m, -CH2-), 1.62–0.98 (232 H, m, -CH2-), 0.97–0.80
(24 H, m, -CH3).


Preparation and physical characterization of SAMs


The necessary gold substrates (99.99%, the Royal Canadian
Mint) for surface plasmon spectroscopy and electrochemistry
were prepared using an e-beam sputtering system (HOSER) at
a pressure around 5 × 10−6 torr.


For the formation of SAMs, the gold films were immersed for
15–25 h into the following solutions: a) 10 lM of 4g or 4f in
THF for SAMs of a single calix[4]arene; b) 10 lM of 4g or
4f, and 5, in chloroform or dichloromethane for SAMs of the
heterodimeric capsules 4g·5 and 4f·5 with the solvent as guest;
c) for heterodimeric capsules 4g·5 with ferrocenium cation as
guest, a 0.1 mM solution in dichloromethane was used, which
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was prepared with 15% excess of 5 and 20% excess of ferrocenium
hexafluorophosphate.


Surface plasmon spectroscopy experiments were performed
using a home-built surface plasmon spectrophotometer, which
is described elsewhere.7–9,40,41 Absorption spectra were measured
with a Perkin Elmer Lambda 850 spectrometer with clean glass as
reference. A ToF-SIMS (model VI of ION-ToF GmbH, Germany)
with a primary ion beam of Cs at 9 keV was used to obtain the
mass data.


For the electrochemical coverage measurements, a solution
was made of 0.9 mM ferrocene in methanol and 0.1 M KCl as
supporting electrolyte in Milli-Q-water. The electrochemical cell
consisted of a Teflon cylinder with a working electrode at the
bottom. The measurements were performed on an electrochemical
analyzer (CH610A, CH Instruments, Austin, Texas) in a three-
electrode system: gold working electrode (0.845 cm2), a platinum
counter-electrode, and a Ag/AgCl reference electrode. The scan
rate was 20 mV s−1, and the potential range (vs. Ag/AgCl) was
0.45 V.
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2006, 71, 3429–3434.


34 R. K. Castellano, D. M. Rudkevich and J. Rebek, Jr., Proc. Natl. Acad.
Sci. U. S. A., 1997, 94, 7132–7137; R. K. Castellano and J. Rebek, Jr.,
J. Am. Chem. Soc., 1998, 120, 3657–3663.


35 H. Xu, E. M. Hampe and D. M. Rudkevich, Chem. Commun., 2003,
2828–2829.


36 A. K. A. Aliganga, A.-S. Duwez and S. Mittler, Org. Electron., 2006,
7(5), 337–350.


37 S. Ekgasit, C. Thammacharoen and W. Knoll, Anal. Chem., 2004, 76(3),
561–568.


38 B.-H. Huisman, R. P. H. Kooyman, F. C. J. M. van Veggel and D. N.
Reinhoudt, Adv. Mater., 1996, 8(7), 561–564.
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Methylenecyclopropanes undergo an interesting Lewis acid-
catalyzed ring-opening reaction with diphenylphosphine ox-
ide in the presence of sulfur or selenium upon heating at 85 ◦C
in 1,2-dichloroethane to give the corresponding homoallylic
thiol or selenol derivatives in good to high yields.


Methylenecyclopropanes (MCPs) are highly strained but readily
accessible molecules that have served as useful building blocks
in organic synthesis.1 MCPs undergo a variety of ring-opening
reactions in the presence of transition metals or Lewis acids
because the relief of ring strain provides a potent thermodynamic
driving force.2–8 In this paper, we wish to report that methylenecy-
clopropanes can undergo an interesting Lewis acid-catalyzed ring-
opening reaction with diphenylphosphine oxide in the presence of
sulfur or selenium upon heating at 85 ◦C in 1,2-dichloroethane
(DCE) to give the corresponding homoallylic thiol or selenol
derivatives in good to high yields.


We first envisioned that MCPs can easily react with
diphenylphosphine oxide [Ph2P(O)H], which is in an equilibrium
with Ph2P–OH,9 to give the corresponding homoallylic alcohol
derivatives similar to those of alcohols, aromatic amines or
sulfonamides in the presence of Lewis acid.3–6 However, a dis-
ordered reaction was observed. In the following investigation, we
found that, with the addition of sulfur, the expected ring-opening
reaction of MCP 1a with diphenylphosphine oxide takes place in
the presence of a Lewis acid to give the corresponding homoallylic
thiol derivative 2a in good yield under mild conditions. The results
are summarized in Table 1. We found that in the absence of Lewis
acid, 2a was obtained in 67% and 35% yield in DCE under reflux
(85 ◦C) after 12 and 1 h, respectively (Table 1, entries 1 and 2).
In the presence of a Lewis acid, 2a was obtained in good yields
within 1 h under otherwise identical conditions (Table 1, entries
3–8). Lewis acid Sn(OTf)2 is the best one for this reaction to give
2a in 86% yield in DCE under reflux (Table 1, entries 2–8). Further
examination of the solvent effects revealed that DCE is the best one
for this transformation (Table 1, entries 9–14). In dichloromethane
or ether, 2a was obtained in 67% and 68% at room temperature
(20 ◦C) after 12 h, respectively (Table 1, entries 11 and 13). Only,
25% of 2a was formed in dichloromethane at room temperature
(20 ◦C) within 1 h (Table 1, entry 12).
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Table 1 Optimization of conditions for the ring-opening reaction of MCP
1a with HP(O)Ph2 in the presence of sulfur


Entrya Catalyst Solvent Time/h Yield/(%)b 2b


1 none DCE 12 67
2 none DCE 1 35
3 Sn(OTf)2 DCE 1 86
4 La(OTf)3 DCE 1 74
5 Zr(OTf)4 DCE 1 66
6 Sc(OTf)3 DCE 1 81
7 Yb(OTf)3 DCE 1 77
8 BF3 Et2O DCE 1 66
9 Sn(OTf)2 THF 10 44


10 Sn(OTf)2 CH3CN 10 64
11 Sn(OTf)2 CH2Cl2


c 12 67
12 Sn(OTf)2 CH2Cl2


c 1 25
13 Sn(OTf)2 etherc 12 68
14 Sn(OTf)2 toluene 8 80


a Reaction conditions: 1a (0.2 mmol), HP(O)Ph2 (0.3 mmol), sulfur
(0.3 mmol), Lewis acid (10 mol%), solvent (2.0 mL), and the reactions
were carried out under reflux. b Isolated yields. c At room temperature.


Under these optimal reaction conditions, we next carried out
Sn(OTf)2-catalyzed ring-opening reactions of a variety of MCPs
1 with diphenylphosphine oxide in the presence of sulfur and
selenium. We found that the corresponding ring-opening products
2 were obtained in moderate to good yields within 1–6 h for
MCPs 1 with electron-rich, electron-neutral, and electron-poor
substituents on the benzene ring (Table 2). For unsymmetrical
MCPs 1e, 1g, and 1h, the corresponding products 2e, 2g, and 2h
were obtained as mixtures of E- and Z-isomers (Table 2, entries
4, 6 and 7) (ESI†). But for unsymmetrical MCPs 1i, 1j, 1k, and
1l, the corresponding products 2i, 2j, 2k and 2l were obtained as
the single E-isomer in moderate yields (Table 2, entries 8–11). The
possible reason is that the aromatic group is sterically much larger
than a hydrogen atom, which results in the high regioselectivity.
Moreover, in the presence of selenium, the corresponding products
2m–2p could be also obtained in good yields under the standard
conditions (Table 1, entries 12–15).


The reaction of MCP 1a with diphenylphosphine oxide has
also been examined under identical conditions in the presence of
an oxygen atmosphere.10 However, the corresponding ring-opened
product 3a was formed in 32% yield after 10 h (Scheme 1).


The structures of all the products reported in this paper were
determined by 1H, 13C NMR, and 31P NMR spectroscopic data,
HRMS or microanalysis.
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Table 2 Ring-opening reaction of MCPs 1 with HP(O)Ph2 in the presence of sulfure or selenium


Entrya MCPs (R1/R2) X Time/h Yield/(%)b 2 (E : Z)


1 1b (q-MeC6H4/q-MeC6H4) S 1 2b, 71
2 1c (q-ClC6H4/q-ClC6H4) 1 2c, 81
3 1b (q-MeOC6H4/q-MeOC6H4) 1 2d, 80
4 1e (q-ClC6H4/C6H5) 1 2e, 66 (1 : 1)c


5 1f (q-FC6H4/q-FC6H4) 1 2f, 71
6 1g (q-MeOC6H4/q-C6H5) 1 2g, 78 (1 : 1)c


7 1h (C6H5/Me) 1 2h, 51 (4 : 1)c


8 1i (C6H5/H) 1 2i, 73d


9 1j (o-MeC6H4/H) 1 2j, 65d


10 1k (p-MeC6H4/H) 1 2k, 68d


11 1l (m-MeC6H4/H) 1 21, 61d


12 1a Se 1.5 2m, 73
13 1b 1.5 2n, 82
14 1c 2.5 2o, 66
15 1i 6 2p, 71d


a Reactions were carried out in an oil bath at 80 ◦C. Reaction conditions: 1 (0.3 mmol), HP(O)Ph2 (0.45 mmol), X (0.45 mmol), Sn(OTf)2 (10 mol%),
DEC (2.0 mL). b Isolated yields. c Mixtures of E- and Z-isomers. d Products were obtained as E-configuration.


Scheme 1 Reaction of MCP 1a with HP(O) Ph2 under oxygen
atmosphere.


The reaction mechanism is outlined in Scheme 2. The reaction
of sulfur or selenium with Ph2POH produces the corresponding
Ph2P(X)OH species (X = S, Se),11 which is in equilibrium
with Ph2P(O)XH.12 The reaction of Ph2P(O)XH or Ph2P(X)OH
with Sn(OTf)2 activated MCP 1 (intermediate A) produces the
corresponding product 2 and regenerates Sn(OTf)2. The stronger
nucleophilic properties of sulfur or selenium atoms play a key role
in producing the corresponding ring-opened products in higher
yields.13


Scheme 2 Proposed mechanism of ring-opening reactions of MCPs
catalyzed by Sn(OTf)2.


In summary, we have disclosed an interesting Lewis acid-
catalyzed ring-opening reaction of MCPs with diphenylphosphine
oxide in the presence of sulfur or selenium upon heating at 85 ◦C in
DCE to give the corresponding ring-opening products in moderate
to good yields.14 The corresponding homoallylic thiol or selenol
derivatives 2 may be useful intermediates in organic synthesis.
Efforts are in progress to elucidate the mechanistic details of this
reaction and to determine its scope and limitations.
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N-Aroyl b-lactams are imides with exo- and endocyclic acyl centres which react with amines in aqueous
solution to give the ring opened b-lactam aminolysis product. Unlike the strongly base catalysed
aminolysis of b-lactam antiobiotics, such as penicillins and cephaloridines, the rate law for the
aminolysis of N-aroyl b-lactams is dominated by a term with a first-order dependence on amine
concentration in its free base form, indicative of an uncatalysed aminolysis reaction. The second-order
rate constants for this uncatalysed aminolysis of N-p-methoxybenzoyl b-lactam with a series of
substituted amines generates a Brønsted bnuc value of +0.90. This is indicative of a large development of
positive effective charge on the amine nucleophile in the transition state. Similarly, the rate constants for
the reaction of 2-cyanoethylamine with substituted N-aroyl b-lactams gives a Brønsted blg value of
−1.03 for different amide leaving groups and is indicative of considerable change in effective charge on
the leaving group in the transition state. These observations are compatible with either a late transition
state for the formation of the tetrahedral intermediate of a stepwise mechanism or a concerted
mechanism with simultaneous bond formation and fission in which the amide leaving group is expelled
as an anion. Amide anion expulsion is also indicated by an insignificant solvent kinetic isotope effect,
kH2O


RNH2
/kD2O


RNH2
, of 1.01 for the aminolysis of N-benzoyl b-lactam with 2-methoxyethylamine. The


Brønsted blg value decreases from −1.03 to −0.71 as the amine nucleophile is changed from
2-cyanoethylamine to propylamine. The Brønsted bnuc value is more invariant although it changes from
+0.90 to +0.85 on changing the amide leaving group from p-methoxy to p-chloro substituted. The
sensitivity of the Brønsted bnuc and blg values to the nucleofugality of the amide leaving group and the
nucleophilicity of the amine nucleophiles, respectively, indicate coupled bond formation and bond
fission processes.


Introduction


b-Lactam antibiotics such as penicillins (1) and cephalosporins
are often considered unusually reactive compared with normal
amides because most of their biologically important reactions
involve the opening of the highly strained four-membered ring.1


However, the rate of alkaline hydrolysis of b-lactams is, at most,
a hundred-fold greater than that of an analogous acyclic amide
and is, in fact, often very similar.2 In water the b-lactam ring of b-
lactam antibiotics undergoes attack by nucleophilic reagents such
as amines and alcohols in competition with that by hydroxide-
ions. Nucleophilic substitution at the carbonyl centre of b-lactams
is an acyl transfer process involving covalent bond formation
between the carbonyl carbon and the nucleophile as well as C–
N bond fission of the b-lactam. Previous studies with nitrogen
and oxygen nucleophiles have shown that the mechamism of
substitution is a stepwise process, covalent bond formation to the
incoming nucleophile occurs before C–N bond fission, resulting
in the reversible formation of a tetrahedral intermediate.3–5 The
rate-limiting step in these reactions is normally the breakdown of
the tetrahedral intermediate which may involve ring opening.5–7


The reaction of amines with penicillins gives the corresponding
penicilloyl amide and requires at least two proton transfers, proton
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removal from the attacking amine and proton addition to the
leaving amino group.


The aminolysis of penicillins to give penicilloyl amides is
strongly catalysed by bases (Scheme 1) which in itself is indicative
of a stepwise process and reversible formation of a zwitterionic
tetrahedral intermediate and is supported by a non-linear
dependence of the rate of aminolysis upon hydroxide-ion
concentration due to a change of rate-limiting step. In a stepwise
process the neutral amine nucleophile becomes positively charged
after forming a covalent bond with the carbonyl carbon which
also significantly changes its pKa. Proton transfer from the
protonated amine in the tetrahedral intermediate to a catalytic
base becomes thermodynamically favourable and general base
catalysed aminolysis is the dominant reaction pathway.8 In fact,
it is experimentally difficult to determine the rate constant for the
uncatalysed aminolysis9 but the evidence suggests that the rate-
limiting step is thought to be the b-lactam C–N bond fission.7 ,9–10


Scheme 1
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Incorporating a benzamide as a potential leaving group into
a simple azetidin-2-one gives the imide N-benzoyl b-lactam (2),
which contains an endocyclic and an exocyclic acyl centre, both
of which are potential sites for nucleophilic attack. Contrary to
expectations and despite the belief that ring strain should increase
the reactivity of b-lactams, there is competition between the two
sites for hydroxide-ion attack and between endo- and exocyclic C–
N fission as a function of substituents in the aroyl group.11 Herein
we report our studies of the aminolysis of N-aroyl b-lactams
(2) which, unlike the aminolysis of natural cephalosporins12 and
penicillins,9 does not require general base catalysis. Linear free-
energy relationships for the aminolysis of N-aroyl b-lactams were
investigated by determining the effect on the rate of reaction of
varying the basicity of the amine nucleophiles and substituents in
the aryl residue of the amide leaving group.


Results and discussion


The rates of the aminolysis of N-aroyl b-lactams were studied by
UV-spectrophotometry in 1% acetonitrile-water (v/v) at 30 ◦C
with 1.0 M ionic strength (I) maintained by KCl and using the
amine as both a nucleophile and a buffer. The site of nucleophilic
attack was determined by a product analysis of the reaction of
1.0 M 2-cyanoethylamine at pH 8.07 (0.6 fraction of free base) with
N-p-nitrobenzoyl b-lactam (100 mg, 45 mmol) in 20% acetonitrile-
water (v/v). NMR and ESI-MS (electrospray ionisation mass
spectrometry) analysis of the product shows that at least 90%
of nucleophilic attack occurs at the b-lactam carbonyl. This is
demonstrated by 1H, 13C HMBC (heteronuclear multiple bond
correlation) NMR which shows the coupling of the a-methylene
protons of 2-cyanoethylamine with a carbonyl carbon of the
substrate which is, in its turn, coupled to the methylene protons of
the b-lactam. 1H, 13C HMBC NMR also shows the two carbonyl
carbons of the product were coupled to the methylene protons of
the b-lactam ring indicating that there was insignificant attack at
the exocyclic amide. ESI-MS (positive mode) shows an observed
mass peak of 291 corresponding to the mass of the b-lactam ring
opened aminolysis product (Scheme 2).


The kinetics of aminolysis were studied spectrophotometrically
measuring the change in absorbance due to product formation
using the amine as both buffer and reactant and, with excess
amine over N-aroyl b-lactam, obey simple first-order kinetics.
The dependence of the observed first-order rate constants, kobs,
for the reaction of N-benzoyl b-lactam in aqueous solution
buffered with 2-cyanoethylamine is linearly dependent on total
amine concentration (Fig. 1). Extrapolation of the reaction rate


Fig. 1 Dependence of the observed pseudo-first-order rate constants, kobs,
for the reaction of N-benzoyl b-lactam with 2-cyanoethylamine against
total amine concentration at various pHs in 1% acetonitrile-water (v/v) at
30 ◦C with 1.0 M ionic strength (KCl).


to zero buffer concentration corresponds to that calculated for the
background hydrolysis but is indistinguishable from zero (Fig. 1).
The slopes of these plots give the second-order rate constants, kcat,
for the aminolysis by both the protonated and the deprotonated
form of the amine. The reaction was studied using different
fractions of free base, a, of the amine and a plot of kcat against
a gives a straight line that passes through the origin (Fig. 2),
indicating that the reactive form of the amine is the free base form
and there is no significant reaction with the protonated form.


Fig. 2 Dependence of the second-order rate constant, kcat, on the fraction
of free base, a, of 2-cyanoethylamine in the aminolysis of N-benzoyl
b-lactam in 1% acetonitrile-water (v/v) at 30 ◦C with 1.0 M ionic strength
(KCl).


Scheme 2
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The fact that the pseudo-first-order rate constant, kobs, for the
aminolysis of N-benzoyl b-lactam is linearly dependent on the
amine concentration is in sharp contrast to the aminolysis of
penicillin which shows a rate law with a large term which is
second-order in amine concentration. The rate law that adequately
describes the reaction is thus given as eqn 1:


Rate
[b − lactam]


= kobs = ko + kRNH2
a[RNH2]tot (1a)


= ko + kRNH2
[RNH2] (1b)


where ko is the first-order rate constant for the background
hydrolysis and kRNH2


is the second-order rate constant for the
aminolysis of the b-lactam.


General base catalysis is observed in the aminolysis of
penicillin,9 cephalosporin12 and N-aryl b-lactams13 and accounts
for the major contribution to the observed rate for all of these three
substrates. Interestingly, no such catalysis is observed with the
aminolysis of N-benzoyl b-lactams reported here. The observation
of general base catalysed aminolysis seen with other b-lactams
has been taken to indicate a stepwise process and reversible
formation of a tetrahedral intermediate1–4 (Scheme 3). Formation
of this unstable intermediate changes proton transfer from the
amine nucleophile to the base from being thermodynamically
unfavourable in the reactants to favourable in this adduct. This
route, kB, is more favourable than the uncatalysed breakdown
of the intermediate, ko (Scheme 3). Although the aminolysis of
N-benzoyl b-lactam is not general base catalysed, the reaction
could be solvent catalysed with water acting as a general base,
kH2O in Scheme 3. However, it is difficult to see why this should
be the exclusive pathway and more favourable than to more basic
bases. The solvent kinetic isotope effect, kH2O


RNH2
/kD2O


RNH2
, for the


reaction of N-benzoyl b-lactam with 2-methoxyethylamine is 1.01
(Table 1).


The insignificant isotope effect indicates that the reaction does
not involve a large degree of proton transfer in the transition
state of the rate-limiting step and is incompatible with a solvent
catalysed mechanism. Therefore, the simplest conclusion is that
the rate-limiting step is formation or breakdown of the tetrahedral
intermediate or that the reaction mechanism is concerted.


The base catalysed aminolysis reaction can be expressed in terms
of the rate constants, k1, for the formation of the tetrahedral
intermediate, k−1 for its breakdown to the unreacted b-lactam,
and k2 for the diffusion controlled encounter of the base and the


Table 1 Second-order rate constants for the aminolysis of N-aroyl b-
lactams in water at 30 ◦C, I = 1.0 M (KCl)


pKa kH2 O
RNH2


/M−1 s−1


N-p-Nitrobenzoyl b-lactam
2-cyanoethylamine 7.91a (1.44 ± 0.04) × 10−1


N-p-Chlorobenzoyl b-lactam
2-Cyanoethylamine 7.91a (3.96 ± 0.06) × 10−2


2-Methoxyethylamine 9.66b 1.24 ± 0.01
Propylamine 10.79b 10.9 ± 0.1
N-Benzoyl b-lactam
Ethylenediamine monocation 7.43a (1.71 ± 0.04) × 10−2


2-Cyanoethylamine 7.91a (2.55 ± 0.04) × 10−2


2-Methoxyethylamine 9.66b (7.95 ± 0.09) × 10−1


Ethylenediamine 10.07b 4.25 ± 0.09
Propylamine 10.79b 8.30 ± 0.22
N-p-Methoxybenzoyl b-lactam
2-Cyanoethylamine 7.91a (1.23 ± 0.01) × 10−2


2-Methoxyethylamine 9.66b (4.21 ± 0.06) × 10−1


Propylamine 10.79b 5.02 ± 0.20


a Ionisation constants measured potentiometrically at 30 ◦C with 1.0 M
ionic strength in water. b Ionisation constants obtained from Ref. 21.


tetrahedral intermediate (Scheme 4) and the corresponding overall
rate equation (eqn 2).


Rate
[b − lactam]


= kobs = k1k2[RNH2][base]
k−1 + k2[base]


(2)


The rate-limiting step is determined by the relative rates of
partitioning of the tetrahedral intermediate to reactants and
products, k2[base]/k−1. For the aminolysis of penicillins9 and N-
aryl b-lactams,13 normally k−1 � k2[base] and the reaction rate
is dependent on base concentration. The rate-limiting step is the
diffusion controlled encounter of the base and the tetrahedral
intermediate, the k2 step.9 A change in rate-limiting step from the
diffusion step to the formation of the tetrahedral intermediate
can be observed if k−1 � k2[base] due to a high concentration
of a strong base.14 Under these conditions the rate becomes
independent of base concentration and simply first-order in
amine concentration; the rate-limiting step then becomes the
formation of the tetrahedral intermediate, k1. This pathway is
very different from the small amount of uncatalysed aminolysis
observed under normal conditions which corresponds to rate-
limiting proton transfer from the tetrahedral intermediate to water,
kH2O (Scheme 3).


Scheme 3
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Scheme 4


The observation seen here for the uncatalysed aminolysis of
N-aroyl b-lactams step could also be due to the normal pathway
shown in Scheme 4 but with proton transfer to base occurring
after the rate-limiting step, i.e. if k−1 � k2[base] arising from a
faster k2 process and/or a slower k−1 step. However, the rate of
breakdown of the zwitterionic tetrahedral intermediates, formed
from N-benzoyl b-lactam and other b-lactams such as N-aryl b-
lactams, to reactants by expulsion of the attacking amine (the k−1


step) is unlikely to vary significantly between different types of b-
lactams. Also, the rate of encounter of the base and the tetrahedral
intermediate (the k2 step) is diffusion controlled and should have
a similar rate in the aminolysis of N-benzoyl b-lactam and other
b-lactams under similar experimental conditions. Therefore, the
uncatalysed aminolysis of N-benzoyl b-lactam must undergo a
different pathway involving a different process for the breakdown
of the tetrahedral intermediate in the forward direction.


To further investigate the mechanism of the uncatalysed aminol-
ysis of N-aroyl b-lactams, linear free-energy relationships were
studied by varying the basicity of the amine nucleophile and also
by varying the amide leaving group with different substituents in
the aryl residue.


The Brønsted bnuc value for the attacking amine nucleophile


The second-order rate constants for the aminolysis of N-benzoyl
b-lactam with a series of amines of varying basicity are given
in Table 1. There is a 500-fold increase in the second-order rate
constant as the basicity of the attacking amine is increased by
3.4 pKa units. As with other amines, the pseudo-first-order rate
constant, kobs, for the aminolysis in solutions of ethylenediamine
mono- and dications as buffer, is linearly dependent on the total
amine concentration indicating the insignificance of the term
which is second-order in amine concentration in the rate law.
However, in this case the second-order rate constants, kcat, exhibit
a sharp upward curvature in the plot against the fraction of its
monocation, basic form (Fig. 3). The second-order rate constant,
kcat, is indistinguishable from zero as the fraction of monocation
approaches zero, showing that the ethylenediamine dication is not
catalytically important. The non-linear dependence of the second-
order rate constants, kcat, on a is kinetically compatible with a
hydroxide-ion catalysed aminolysis mechanism. The rate law can
be described as eqn 3:


Rate
[b − lactam]


= kobs


= ko + k1a[EDAH+]tot + k′
2a[EDAH+]tot[OH−] (3)


Fig. 3 Dependence of the second-order rate constant, kcat, on the fraction
of free base, a, of ethylenediamine monocation in the aminolysis of
N-benzoyl b-lactam in 1% acetonitrile-water (v/v) at 30 ◦C with 1.0 M
ionic strength (KCl), using a mixture of mono- and dication as the buffer.
The theoretical line was generated by using eqn 4.


where k1 is the second-order rate constant for the aminolysis of N-
benzoyl b-lactam with the ethylenediamine monocation, EDAH+,
and k2 is the apparent third-order rate constant for hydroxide-ion
catalysed aminolysis. The apparent second-order rate constant,
kcat, is (eqn 4 and 5):


kcat = kobs


[EDAH+]tot


= k1a + k′
2a[OH−] (4)


kcat


a
= k1 + k′


2[OH−] (5)


A plot of kcat/a against the hydroxide-ion concentration gives a
straight line of slope k′


−1 (Fig. 4). Although the k′
−1 term formally


represents hydroxide-ion catalysed aminolysis by EDAH+ there is
no catalysis observed with other bases. This suggests that the sharp
upward curvature in the plot of kcat against a in the aminolysis with
EDAH+ is due to the aminolysis with unprotonated EDA because
this term is kinetically indistinguishable from the aminolysis with
neutral diamine, as shown in eqn 6a–b.


Ka = [EDA][H+]
[EDAH+]


= [EDA]Kw


[EDAH+][OH−]
(6a)
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Fig. 4 Dependence of the rate constant, kcat/a, on the concentration of
hydroxide-ion in the aminolysis of N-benzoyl b-lactam. The rate constants
were determined in 1% acetonitrile-water (v/v) at 30 ◦C with 1.0 M ionic
strength (KCl).


Hence,


[EDAH+][OH−] = [EDA]Kw


Ka


(6b)


k′
2[EDAH+][OH−] = k2[EDA] (6c)


where k2 = k′
2


Kw


Ka


The second-order rate constant for the aminolysis of N-benzoyl
b-lactam with neutral ethylenediamine, EDA, k2 can thus be
obtained even in buffers of mono- and dication even when the
concentration of the unprotonated EDA is very small. The rate
law for the aminolysis with ethylenediamine thus becomes (eqn 7):


Rate
[b − lactam]


= kobs = ko + k1[EDAH+] + k2[EDA] (7)


The second-order rate constants, kRNH2
, for the aminolysis of


N-benzoyl b-lactam are linearly dependent on the pKa of the
amines, including EDA, and give a Brønsted bnuc value of +0.87
(Fig. 5). This indicates that approximately an effective unit positive
charge is developed on the nitrogen of the amine nucleophile in
the transition state of the rate-limiting step. There are two classes
of Brønsted bnuc values seen for the uncatalysed aminolysis of
penicillins. At high pH, where k2[OH−] � k−1 (Scheme 4) the
Brønsted bnuc value is +0.3 for rate-limiting formation of the
tetrahedral intermediate.14 There is also a Brønsted bnuc value
of +1.0 for the uncatalysed aminolysis which corresponds to
rate-limiting breakdown of the tetrahedral intermediate.9 An
unusually large sensitivity to the basicity of the attacking amine
was observed in the uncatalysed aminolysis of acetylimidazole
with a Brønsted bnuc value of +1.6, which was interpreted as rate-
limiting breakdown of the tetrahedral intermediate with complete
C–N bond formation between the amine and the acyl centre in the
transition state in which there was a large degree of bond fission
to the leaving group.15 The Brønsted bnuc value of +0.87 seen here
for the aminolysis of N-benzoyl b-lactam is compatible with a late
transition state in the formation of the tetrahedral intermediate
followed by fast expulsion of the amide leaving group, possibly


Fig. 5 Dependence of the statistically corrected second-order rate
constants for the reaction of amines with N-benzoyl b-lactam as a function
of the basicity of the amine in 1% acetonitrile-water (v/v) at 30 ◦C with
1.0 M ionic strength (KCl), where EDAH+ = ethylenediamine monocation;
CEA = 2-cyanoethylamine; MEA = methoxyethylamine; EDA = neutral
ethylenediamine; PA = propylamine.


rate-limiting breakdown with little bond fission to the leaving
group or a concerted substitution mechanism.


Interestingly, the second-order rate constant for the aminolysis
of N-benzoyl b-lactam with neutral ethylenediamine shows no de-
viation from the Brønsted plot (Fig. 5) when statistically corrected
for the two amine groups. This is in contrast to the 30-fold rate
enhancement observed with the aminolysis of benzyl penicillin
by ethylenediamine,9 attributed to intramolecular general base
catalysed aminolysis in which the terminal amino group of the
diamine acts as a general base abstracting a proton from the amine
nucleophile in the tetrahedral intermediate. Given the absence
of a general base catalysed aminolysis pathway for N-aroyl b-
lactams, it is not surprising to see that ethylenediamine falls on the
Brønsted plot and acts as a simple monoamine. Similarly, although
the rate constant for the reaction of ethylenediamine monocation
with benzyl penicillin shows a 100-fold rate enhancement, as a
result of intramolecular general acid catalysis by the terminal
protonated amine facilitating the breakdown of the tetrahedral
intermediate by donating a proton to the b-lactam nitrogen,9 that
with N-benzoyl b-lactam shows no significant deviation from the
Brønsted plot. The importance of general acid catalysis in the
breakdown of the tetrahedral intermediate formed during the
aminolysis of penicillin and cephalosporin has been demonstrated
recently with hydroxylamine which showed a 1 × 106-fold rate
enhancement compared with that predicted from a Brønsted plot
for other primary amines.16 There is thus clear evidence that the
aminolysis of penicillin involves a rate-limiting step that occurs
after formation of the tetrahedral intermediate. The fact that
the rate constants for the aminolysis of N-benzoyl b-lactam with
ethylenediamine and its monocation are those expected for their
respective basicities suggests that the reaction does not involve
either general base or acid catalysis. This is compatible with the
solvent kinetic isotope effect of 1.01 for the aminolysis of N-
benzoyl b-lactam with methoxyethylamine (Table 1).
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The aminolysis of N-benzoyl b-lactam may thus occur with
an earlier rate-limiting step compared with that of other b-
lactams, i.e. formation rather than breakdown of the tetrahedral
intermediate. The leaving group of penicillins and cephalosporins
is an amine and for N-benzoyl b-lactam is an amide. Amide anions
are undoubtedly better leaving groups than amine anions and may
even be better than neutral amines giving rise to an earlier rate-
limiting step because ko � k−1 (Scheme 3). At first sight it may
appear unusual that the Brønsted bnuc of +0.87 for the aminolysis of
N-benzoyl b-lactam is greater than that observed for rate-limiting
formation of the tetrahedral intermediate with other b-lactams
(bnuc = +0.3).14 This suggests nucleophilic attack by the amine
occurs with a later transition state along the reaction coordinate
for N-benzoyl b-lactams compared with N-alkyl b-lactams.


The Brønsted blg value for the amide leaving group


The second-order rate constants, kRNH2
, for the aminolysis of N-p-


chlorobenzoyl b-lactam and N-p-methoxybenzoyl b-lactam were
determined with a series of amines and are given in Table 1.
There is a 10-fold increase in the second-order rate constant for
the aminolysis with 2-cyanoethylamine as the substituent in the
arylamide leaving group is changed from p-methoxy to p-nitro.
As there are no literature values of the ionisation constants for
substituted benzamides, the ionisation constants for substituted
benzoic acids were used for the correlation. The rate constants
are linearly dependent on the pKa of the corresponding benzoic
acid and give a Brønsted blg value of −1.03 for the aminolysis of
N-aroyl b-lactams with 2-cyanoethylamine (Fig. 6). This indicates
that there is a large change in effective charge on the leaving group
going from the reactant state to the transition state. The amide
nitrogen, in its reactant state, is made positive by resonance and
its effective charge is 0.7+.17 As discussed elsewhere11,18 we assume
that the effective charge in imides is greater than that in amides and
use a value of +1.1. In the tetrahedral intermediate the effective


Fig. 6 Brønsted plots of the second-order rate constants, kRNH2
, for the


aminolysis of N-aroyl b-lactams against the basicity of the benzamide
leaving group with different amines indicated. The rate constants were
determined in 1% acetonitrile-water (v/v) at 30 ◦C with 1.0 M ionic
strength (KCl).


charge on the amide nitrogen will be +0.7. The observed Brønsted
blg value of −1.03 thus indicates that the amide nitrogen has lost
considerable positive charge and has an effective charge of only
+0.1 in the transition state. It is therefore likely that the amide
leaving group is expelled as its anion and there is significant C–N
bond fission in the transition state. The rate of expulsion of the
amide anion must be faster than that of the diffusion controlled
encounter of the base and the tetrahedral intermediate so that base
catalysis is not observed and the rate of aminolysis is first-order in
amine concentration. If the reasonable assumption19 is made that
the diffusion-controlled step, k2, has a value of ca. 1 × 1010 M−1 s−1,
with the highest amine total concentration of 0.1 M used in this
study, the pseudo-first-order rate constant for this diffusion step
would be ca. 1 × 109 s−1. The rate of expulsion of the amide anion
must then be at least ca. 1 × 1010 s−1 in order to be faster than the
general base catalysed pathway which is not observed (Scheme 3).
Such a high value is not unreasonable.14,15


It is interesting that the aminolysis of N-aroyl b-lactams has a
high sensitivity to both the basicity of the attacking amide and
that of the amine leaving group. This could be the result of a rate-
limiting breakdown of the tetrahedral intermediate as discussed
earlier for acetylimidazole,15 but the bnuc of +0.87 is not sufficiently
large to be fully compatible with significant ring opening and
reforming the carbonyl double bond. Therefore the aminolysis
of N-aroyl b-lactams appears to occur by a concerted pathway
in which bond formation and fission occurs simultaneously
(Scheme 5). A high dependence on both the basicity of the
attacking nucleophile and that of the leaving group was also seen in
the reactions of substituted phenolate anions with phenyl formate,
with a Brønsted bnuc and blg value of +0.90 and −0.90, respectively,
and was interpreted as a concerted reaction.20


Scheme 5


As a function of attacking amine basicity, the Brønsted blg


value decreases from −1.03 for 2-cyanoethylamine to −0.71
for propylamine (Table 2), i.e. the Brønsted blg decreases with
increasing basicity of the attacking amine. This indicates less
charge development on the leaving group amide (less C–N bond
fission) in the transition state with more basic amine nucleophiles.
However, there is little variation in Brønsted bnuc for the attacking
amine as a function of substituents in the leaving group. Based
on the limited data, it appears that there is a small decrease in
bnuc from +0.90 to +0.85 when the leaving groups change from


Table 2 The dependence of the Brønsted blg values for the aminolysis of
N-aroyl b-lactams on the pKa of the amine nucleophiles


pKa blg


2-Cyanoethylamine 7.91a −1.03
Methoxyethylamine 9.66b −0.97
Propylamine 10.79b −0.71


a Ionisation constants measured potentiometrically at 30 ◦C with 1.0 M
ionic strength in water. b Ionisation constants obtained from Ref. 21.
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Table 3 The dependence of the Brønsted bnuc values for the aminolysis
of N-aroyl b-lactams on the basicity of the substituted benzamide leaving
group. The pKa of the carboxylic acid corresponding to exocyclic aryl
carboxamide is given as an indicator of the inductive effect of the
substituent in the aromatic ring. pKa values are taken from Ref. 21


pKa bnuc


p-Cl 3.99 0.85
p-H 4.20 0.87
p-OMe 4.47 0.90


p-methoxy to p-chloro-benzamide (Table 3). This may not be
meaningful, but would suggest there is less charge development on
the attacking amine nucleophile with a better leaving group. The
changes in the Brønsted blg and bnuc values observed by changing
the nucleophilicity of the nucleophile and the nucleofugacity of
the leaving group are consistent with a concerted mechanism.


Bond making to the attacking nucleophile and bond breaking
to the leaving group are coupled in the transition state of a
concerted reaction. Changing either the nucleophilicity of the
nucleophile or the nucleofugacity of the leaving group will affect
the transition state position along the reaction coordinate of a
concerted pathway. This may be monitored by changes in the
Brønsted bnuc and blg values of the reaction and the effect may be
illustrated by the Jencks–More O’Ferrall diagram.17 In principle,
the expulsion of the amide anion could result from a stepwise
associative mechanism, a stepwise dissociative mechanism, or a
concerted pathway (Scheme 6). In the associative pathway, the
reaction involves the formation of a tetrahedral intermediate
(3) formed between the amine nucleophile and the b-lactam
which subsequently expels the amide anion leaving group. In the
dissociative pathway, an acylium centre and an amide anion would
be produced in the intermediate (4) and the acylium centre is
then trapped by the amine nucleophile. The axes of Scheme 6 are


measured by the Brønsted bnuc or blg values or both as indicated
(Scheme 6). In the concerted mechanism, the bond making to
the attacking nucleophile and the bond breaking to the leaving
group takes place simultaneously, does not involve a reaction
intermediate and its trajectory is indicated by the dashed diagonal
line in Scheme 6. Increasing the acidity of the amide leaving group
with electron withdrawing groups would stabilise the amide anion
product (5) and the transition state will move away from the
product corner to that of the reactants [arrow (a)], as predicted
by the ‘parallel’ effect and the Hammond postulate.17 Electron
withdrawing groups in the amide leaving group would also stabilise
the amide anion (4) of the dissociative pathway and destabilise the
tetrahedral intermediate (3) in the associative pathway. In both
cases, the transition state will tend to move towards the amide
anion (4) corner [arrow (b)] as a Thornton or ‘perpendicular’
effect. The net result is predicted to be a reduced Brønsted bnuc


value as the acidity of the leaving group is increased, as observed.
Increasing the basicity of the amine nucleophile would stabilise
the amide product (5), which causes a movement of the transition
state away from the product corner (5) towards the reactants
[arrow (c)]. A more basic amine nucleophile would also stabilise
the tetrahedral intermediate (3), which will move the transition
state towards this corner [arrow (d)] by a ‘perpendicular’ effect. A
reduced Brønsted blg is then predicted by increasing the basicity
of the amine nucleophiles.


The aminolysis of N-aroyl b-lactams thus appears to occur
by a concerted mechanism with significant coupling between
bond formation and bond fission and involves a transition state
with a large amount of charge development on the incoming
nucleophile as well as on the leaving group amide anion. Acyl
transfer reactions predominantly occur by a stepwise process17 and
this is true for nucleophilic substitution of b-lactams. In the case
of N-aroyl b-lactams the concerted mechanism is presumably en-
forced17, 23 by the instability of the normal tetrahedral intermediate


Scheme 6
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Table 4 A comparison of the second-order rate constants, kOH, for the
alkaline hydrolysis and, kRNH2


, for the aminolysis of some b-lactams with
2-propylamine


kOH/M−1 s−1 kRNH2
/M−1 s−1 kOH


kRNH2


N-Benzoyl
b-lactam (6)


9.07a 8.30a 1.09


N-p-Nitrophenyl
b-lactam (7)


4.42 × 10−2b 2.5 × 10−4c 177


Benzylpenicillin (1) 1.54 × 10−1ae 1.32 × 10−2d 11


a At 30 ◦C with 1.0 M ionic strength. b At 25 ◦C with 1.0 M ionic strength,
from Ref. 22. c At 25 ◦C with 0.1 M ionic strength, from Ref. 12. d At 30 ◦C
with 0.25 M ionic strength. e From Ref. 1.


(3)—expulsion of the good leaving group amide anion is facilitated
further by ring opening of the b-lactam and occurs with a faster
rate than expulsion of the amine to regenerate the reactants.


It is of interest to compare the reactivity of N-aroyl b-lactams
with that of other b-lactams. The second-order rate constants,
kOH, for the alkaline hydrolysis and, kRNH2


, for the uncatalysed
aminolysis of penicillin (1),9 N-benzoyl b-lactam (6), and N-p-
nitrophenyl b-lactam (7)13 with propylamine are given in Table 4.
Although the uncatalysed aminolysis of penicillin (1) represents
the very minor pathway, a reasonable estimate of the second-order
rate constant has been measured.9 It is interesting that the rate of
the uncatalysed aminolysis varies by more than 1 × 104 while
the rate of alkaline hydrolysis varies more moderately by 1 × 102


between the substrates. For penicillin (1) the rate constant for
hydrolysis is at least 10-fold greater than that of the uncatalysed
aminolysis, and is 100-fold greater for N-p-nitrophenyl b-lactam
(7) but they are similar for N-benzoyl b-lactam (6). The ratio,
kOH/kRNH2


, indicates the relative reactivity towards hydroxide-ions
and amine nucleophiles; it is much smaller for N-benzoyl b-lactam
(6) than that of the other two b-lactams by 10–1 × 102. Since
the rates of alkaline hydrolysis of the b-lactams are similar, the
significantly reduced kOH/kRNH2


ratio for N-benzoyl b-lactam (6)
may also be indicative of a different mechanism for the aminolysis
of N-benzoyl b-lactam (6) compared with the other two b-lactams.


It is worth noting that although the alkaline hydrolysis of N-p-
nitrobenzoyl b-lactam occurs with competitive endo- and exocyclic
C–N bond fission,11 the aminolysis reaction occurs exclusively
with b-lactam ring opening. Although hydroxide-ion attack at
the exocyclic carbonyl group is competitive with that at the b-
lactam centre, amines prefer the b-lactam carbonyl group. The
second-order rate constant for aminolysis at the endocyclic b-
lactam carbonyl is at least 100-fold greater than that at the
exocyclic carbonyl centre. In the aminolysis of the b-lactam of N-
aroyl b-lactams, the zwitterionic tetrahedral intermediate appears
to breakdown by expelling the benzamide leaving group as its
anion. However, for the reaction of the exocyclic carbonyl centre,


the leaving group is the b-lactam amide anion, which is less
stable than the amide anion of p-nitrobenzamide. The rate of
reaction with weaker nucleophiles, such as amines, compared with
hydroxide-ions has a greater dependence on the basicity of the
leaving group as shown by the Brønsted blg values, −0.55 for
hydroxide-ion catalysed hydrolysis11 and −0.97 for aminolysis with
methoxyethylamine (Table 2) for reactions at the b-lactam centre.
A similar situation exists in the inability of an intramolecular
carboxylate to displace the b-lactam amide anion in competition
with the alkaline hydrolysis of the b-lactam in N-o-carboxybenzoyl
b-lactam. There is no evidence of anhydride formation with N-o-
carboxybenzoyl b-lactam at neutral pH.11,18


Experimental section


(i) Synthesis


N-Aroyl b-lactams were prepared according to the general pro-
cedure: to a −78 ◦C stirred solution of 2-azetidinone (0.5 g, 7.03
mmol) in dry dichloromethane (DCM) (20 ml) was added 4,4-
dimethylaminopyridine (0.1 g, 0.82 mmol) and a solution of aroyl
chloride (1.57 g, 8.46 mmol) in dichloromethane (10 ml) dropwise
over 5 minutes. Triethylamine (0.98 ml, 7.02 mmol) was added
dropwise over 10 minutes forming a white precipitate. The reaction
mixture was stirred at −78 ◦C for 1 hour and for a further 24 hours
at ambient temperature. DCM (10 ml) was added to the reaction
mixture and the solution washed with water (15 ml) and saturated
brine (2 × 15 ml). The organic layer was dried over anhydrous
Na2SO4 and the solvent was removed under reduced pressure by
rotary evaporation at 30 ◦C to yield a pale yellow oil, which was
purified by column chromatography.


1-(4′-Methoxybenzoyl)-1-azetidin-2-one. Yield, 0.6 g (42%);
mp 125–127 ◦C; IR tmax (cm−1) (CHCl3): 3020, 3009, 2975, 2912,
2842, 1784, 1668, 1606, 1325, 1259, 1195, 1108, 1028; 1H NMR: d
(CDCl3) 7.99 (2H, d, J 8.88), 6.92 (2H, d, J 8.97), 3.85 (3H, s, CH3),
3.77 (2H, t, J 5.44, CH2N), 3.02 (2H, t, J 5.45, CH2CO); 13C NMR:
d (CDCl3) 165.23 (C=O), 163.92 (C=O), 132.57 (quaternary
carbon), 131.92 (ArCH), 123.76 (quaternary carbon), 113.948
(ArCH), 55.21 (CH3), 36.45 (CH2N), 34.44 (CH2CO); HREI-MS
(high resolution electron ionisation mass spectroscopy) [M + H]+


for C11H11NO3 calculated 206.0812 measured 206.0812.


1-Benzoyl-1-azetidin-2-one. IR tmax (cm−1) (CHCl3): 3020,
1786, 1673, 1327, 1298, 1216, 1192; 1H NMR: d (CDCl3) 8.00
(2H, d, J 7.43), 7.61 (1H, t, J 7.29), 7.49 (2H, t, 7.83), 3.81
(2H, t, J 5.49), 3.14 (2H, t, J 5.49); 13C NMR: d (CDCl3)
166.26 (C=O), 163.95 (C=O), 133.19 (PhCH), 131.83 (quaternary
carbon), 129.69 (PhCH), 128.12 (PhCH), 36.77 (CH2), 35.05
(CH2).


1-(4′-Chlorobenzoyl)-1-azetidin-2-one. Yield, 0.85 g (58%); IR
tmax (cm−1) (CHCl3) 3020, 1788, 1673, 1593, 1404, 1324, 1284,
1217, 1093; 1H NMR: d (CDCl3) 7.95 (2H, d, J 6.68), 7.44 (2H,
d, J 8.66), 3.77 (2H, t, J 5.5, CH2N), 3.12 (2H, t, J 5.61, CH2CO);
13C NMR: d (CDCl3) 165.01 (C=O), 163.84 (C=O), 139.51
(quaternary carbon), 131.14 (CH), 130.1 (quaternary carbon),
128.44 (ArCH), 36.73 (CH2N), 34.99 (CH2CO); HREI-MS [M +
H]+ for C10H8NO2Cl calculated 210.0316 measured 210.0316.
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1-(4′-Nitrobenzoyl)-1-azetidin-2-one. Yield, 1.23 g (80%); mp
130–131 ◦C; IR tmax (cm−1) (CHCl3) 3020, 1787, 1686, 1599, 1523,
1397, 1309, 1252, 1204, 992; 1H NMR: d (CDCl3) 8.33 (2H, d, J
8.75), 8.14 (2H, d, J 8.74), 3.85 (2H, t, J 5.58, CH2N), 3.2 (2H,
t, J 5.57, CH2CO); 13C NMR: d (CDCl3) 164.16 (C=O), 163.79
(C=O), 150.29 (quaternary carbon), 137.32 (quaternary carbon),
130.76 (CH), 123.28 (CH), 37.0 (CH2N), 35.5 (CH2CO).


(ii) Kinectic Procedures


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.


pH measurements were made with a �40 pH meter (Beckman,
Fullerton, USA) using a semi-micro calomel electrode (Beckman).
A calibration of the pH meter was carried out at 30 ◦C using
pH 6.99 ± 0.01, pH 4.01 ± 0.02 or pH 9.95 ± 0.02 calibration
buffers. For solution pHs ≥3 and ≤11 the pH was controlled by the
use of ≤0.2 M buffer solutions of the amine. Buffer solutions were
prepared by partial neutralisation of solutions of their sodium salts
to the required pH. Hydroxide-ion concentrations were calculated
using pKw (H2O) = 13.83 at 30 ◦C.24


In all experiments temperatures were maintained at 30 ◦C and
ionic strength at 1.0 M with AnalaR grade KCl unless otherwise
stated. AnalaR grade reagents and deionised water were used
throughout. Organic solvents were glass distilled prior to use and
stored under nitrogen.


Reactions studied by UV spectrophotometry were commenced
by injections (20 ll) of acetonitrile stock solutions 1 × 10−2 M
of the substrate into the cells containing pre-incubated buffer
(2.0 ml). Final reaction cells contained ≤1% acetonitrile 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 was
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. Reaction concentrations were generally within the range


of 2 × 10−5 M to 2 × 10−4 M. Pseudo first-order rate constants
from exponential plots of absorbance against time or gradients
of initial slopes were obtained using the Cary Win UV kinetics
application (Version 02.00(26)). pH–Rate profiles were modelled
to theoretical equations using the Scientist program (V2.02,
Micromath Software Ltd, USA).
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The structural basis for b-glucosidase inhibition by cyclophel-
litol is demonstrated using X-ray crystallography, enzyme
kinetics and mass spectrometry.


Glycosidase inhibition is extremely attractive in the quest for
therapeutic agents for the treatment of diseases such as diabetes,
viral infections and cancer. The study of enzymes in complex
with inhibitors aids development of inhibitor design and also the
understanding of the glycosidase mechanism.1 The ‘trapping’ of
mechanism-based inhibitors to the catalytic residues of enzymes
has greatly advanced our knowledge of glycosidase hydrolysis.2


Glycoside hydrolysis with retention of anomeric configuration
proceeds with a two-step double displacement mechanism (Fig. 1).
During the first step the acid/base residue protonates the glyco-
sidic oxygen to aid leaving group departure, and the nucleophile
attacks at the anomeric carbon to form a covalent glycosyl-enzyme
intermediate. The glycosyl-enzyme ester is subsequently hydrol-
ysed by a water molecule that has been activated by the acid/base
residue. Compounds that covalently bind to the enzyme have
helped to demonstrate unequivocally that the retaining mechanism
for glycoside hydrolysis passes through a covalent intermediate,
and have aided studies to identify catalytic residues.3,4 This study
examines the binding of cyclophellitol 1 to a b-glucosidase from


Fig. 1 (a) b-Glycoside hydrolysis with retention of anomeric configu-
ration; (b) Cyclophellitol 1 and conduritol B epoxide 2; (c) Proposed
mechanism for covalent intermediate trapping by cyclophellitol.
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Thermotoga maritima (TmGH1). Compound 1 was first isolated
from a culture filtrate of a mushroom strain, Phellinus sp.,5 and
later synthesised chemically by a number of groups.6–8 Others
have reported the inhibition by 1,9–11 and demonstrated it can
induce Gaucher’s-like disease in mice, presumably by inhibiting
b-glucocerebrosidase.9 A mechanism has been proposed for its
inhibitory activity, but to date there has been no structural
evidence provided for this. Historically, more interest has been
paid to conduritol B epoxide 2,12,13 which differs from 1 in that
it possesses a hydroxyl group at C5 instead of a hydroxymethyl
group. The intrinsic symmetry of 2 means that it can bind in
two orientations and thus inhibit both a- and b-glucosidases.
Cyclophellitol 1 is considered to be considerably more potent than
2,10,14 and also shows specificity for b-glucosidases only.


Pioneering work in the late 1980s by Withers and colleagues
led to the use of 2-fluoro derived sugars as mechanism-based
inhibitors for glycosidases.15 More recently such fluoro sugars have
notably been used in the elucidation of the mechanisms for hen egg
white lysozyme16 and sialidases,17 where the existence of a covalent
intermediate had been questioned. These compounds possess a
good leaving group to ensure the first step of the mechanism is
fast, but the electron-withdrawing halide at C2 means turnover
of the glycosyl-enzyme intermediate is slow. An ever-increasing
number of three-dimensional structures has been solved with 2-
fluoro derived sugars bound to the enzyme to reveal the diverse
sugar conformations adoped by different enzymes (some examples
from the authors’ own laboratory include ref. 18–20). Despite the
wealth of structural information on 2-fluoro compounds, little
structural work has been done on 1 or 2. Compound 2 has been
observed covalently bound to a plant b-D-glucan glucohydrolase21


and the human acid b-glucosidase,22 but this report provides the
first structure of 1 in complex with an enzyme. Compounds 1 and
2 differ from the 2-fluoro compounds as they cause irreversible
inactivation of the enzyme (the mechanism is depicted in Fig. 1).
As with hydrolysis of glycosides, there will be nucleophilic attack at
the anomeric carbon, which will be concomitant with protonation
of the unstable epoxide oxygen. This will form an axial hydroxyl
group at the C7 position (where an endocyclic oxygen is found in
a native glycoside) and a covalent inhibitor-enzyme species. The
absence of the endocyclic oxygen causes a highly stable covalent
inhibitor-enzyme bond, which cannot be broken down by an
activated water molecule.


TmGH1 was co-crystallised in the presence of 1 and the
structure subsequently solved by X-ray crystallography with data
to 1.9 Å resolution23 (Table 1). There is clear electron density in
the active site corresponding to a molecule of 1 that had reacted
with the enzyme to form a species in a 4C1 chair conformation,
with an axial hydroxyl group at C7, covalently linked via C1 to the
nucleophile of TmGH1, Glu351 (Fig. 2). Most of the interactions
made by the cyclophellitol-derived compound with the active site
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Table 1 Data processing and refinement statistics


Resolution (outer shell) (Å) 30–1.90 (1.97–1.90)
Space group P212121


Unit cell parameters a = 94.5 Å, b = 94.7 Å, c = 113.6 Å
Rmerge (outer shell) 0.045 (0.279)
Mean I/rI (outer shell) 19.2 (3.5)
Completeness (outer shell) (%) 94.6 (78.3)
Multiplicity (outer shell) 3.3 (2.4)
No. unique reflections 76161
Rcryst 0.196
Rfree 0.244
RMSD bonds (Å) 0.015
RMSD angles (◦) 1.44
RMSD chiral volume (Å3) 0.104
No. protein atoms 7226
No. ligand atoms 24
No. water atoms 476
No. other atoms 9
Average main chain B-factor (Å2) 36
Average side chain B-factor (Å2) 36
Average ligand B-factor (Å2) 24
Average water B-factor (Å2) 42
PDB code 2JAL


residues are similar to those described previously for TmGH1.20


The hydroxyl group at C6 hydrogen bonds with Glu405, the C4
hydroxyl group with Gln20 and Glu405 and the hydroxyl group
at C3 with Gln20, Trp406 and His121. The hydroxyl group at
C2 interacts with His121 and a water molecule. The additional
hydroxyl group at C7, caused by the reaction of the epoxide, makes


a hydrogen bond interaction with a water molecule. The formation
of the covalent bond with the nucleophile, Glu351, causes rotation
around the Cb–Cc bond, presumably to avoid a clash between O2
of the cyclophellitol-derived compound and Oe2 of Glu351. The
observation of such rotation of the nucleophile is common with
covalently bound inhibitors.18,20 Tyr295, which interacts with the
endocyclic oxygen in the 2-fluoro glucose complex with TmGH1,20


is seen to move ∼90◦ to avoid unfavourable interactions with the
C7 atom in the cyclophellitol-derived compound. The residue
at this position is predicted to be important for transition state
stabilisation, and if removed has a significant impact on the
catalytic rate.24


In addition to the three-dimensional visualisation, electrospray
mass spectrometry was used to observe the nature of the covalent
complex.26 Measurements revealed a m/z of 53 740 Da for native
TmGH1 and 53 917 Da for TmGH1 with the addition of 1;
the difference of 177 Da corresponds to the addition of the
reacted cyclophellitol compound, and thus demonstrates that the
bond is truly covalent. Mass spectrometry determinations made
∼96 hours after the addition of 1 to TmGH1 show no decrease in
mass and confirm the irreversible nature of the interaction.


Kinetic studies have demonstrated previously that 1 is a potent
inhibitor of b-glucosidases, and indeed this was also seen to be
the case with TmGH127 (Fig. 3). Inhibition follows pseudo-first
order kinetics of inactivation, as expected for an inhibitor that
binds reversibly prior to covalent bond formation. Fitting of the
pseudo-first order rate constants at each inhibitor concentration


Fig. 2 Ball-and-stick representation of TmGH1 with the enzyme reacted form of 1, with interacting active site residues shown. Observed electron density
for the maximum likelihood weighted 2Fobs–F calc map is contoured at 1r (∼0.25 e Å−3); the figure was drawn using BOBSCRIPT.25


Fig. 3 (a) Semilogarithmic plots of residual activity of TmGH1 versus time at 0.5 mM (circles), 0.1 mM (squares), 0.05 mM (triangles), 0.01 mM (inverted
triangles) and 0.005 mM (diamonds) 1; (b) Fitting to Equation (1) of pseudo-first order rate constants at different inhibitor concentrations.27
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gives a K i (equilibrium constant for initial binding) of 15 lM
and a ki (inactivation rate constant) of 0.26 min−1. The K i value
is comparable to previous determinations with the almond b-
glucosidase (2.8 lM9 and 340 lM10), although the purity of
commercially available preparations of those previous proteins
remain questionable. The samples used for the TmGH1 kinetics
were tested for activity after extensive dialysis into buffer, but
TmGH1 remained totally inactive demonstrating that 1 binds
irreversibly, as seen previously.9,10


This study provides the first structural basis for the inactivation
of a b-glucosidase by cyclophellitol. As previous studies have
suggested, a covalent bond is formed with the nucleophile, and this
is irreversible. The inhibition is potent, with a K i value for initial
binding of a similar magnitude to many glycosidase inhibitors
touted as transition-state mimics. In addition, the slow onset
inhibition observed with many of these inhibitors, means that
1 acts on a similar time-scale to many glycosidase inhibitors,
but binds irreversibly which may be advantageous for some
applications. Previous studies have shown that 1 has excellent
selectivity against b-glucosidases, rather than a-glucosidases,9,10


and as such remains a versatile and selective probe for investigating
enzyme mechanism in vitro and in vivo.


This work was supported by the Biotechnology and Biological
Sciences Research Council (BBSRC). G.J.D. is the holder of a
Royal Society-Wolfson Merit Award. R.M. thanks the Lundbeck
Foundation for financial support. We are grateful to Flemming
Gundorph Hansen for synthesising cyclophellitol as described in
reference 7.
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Cyclodextrin [2] and [3]rotaxanes have been synthesised by use of a metal-driven ligand formation
methodology. The kinetically stable cobalt(III) complexes formed act as either linking or capping
groups, the function being selected by manipulation of the reaction conditions to promote the
formation of either 2 : 1 or 1 : 1 complexes, respectively. In all cases, mixtures of isomers containing
different a-cyclodextrin orientations were observed. All three orientational isomers of the [3]rotaxane
were isolated and structurally characterized by 2D NMR.


Introduction


The use of transition metals to direct the formation of supramolec-
ular structures, such as rotaxanes and catenanes,1 has been widely
investigated due to the potential applications of these structures
as nano-mechanical devices.2 Often metal ions have been used
to preorganise molecular components so that they react to
form interlocked structures. This template-directed strategy can
be very efficient, producing mechanically interlocked molecular
architectures in good yield. Cyclodextrin-based rotaxanes3 have
generally been synthesized through hydrophobic binding rather
than metal-directed assembly. Metal complexes have therefore
been limited to capping groups,4 with the exception of some
polydisperse polyrotaxane structures in which metal complexes
act as bridges.5 Herein, we report the synthesis of kinetically
stable cyclodextrin [2]rotaxanes and [3]rotaxanes, where metal
complexation serves to drive the in-situ formation of the ligand
and traps the cyclodextrins to form rotaxanes.


Results and discussion


The original aim of this project was to synthesise salen-bridged
rotaxanes (Scheme 1). In order to utilize hydrophobic interactions
to form the inclusion complexes, the synthesis was performed in
aqueous solution and we hoped to use metal complexation to
drive the assembly of the salen bridge. The aqueous synthesis of
salen complexes has been reported, and this reaction has been
used to link double stranded DNA.6 Metallo-salen complexes and
their derivatives have found use as catalysts in various asymmetric
reactions, most notably cobalt(III) in the ring-opening of epoxides,7


and the presence of the cyclodextrins (CDs) would be expected
to control the approach of substrates to the catalytic site in a
[3]rotaxane such as 2-M⊂(a-CD)2.


The reaction shown in Scheme 1 was initially tested in the
absence of a-CD using cobalt(II). When an aqueous solution
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Scheme 1 Proposed synthesis of a metallosalen-based [3]rotaxane.


of cobalt(II) acetate is added to a red solution of azo dye
aldehyde 1 (prepared by azo coupling of salicylaldehyde to
the naphthyl diazonium salt) and ethylene diamine (EDA) the
solution immediately becomes dark brown. One major product
is observed by reversed-phase HPLC under a number of reaction
conditions. ESMS analysis of the reaction mixture indicates that a
bissalicylideneimine 32-Co complex is formed (Scheme 2), rather
than a salen complex. Several other metal salts (FeCl2, FeCl3,
Cr(OAc)3, ZnCl2 and NiCl2) were also screened to assess their
ability to drive the assembly, but only Zn(II) was found to be
moderately successful, requiring the use of excess EDA and ZnCl2


to drive the formation. ESMS analysis again showed the formation
of the 32-Zn complex (Fig. 1).


The labilities of the two dumbbell compounds were tested
by monitoring changes in the UV-vis spectra upon addition of
a-CD to 32-Co and 32-Zn in aqueous solution. It was found
that 32-Co is kinetically inert, showing no significant binding
to a-CD over several hours, whereas 32-Zn is labile, allowing
immediate formation of the pseudo-[3]rotaxane 32-Zn⊂(a-CD)2.
The observed changes were instantaneous upon addition of a-
CD, allowing the determination of the equilibrium constant for
this process: K = (7.1 ± 0.9) × 103 M−1. The kinetic stability of the


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 457–462 | 457







Scheme 2 Formation of a metal-coordination linked [3]rotaxane in aqueous solution.


Fig. 1 ESMS analysis of 32-Zn ([M + 2H]2−) and 32-Co⊂(a-CD)2 (M4−),
showing observed spectra and calculated isotopic distributions (circles).


cobalt complex is due to the in-situ oxidation of the labile Co(II)
to the inert Co(III) under the basic reaction conditions. The sharp
1H NMR spectrum in d6-DMSO (Fig. 2) also confirms that it is
a diamagnetic Co(III) complex rather than a paramagnetic Co(II)
complex. The use of this metal should therefore enable the kinetic
trapping of the inclusion complex 3⊂a-CD to form a [3]rotaxane.


Fig. 2 1H NMR (500 MHz, d6-DMSO) of the 32-Co dumbbell (assign-
ment based on the labelling system in Scheme 2. Signal k’ is obscured by
the DMSO solvent signal).


Many bissalicylideneimine cobalt(III) complexes have been char-
acterized crystallographically8 and shown to adopt a meridional
structure, so it seemed likely that 32-Co would have the same
geometry about the Co atom and this was confirmed by 1H NMR
analysis (Fig. 2). The two CH2 groups of the 32-Co dumbbell (Hj


and Hk) each gave two sets of diastereotopic protons, consistent
with the fixed conformation about the metal ion. The 1H NMR


spectrum of 32-Zn is simpler, with no evidence of diastereotopic
protons, suggesting that the complex is labile in d6-DMSO.


1H NMR analysis (D2O, 298 K, [1] = 46 mM) showed that
the position of the equilibrium between aldehyde 1 and imine
3 is sensitive to the presence of a-CD. For example, in the
absence of a-CD two equivalents of EDA is sufficient to give 90%
conversion to imine 3. In the presence of two equivalents of a-
CD, however, very little change was observed upon addition of
two equivalents of EDA. Evidently imine 3 has a lower affinity
for a-CD than aldehyde 1, however the addition of half an
equivalent of Co(OAc)2 gave 75% conversion to a mixture of
the [2] and [3]rotaxanes, showing that metal complexation can
drive the formation of 32-Co. Further optimization of the reaction
showed that efficient conversion to 32-Co [3]rotaxanes can be
achieved by using two equivalents of EDA, three equivalents of
a-CD, and half an equivalent of Co(OAc)2, giving 32-Co⊂(a-CD)2


in 70% conversion (determined by HPLC analysis and ESMS;
Fig. 1). Thus, by harnessing both hydrophobic and coordination
interactions, efficient formation of a [3]rotaxane can be achieved
from a seven component mixture.


1H NMR analysis in D2O of the [3]rotaxane 32-Co⊂(a-CD)2


produced from this reaction shows that it is a mixture of
stereoisomers. The cone-shaped a-CD leads to the formation
of three isomers, based on the orientation of the two a-CD
rings relative to each other. We were unable to resolve these
isomers by reverse-phase HPLC, but preparative anion exchange
chromatography enabled the three isomerically pure [3]rotaxanes
to be isolated with head–head 32-Co⊂(a-CD)2-hh (11%), head–
tail 32-Co⊂(a-CD)2-ht (38%), and tail–tail 32-Co⊂(a-CD)2-tt (2%)
orientations (Fig. 3). Integration of the signals in the NMR of the
initial mixture indicated these isomers formed in a ratio of 1 : 1.5 :
0.7 (hh : ht : tt). This is close to the expected statistical ratio, 1 : 2 : 1
(hh : ht : tt), though there is evidently bias towards the head–head
structure, with the 5,6-rim near the naphthalene stopper. This same
bias is present to a greater extent in the inclusion complex 1⊂a-CD.
1H NMR analysis shows that there is slow exchange between the
two threading orientations of 1⊂a-CD, with a 2 : 1 preference in
favour of the isomer with the 5,6-rim towards the sulfonate groups,
which would imply a 4 : 4 : 1 mixture of the [3]rotaxane isomers
(hh : ht : tt). Molecular modeling indicates that the meridional
geometry about the Co brings the a-CDs into contact (Fig. 4),
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Fig. 3 1H NMR (500 MHz, D2O) and selected cyclodextrin–aromatic NOE interactions of (a) 32-Co⊂(a-CD)2-hh, (b) 32-Co⊂(a-CD)2-ht and (c)
32-Co⊂(a-CD)2-tt [cyclodextrin numbering begins at the anomeric position and ends at the primary hydroxyl; s = strong, m = medium, vw = very weak].


Fig. 4 Molecular model of 32-Co⊂(a-CD)2-hh (calculated geometry).


suggesting that the steric interaction may destabilize 32-Co⊂(a-
CD)2-hh and 32-Co⊂(a-CD)2-ht relative to 32-Co⊂(a-CD)2-tt.


The orientations of the a-CD macrocycles in the three isomers
were determined by 2D NOESY analysis. In 32-Co⊂(a-CD)2-hh,
for example, the naphthalene proton Hd shows strong NOEs to H5


and H6 on the narrow rim of the a-CD, whereas Hg shows an NOE
to H3, confirming that the 2,3-rim of the a-CD is oriented towards
the metal complex. Conversely, Hd of 32-Co⊂(a-CD)2-tt shows a
strong NOE to H3 (and Hg to H5 and H6) so that the 5,6-rim
is oriented towards the metal complex. 32-Co⊂(a-CD)2-ht shows
both sets of NOE correlations as the a-CD rings have opposite
orientations to one another.


The 1H NMR spectra of the isomers also reveal some splitting
of the signals, the magnitude of which varies between the
isomers. This splitting arises because of the chiral natures of the
cyclodextrin and the octahedral Co(III) complex; each rotaxane
isomer (hh, ht or tt) consists of a mixture of two diastereomers with
different chirality at the cobalt center. The effect is most clearly
seen in the 1H NMR spectrum of 32-Co⊂(a-CD)2-tt (Fig. 3(c)),
in which Hf, Hg and Hh are each split into two peaks separated
by at least 0.04 ppm. These diastereomers are not formed in
equal amounts for 32-Co⊂(a-CD)2-hh and 32-Co⊂(a-CD)2-ht,
which were found to have diastereomeric excesses of 25 and 20%
respectively (determined by integration of the 1H NMR signals),
showing that there is some enantioselectivity in the formation of
the metal complex. Close inspection of the 2D NOESY spectra
shows that the a-CD ring threads further over the imine proton
from the wider 3-end, indicating that this selectivity arises from
the closer proximity of the a-CD to the metal complex when the
3-rim is oriented towards the ligating end of the molecule.


During the synthesis of the [3]rotaxane 32-Co⊂(a-CD)2, another
peak was also seen in the HPLC analysis that corresponds to a
more hydrophilic molecule. Its UV-vis spectrum resembles those of
the [3]rotaxanes, suggesting that it may be another metal complex
rotaxane. This species was isolated as one isomer during the
purification of 32-Co⊂(a-CD)2 and shown to be the 1 : 1 complex
3-Co(EDA)(H2O)⊂a-CD-h by 1H NMR and ESMS (Fig. 5).
The presence of the coordinated EDA ligand was confirmed by
the appearance of four diastereotopic protons in the 1H NMR
spectrum, consistent with two conformationally restricted CH2
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Fig. 5 1H NMR (500 MHz, D2O) and selected NOE interactions of 3-Co(EDA)(H2O)⊂a-CD-h (s = strong, m = medium, w = weak, v = very weak).


groups in an asymmetric environment. Further evidence was
provided by the observation of weak NOEs from Hg to the axial
protons (Hl and Hn) of the two CH2 groups. Optimization of
the reaction conditions showed that this [2]rotaxane could be
synthesized in 84% conversion (by HPLC) using an excess of both
EDA (14 equiv.) and Co(OAc)2 (8 equiv.) at a lower concentration
of 1 (23 mM) with three equivalents of a-CD. Purification by anion
exchange chromatography enabled 3-Co(EDA)(H2O)⊂a-CD to be
isolated as a 2 : 1 mixture of the head and tail isomers in 59%
yield. This observed 2 : 1 ratio of isomers is in agreement with
the argument that steric interactions between the two a-CDs in
32-Co⊂(a-CD)2 lead to destabilisation of the hh and ht isomers
relative to the tt.


Conclusions


We have discovered a facile and efficient method of forming
cyclodextrin rotaxanes via the in-situ formation of a salicyli-
deneimine ligand and complexation to a cobalt ion. By manip-
ulating the reaction conditions, the metal complex formed can
either act as a stopper to give [2]rotaxanes, or as a linking group to
give [3]rotaxanes. For the first time it has been possible to isolate
and structurally characterise all three orientational isomers of a
cyclodextrin [3]rotaxane. This chemistry forms a valuable addition
to the methodology for creating threaded architectures such as
rotaxanes and catenanes.


Experimental


All materials and reagents were purchased from commercial
sources. 1H and 13C NMR spectra were recorded at 298 K on
a Brüker AV500 spectrometer with a 13C{1H} cryoprobe. NOE
experiments were carried out on Brüker DRX500 and AV500
spectrometers (NOESY mixing time: 400 ms, 298 K). 1H NMR
studies of the pre-complexation equilibria were performed on
a Brüker DPX250 spectrometer. High resolution ESI-MS was
carried out on a Brüker MicroTof platform (resolution: 10000
FHM). UV-vis analyses were performed on a Perkin-Elmer
Lambda-6 spectrometer. HPLC analyses were carried out on
an Agilent HP1100 workstation equipped with a diode-array
detector, using a Zorbax Eclipse XDB C8 column (4.6 × 25 mm,
5 lm particle size) and a two solvent gradient system (solvent
A = aqueous dicyclohexylammonium phosphate (2.5 g l−1) and
solvent B = methanol). Dialysis was carried out in an Amicon
8200 Ultrafiltration cell using Amicon Millipore 1000 MWCO
ultrafiltration membranes at 4 bar N2 pressure.


Azo salicylaldehyde 1 sodium salt


-Aminonaphthalene-1,3-disulfonic acid disodium salt (75.0 g,
0.22 mol) was dissolved in H2O (200 ml), cooled to 0 ◦C and
conc. HCl (40 ml, 12 M) was added. NaNO2 (14.5 g, 0.22 mol)
was dissolved in H2O (10 ml) and added slowly until a positive
starch iodide paper test was obtained, keeping the temperature
below 5 ◦C. Salicylaldehyde (22.7 ml, 0.21 mol) was dissolved in
basic water (pH 9, 50 ml) and cooled to 0 ◦C. The diazonium
solution was added slowly, keeping the pH around 4.5 with 2 M
NaOH. Once addition was complete, the mixture was stirred
overnight. The product was salted out by the addition of NaCl
solid (100 g l−1). The resultant slurry was filtered and the solid was
dialyzed for 6 h using cellulose tubing (MWCO 12000, Sigma).
The solvent was then removed to give aldehyde 1 as an orange
solid (38.0 g, 36%); kmax(H2O)/nm (e/dm3 mol−1 cm−1 22900);
dH(500 MHz, D2O) 6.34 (d, 3J 8.8), 7.05 (1 H, d, 4J 2.1), 7.12 (1 H,
dd, 3J 8.8, 4J 2.1), 7.51 (1 H, dd, 3J 9.1, 4J 1.3), 7.60 (1 H, s), 7.94 (1
H, s), 8.08 (1 H, s), 8.26 (1 H, d, 3J 9.1), 9.26 (1 H, s); dC(125 MHz,
D2O) 117.7, 118.9, 119.5, 123.3, 126.5, 127.7, 128.4, 129.4, 129.6,
129.8, 133.1, 139.4, 139.6, 143.5, 148.7, 162.2, 196.0 ppm; m/z
(ESI) 434.9971 (calculated for C17H11N2O8S2


− (M−) 434.9951).


Dumbbell 32-Co ammonium salt


Aldehyde 1 (500 mg, 1.04 mmol) and ethylene diamine (71 ll,
1.04 mmol) were dissolved in H2O (23 ml). Co(OAc)2·4H2O
(259 mg, 1.04 mmol) was dissolved in H2O (1.0 ml) and added
dropwise to the mixture giving a dark brown solution. After
20 minutes, the solution was dialyzed through a 1000 MWCO
cellulose membrane under 4 bar N2 pressure with H2O for 1 day (2
l). After concentration to 100 ml, aqueous ammonia (10 ml) was
added and dialysis continued for a further two days (4 l). Removal
of the solvent under reduced pressure and drying under vacuum at
60 ◦C gave the ammonium salt of 32-Co as a black solid (308 mg,
56%); kmax(H2O)/nm 400 (e/dm3 mol−1 cm−1 54800); dH(500 MHz,
d6-DMSO) 2.56 (4 H, br s), 4.06–4.15 (2 H, m), 4.26–4.34 (2 H,
m), 4.42 (4 H, br s), 6.79 (2 H, d, 3J 9.2), 7.77 (2 H, dd, 3J 9.2, 4J
1.8), 7.94 (d, 9.3 Hz, 2H), 8.21 (2 H, d, 4J 1.8), 8.24 (2 H, s), 8.26 (2
H, s), 8.37 (2 H, s), 8.82 (2 H, s), 8.89 (2 H, d, 3J 9.3); dC(125 MHz,
d6-DMSO) 43.9, 61.2, 116.6, 119.1, 123.3, 124.0, 125.4 (2 × C),
126.3, 128.7, 129.7 (2 × C), 133.5 (2 × C), 133.9, 141.9, 149.5,
166.3, 168.4; m/z (ESI) 505 ([M + H]2−).


Dumbbell 32-Zn ethylene diamine salt


Aldehyde 1 (5.0 g, 10.4 mmol) and ethylene diamine (7.0 ml,
104 mmol) were dissolved in H2O (100 ml). ZnCl2 (7.2 g,
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52.0 mmol) was added to give a bright orange viscous solution.
The product was precipitated by the addition of EtOH, filtered
and washed with EtOH and Et2O. Drying at 40 ◦C gave 32-
Zn as a bright orange solid (3.0 g, 57%); kmax(H2O)/nm 401
(e/dm3 mol−1 cm−1 42700); dH(500 MHz, d6-DMSO) 2.67 (4 H,
br s), 2.84 (4 H, br s), 3.25 (4 H, br s), 3.56 (4 H, t, 3J 5.3),
6.72 (2 H, d, 3J 8.9), 7.89 (2 H, dd, 3J 8.9, 4J 2.4), 7.94 (2 H,
dd, 3J 9.3, 4J 1.8), 7.97 (2 H d, 4J 2.2), 8.25 (2 H, s), 8.28 (2
H, d, 4J 1.6), 8.33 (2 H, d, 4J 1.8), 8.61 (2 H, s), 8.89 (2 H,
d, 3J 9.3); dC(125 MHz, d6-DMSO) 40.1, 55.7, 116.8, 118.8,
123.7, 123.9, 124.8, 125.5, 126.2, 128.6, 129.3, 133.5, 135.2,
140.6, 143.9, 144.9, 149.8, 167.8, 174.7 ppm; m/z (ESI) 508.02
([M + 2H]2−.


[3]Rotaxanes 32-Co⊂(a-CD)2 ammonium salt


Aldehyde 1 (50 mg, 104 lmol), a-cyclodextrin (306 mg, 314 lmol),
and ethylene diamine (14 ll, 208 lmol) were dissolved in H2O
(2.3 ml), before Co(OAc)2·4H2O (13 mg, 52 lmol) was added to
give a dark brown solution. After 20 minutes, the mixture was
loaded onto an anion exchange resin (DEAE cellulose, Whatman)
and washed with H2O (500 ml) till it ran clear. The [2]rotaxane 3-
Co(EDA)(H2O)⊂(a-CD)-h was eluted with aqueous (NH4)2CO3


(5 g l−1) till clear. 32-Co⊂(a-CD)2-tt was eluted with aqueous
(NH4)2CO3 (7.5 g l−1) till clear, followed by 32-Co⊂(a-CD)2-ht with
aqueous (NH4)2CO3 (10 to 15 g l−1, 1 l). The salt concentration was
increased in further 5 g l−1 increments (500 ml) until 32-Co⊂(a-
CD)2-hh eluted with 30 to 35 g l−1 aqueous (NH4)2CO3 (1.5 l).
The three isomers were then further purified by removal of the
solvents and flushing through a small pad of reverse phase silica
(C18, Aldrich) with H2O. Solvent removal under reduced pressure
and drying under vacuum at 60 ◦C gave the pure [3]rotaxanes as
the ammonium salts.


32-Co⊂(a-CD)2-hh: brown solid (17.4 mg, 11%); kmax(H2O)/nm
410 (e/dm3 mol−1 cm−1 63700); dH(500 MHz, D2O) 2.61–2.70 (4 H,
m), 2.79–2.88 (4 H, m), 3.46–3.51 (24 H, m), 3.52–4.58 (48 H, m),
3.62–3.69 (24 H, m), 3.70–3.77 (24 H, m), 3.81 (24 H, d, 3J 9.6),
4.30–4.39 (4 H, m), 4.41–4.49 (4 H, m), 4.94 (24 H, d, 3J 3.2), 7.21
(4 H, d, 3J 9.1), 7.85 (4 H, m), 8.26 (4 H, m), 8.43 (4 H, m), 8.46
(2 H, s), 8.50 (2 H, s), 8.61 (4 H, s), 8.70 (2 H, d, 4J 1.9), 8.72 (2
H, d, 4J 2.0), 8.77–8.82 (6 H, m), 8.86 (2 H, s); dC(125 MHz, D2O)
16.8, 43.1, 57.4, 59.8, 60.9, 71.61, 71.63, 71.9, 73.6, 81.1, 101.8,
117.4, 117.6, 118.37, 118.43, 123.5, 124.5, 124.8, 127.5, 128.6,
129.0, 129.9, 130.1, 134.0, 138.4, 138.7, 140.18, 140.21, 140.25,
140.28, 143.1, 143.2, 150.0, 150.1, 166.0, 167.3, 167.5; m/z (ESI)
738.39 (M4−).


32-Co⊂(a-CD)2-ht: brown solid (48.1 mg, 38%); kmax(H2O)/nm
412 (e/dm3 mol−1 cm−1 69200); dH(500 MHz, D2O) 2.58–2.69 (4 H,
m), 2.71–2.85 (4 H, m), 3.43 (12 H, dd, 3J 9.8, 3J 3.2), 3.45–3.50
(24 H, m), 3.51–.57 (24 H, m), 3.58–3.67 (36 H, m), 3.67–3.75 (24
H, m), 3.76–3.85 (24 H, m), 4.24–4.47 (8 H, m), 4.90 (12 H, d, 3J
3.2), 4.93 (12 H, br s), 7.09–7.13 (12 H, m), 7.14–7.18 (2 H, m),
7.62–7.67 (2 H, m), 7.81–86 (2 H, m), 8.21–8.28 (4 H, m), 8.42 (1 H,
d, 4J 1.3), 8.43–8.48 (4 H, m), 8.48 (1 H, s), 8.60 (2 H, s), 8.68–8.73
(6 H, m), 8.76–8.80 (3 H, m), 8.86 (1 H, s), 8.93 (2 H, d, 3J 9.3),
9.03 (2 H, s); dC(125 MHz, D2O) 16.8, 30.2, 42.55,42.60, 42.9, 43.0,
57.4, 59.8, 60.3, 60.9, 71.57, 71.60, 71.7, 71.8, 71.9, 73.4, 73.6, 81.1,
81.2, 81.3, 101.8, 101.9, 117.4, 117.6, 118.3, 118.4, 118,9, 118.96,
119.02, 122.7, 123.2, 123.3, 123.5, 123.6, 123.9, 124.5, 124.9,


127.2, 127.5, 127.8, 128.5, 128.8, 129.3, 129.9, 130.07, 130.10,
130.3, 133.5, 133.98, 134.00, 137.8, 138.0, 138.3, 138.9, 140.2,
140.3, 140.37, 140.42, 142.80, 142.83, 143.1, 143.2, 150.0, 150.1,
166.0, 167.0, 167.06, 167.14, 167.30, 167.34, 167.36; m/z (ESI)
738.91 (M4−).


32-Co⊂(a-CD)2-tt: brown solid (2.9 mg, 2%); kmax(H2O)/nm 414
(e/dm3 mol−1 cm−1 55900); dH(500 MHz, D2O) 2.51–2.64 (4 H, m),
2.69–2.78 (4 H, m), 3.38–3.44 (24 H, m), 3.44–3.50 (24 H, m),
3.53–3.64 (48 H, m), 3.64–3.72 (24 H, m), 3.75–3.82 (24 H, m),
4.18–4.28 (4 H, m), 4.34–4.43 (4 H, m), 4.89 (24 H, m), 6.97 (2 H,
d, 3J 9.3), 7.02 (2 H, d, 3J 9.2), 7.60 (2 H, dd, 3J 9.2, 4J 1.9), 7.64 (2
H, dd, 3J 9.3, 4J 1.6), 8.20 (2 H, d, 4J 1.6), 8.24 (2 H, d, 4J 1.9), 8.43
(4 H, s), 8.46 (4 H, d, 4J 1.5), 8.67–8.74 (8 H, m), 8.93 (4 H, d, 3J
9.3) 9.01 (2 H, s), 9.03 (2 H, s); dC(125 MHz, D2O) 42.0, 42.2, 60.2,
60.3, 61.1, 61.4, 71.8, 71.9, 73.4, 81.2, 81.3, 101.9, 118.9, 119.0,
122.8, 123.16, 123.24, 123.3, 123.6, 127.2, 129.2, 130.1, 130.17,
130.24, 133.4, 137.5, 137.8, 140.37, 140.42, 142.5, 142.7, 150.1,
167.1, 167.5, 167.7; m/z (ESI) 738.41 (M4−).


3-Co(EDA)(H2O)⊂a-CD-h: brown solid (10.3 mg, 16%);
kmax(H2O)/nm 405 (e/dm3 mol−1 cm−1 26400); dH(500 MHz, D2O)
2.30–2.39 (2 H, m), 2.50–2.59 (2 H, m), 2.82–2.95 (6 H, m), 3.13–
3.20 (2 H, m), 3.43–3.50 (12 H, m), 3.50–3.57 (24 H, m), 3.60–3.66
(12 H, m), 3.68–3.74 (12 H, m), 3.79 (12 H, d, 3J 9.5), 4.22–4.38
(4 H, m), 4.92 (12 H, d, 3J 3.2), 7.33–7.38 (2 H, m), 7.83 (2 H,
dd, 3J 9.3, 4J 1.2), 8.31 (2 H, d, 3J 9.1), 8.43 (2 H, d, 4J 1.5),
8.47 (1 H, d, 4J 1.2), 8.48 (1 H, d, 4J 1.2), 8.61 (2 H, s), 8.78
(2 H, d, 3J 9.3); dC(500 MHz, D2O) 42.6, 43.5, 43.6, 45.4, 45.5,
59.7, 61.6, 61.7, 71.5, 71.6, 73.6, 81.2, 101.8, 117.25, 117.33, 123.5,
123.7, 124.5, 127.5, 128.9, 129.9, 130.1, 134.0, 138.9, 140.2, 140.3,
143.00, 143.02, 149.9, 167.2, 167.28, 168.33; m/z (ESI) 782.16
([M − H2O − H]2−).


[2]Rotaxanes 3-Co(EDA)(H2O)⊂a-CD


1 (100 mg, 208 lmol), a-cyclodextrin (612 mg, 629 lmol) and
ethylene diamine (200 ml, 2.96 mmol) were dissolved in H2O
(9.0 ml), before Co(OAc)2·4H2O (416 mg, 1.67 mmol) was added.
After 20 minutes, the mixture was loaded onto an anion exchange
resin (DEAE cellulose, Whatman) and eluted with H2O, collecting
once the excess a-cyclodextrin and Co(OAc)2 had run off. The
fractions containing the product were combined, concentrated
and passed through a small pad of reverse phase silica (C18,
Aldrich). The solvent was removed and drying under vacuum
at 60 ◦C gave a 2 : 1 mixture of 3-Co(EDA)(H2O)⊂a-CD-h
and 3-Co(EDA)(H2O)⊂a-CD-t as a black solid (195 mg, 59%);
dH(500 MHz, D2O) 2.27–2.38 (3 H, m), 2.46–2.60 (3 H, m), 2.80–
2.95 (9 H, m), 3.13–3.22 (3 H, m), 3.40–3.44 (6 H, m), 3.44–3.50
(18 H, m), 3.50–3.58 (24 H, m), 3.58–3.66 (24 H, m), 3.66–3.74 (18
H, m), 3.75–3.83 (18 H, m), 4.21–4.39 (6 H, m), 4.31 (6 H, d, 3J
3.2), 4.92 (12 H, d, 3J 3.3), 7.27–7.32 (1 H, m), 7.33–7.40 (2 H, m),
7.69 (1 H, dd, 3J 9.1, 4J 1.6), 7.82 (2 H, dd, 3J 9.3, 4J 1.0), 8.18–
8.25 (1 H, m), 8.31 (2 H, d, 3J 9.1), 8.39–8.49 (6 H, m), 8.53–8.57
(1 H, m), 8.61 (2 H, s), 8.66 (4 H, br s), 8.70 (1 H, s), 8.77 (2 H,
d, 3J 9.3), 8.92 (1 H, d, 3J 9.2), 9.04 (1 H, s); dC(125 MHz, D2O)
42.6, 43.5, 45.1, 45.3, 59.7, 60.3, 61.6, 71.4, 71.5, 71.58, 71.60,
71.80, 71.83, 73.4, 73.6, 81.2, 81.3, 101.8, 101.9, 117.2, 117.30,
117.31, 118.11, 118.14, 118.8, 122.6, 122.7, 123.5, 123.6, 123.7,
123.8, 124.2, 124.5, 127.2, 127.5, 128.87, 128.91, 129.3, 129.9,
130.1, 130.3, 133.4, 134.0, 138.0, 138.1, 138.9, 140.2, 140.3, 140.40,
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140.43, 142.8, 143.00, 143.02, 149.9, 150.1, 167.2, 167.3, 168.30,
168.32; m/z (ESI) 782.14 ([M − H2O − H]2−).
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A chemo-enzymatic synthesis of novel caged NAADP+ with-
out the formation of multiple cage compounds has been
achieved. The biological activity of the caged NAADP+ was
demonstrated by its fast uncaging in intact sea-urchin eggs.


NAADP+, first identified as a calcium-releasing messenger in sea-
urchin eggs,1 is a structural analogue of nicotinamide adenine
dinuclotide phosphate (NADP+) in which the amide group is
replaced with a carboxylic acid group. Interestingly, this minor
structural variation makes NAADP+ the most potent Ca2+-
mobilizing messenger.1,2 It is understood that the carboxylate,
amino and 2′-phosphate groups are crucial for NAADP+-induced
Ca2+ release, as several structural analogues of NAADP+ in
which these groups are modified show no effect on intracellular
Ca2+ release.3,4 The 2′-phosphate is particularly crucial for Ca2+


release, as NAAD+ which lacks this group has no Ca2+-mobilizing
property.3,4 Its mode of Ca2+ release is distinct from cyclic ADP-
ribose (cADPR) and inositol 1,4,5-trisphosphate.


NAADP+ operates on Ca2+ stores that have been identified
as acidic lysosome-related organelles,5 and recent studies have
demonstrated the calcium-mobilizing efficiency of NAADP+ in
a wide variety of cells, from plant to animal, including humans.6


However, NAADP+ signalling transduction, the receptors it acts
on and other regulatory functions are not clear. To fully un-
derstand the molecular basis underlying the NAADP+ signalling
process, it is necessary to deliver it intracellularly in a controlled
fashion. In this context, blocking the active functionalities in
NAADP+ and unblocking them when necessary is promising. Cell-
permeant photolabile caged NAADP+ is the ideal molecular tool
for investigating the localized signalling behavior of NAADP+. To
date there is only one report of caged NAADP+, based on the
caging reagent 1-(2-nitrophenyl)diazoethane (NPE), synthesized
by direct alkylation of NAADP+ at pH 1.3.7 These extremely
acidic conditions were used to avoid multiple caging of NAADP+,
but in spite of this precaution, significant caging of carboxylate
groups with NPE was observed. The unstable nature of most
caging reagents at low pH hindered the development of other
caged NAADP+ derivatives.


In the present study, we report the chemo-enzymatic synthesis
and biological investigation of a novel caged NAADP+
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(4,5-dimethoxy-2-nitroacetophenone (DMNPE)–NAADP+,
Scheme 1). The presence of electron-donating methoxy groups on
the caging chromophore should lead to fast release of NAADP+.
The effect of structural variations on the photocleavage kinetics
of the nitrophenyl chromophore is well documented.8–10 Furuta
et al.11 and Ellis-Davies et al.12 have reported that DMNB-caged
compounds uncage faster than simple ortho-nitrobenzyl-caged
compounds in biological studies of photocaged molecules. Our
attempts to directly cage NAADP+ under a variety of conditions
all proved unsuccessful, yielding only the starting material and a
hydrolysis product, ADP-ribose phosphate. Initially, the highly
labile and photosensitive diazo caging reagent 1 was prepared
by the oxidation of 4,5-dimethoxy-2-nitroacetophenone with
MnO2 in CHCl3. The diazo compound was then added to NADP
under biphasic conditions (H2O–CHCl3) with vigorous stirring,
resulting in the formation of caged NADP+.13 Finally, ADP-
ribosyl cyclase catalyzed a base-exchange reaction between caged
NADP+ and excess nicotinic acid, resulting in the formation of
DMNPE-caged NAADP+ (Scheme 1). The negligible hydrolyzing
activity of this enzyme prevented formation of side-products,
resulting in the formation of caged NAADP+ in higher yield.14


The caging reaction was monitored by anion exchange high-
performance liquid chromatography (HPLC). Final purification
of DMNPE-caged NAADP+ was achieved by HPLC using AG
MP-1 columns (see ESI†).


The structure of DMNPE-caged NAADP+ was confirmed by
both 1H-NMR and 31P-NMR. The 1H-NMR of the purified
compound showed two additional resonance peaks in the aromatic
region, the H3 and H6 of the phenyl. Morever, the methoxy
groups at C4 and C5 are singlets, while the benzylic methyl is
a doublet. The 31P-NMR of DMNPE-caged NAADP+ showed
only two peaks at −2.08 ppm and −11.31 ppm (see ESI†), which
correspond to the 2′-phosphate and pyrophosphate groups. The
2′-phosphate is shifted upfield by about 2 ppm compared to
that of NAADP+, while the pyrophosphate signal is practically
unchanged. This dramatic shift is consistent with the caging
group being attached to the 2′-phosphate. As reported by Lee
et al.,7 we also observed peak broadening, which might be due
to intermolecular hydrogen bond formation. We believe that the
hydrophobic nature of the caging group will favour intermolecular
association, thus restricting the molecular motion of the caged
compound. The high concentration of the sample (5 mg ml−1)
needed to acquire the 31P-NMR spectra further promotes these
intermolecular and p–p stacking interactions.


The quantum yield (U) of the DMNPE-caged NAADP+


measured by comparison with a known standard, 4-methyl-7-
nitroindolinylglutamate, was found to be 0.20 at pH 7. Both the


This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 441–443 | 441







Scheme 1 Chemical structure and synthesis of DMNPE-caged NAADP+. Reagents and conditions: (a) CHCl3–H2O, pH 4, 14 h, 60%; (b) ADP-ribosyl
cyclase, acetate buffer pH 4.4, 5 h, 80%.


DMNPE-caged NAADP+ and the standard were photolysed sep-
arately to check that there was no interference from simultaneous
photolysis. DMNPE-caged NAADP+ has an extinction coefficient
(e) of 18 000 and 8900 M−1 cm−1 at 250 nm and 350 nm respectively.
This value is comparable to the other DMNPE-caged compounds.


The photolysis of DMNPE-caged NAADP+ to NAADP+ was
confirmed by HPLC (see ESI†). The columns were packed
with AG MP-1 resin and eluted with non-linear gradient of
trifluoroacetic acid (150 mM). The HPLC trace of DMNPE-
caged NAADP+ showed a major peak with a retention time of
25.4 minutes. Upon photoirradiation, DMNPE-caged NAADP+


showed a new peak with a retention time of 21.2 minutes, identical
to that of NAADP+ (Fig. 1).


The sea-urchin was used as a model system for studying the
Ca2+ response of caged NAADP+ because its large size (100
lm) facilitates microinjection. The sea-urchin eggs contain robust
Ca2+-release channels for the NAADP+ signalling system, making
it the most reliable biological system for directly studying Ca2+


release from intracellular stores. The ability of DMNPE-caged
NAADP+ to mobilize Ca2+ in intact sea-urchin eggs is depicted
in Fig. 2. It is well-known that even nanomolar concentrations of
NAADP+ are sufficient to bind the receptor and block the calcium
response.1,7,15 To avoid this desensitization of the receptor, caged
NAADP+ was pretreated with alkaline phosphate7 to remove any
trace amounts of free NAADP+.


Calcium release was monitored by 488 BAPTA Dextran Oregon
Green, co-injected into the eggs along with DMNPE-caged
NAADP+. Exposure of the eggs to UV light resulted in an increase


Fig. 1 HPLC chromatogram of the DMNPE-caged NAADP+ and
uncaged NAADP+. As can be seen, the uncaging reaction is quite facile,
and leads to a quantitative production of NAADP+ (left-hand trace).


in Ca2+ consistent with NAADP+ release. In another experiment,
eggs were injected with caged NAADP+ containing a small amount
of NAADP+ (10 nM) to inactivate the response. No Ca2+ was
observed after UV irradiation. This conforms that the calcium
response is indeed due to the NAADP+ released from the cage.


In conclusion, this report describes the novel chemo-enzymatic
synthesis of caged NAADP+ without the formation of multiple
cages. Biological evaluation in sea-urchin eggs demonstrated the
fast release of DMNPE-caged NAADP+. The mild enzymatic
route (pH > 4) will allow the caging of NAADP+ with novel caging
chromophores such as two-photon active reagents. Further studies
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Fig. 2 (A) Effect of photoreleasing DMNPE-caged NAADP+ on Ca2+


signalling in intact sea-urchin eggs. (B) Injecting sub-threshold amounts
of NAADP+ (10 nM), prior to photoreleasing DMNPE-caged NAADP+,
failed to elicit a response, suggesting the inactivation of NAADP+


receptors. Images are self-ratio, with colours representing the ratio
according to the calibration scale. Traces are of average ratio over times.
Eggs contained Oregon Green 488 BAPTA Dextran (10 lM) and
DMNPE-caged NAADP+ (0.5 lM) as labelled. Caged NAADP+ was
photoreleased as indicated by the arrows.


to measure the two-photon absorption cross-sectional area and its
biological application are currently underway.
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The addition of a ligand molecule to an artificial self-assembled triple helix leads to the selective
intercalation of two hydrogen-bonded trimers in specific binding pockets. Furthermore, the triple helix
suffers large conformational rearrangements in order to accommodate the ligand molecules in a highly
organized manner.


Introduction


Self-assembly is Nature’s preferred pathway for the formation
of complex structures with biological activity.1 It denotes the
spontaneous connection of a few (or many) components into
discrete and well-defined structures.2 Thus, self-assembly is one
of the key approaches for the creation of nanostructures and
nanodevices with biological properties.3 In this research area much
attention has been focused on the design of functional synthetic
biomolecules such as proteins4 and DNA mimics.5 Besides control
over the self-assembly of these structures, understanding of the
binding of organic ligands to natural biomolecules and the
way natural molecules can be mimicked is essential to achieve
functionality.6 For example, numerous publications dealing with
the interaction of quadruplex-specific ligands with G-tetrads have
been reported.7 This type of ligand molecules can stabilize the four-
stranded quadruplex structure of a single-stranded DNA primer.
They are potential inhibitors of the telomerase function, which is
important for the replication of cancer cells.8


Laboratory of Supramolecular Chemistry and Technology, MESA+ Institute
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Scheme 1 Schematic representation of the building blocks and assembly formation of tetrarosette 13·(DEB)12. The molecular structure of the guest
molecule 2 and its encapsulation forming complex 13·(DEB)12·26 is also shown. For clarity, in the molecular modeling picture of the assembly one
tetramelamine moiety and hydrogen atoms have been omitted.


In this paper, we show how the self-assembly of synthetic
structures that are structural mimics of DNA complexes can be
controlled. We describe the selective and site-specific intercalation
of two self-assembled trimeric ligands in distinct solvophobic
cores of an artificial triple hydrogen-bonded helix, the so called
tetrarosette assembly.9


Results and discussion


A tetrarosette consists of 15 components (three tetramelamine
strands 1 formed by two calix[4]arene dimelamine units cova-
lently connected through a flexible linker X and twelve 5,5-
diethylbarbiturates (DEB)) held together by 72 hydrogen bonds
forming the triple helix 13·(DEB)12 with four parallel rosette
“floors” (Scheme 1). The three orthogonal acceptor–donor–
acceptor (ADA) hydrogen bonding arrays of DEB are complemen-
tary to the three DAD hydrogen bonding arrays of the melamines.
The resulting nanostructure has a height of ∼3.0 nm and a width
of ∼3.2 nm. The thermodynamic equilibrium for this type of
assembly is reached within seconds after mixing the corresponding
building blocks.9


The first evidence for the complexation of the ligands by the
triple helix comes from 1H NMR spectroscopy. Addition of ligand
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2 (6 equivalents) to 13·(DEB)12 showed remarkable shifts in the 1H
NMR signals of both host and ligand molecules (Fig. 1). For
example, the NHDEB-protons (Ha and Hb) showed upfield shifts
from 14.17, 13.73, 13.33, and 12.96 ppm to 13.11, 12.93, 12.84,
and 12.66 ppm (Fig. 1). Furthermore, the majority of the signals
of the ligand molecules are shifted upfield by ≥3 ppm indicating
the encapsulation of 2. The integration of the 1H NMR signals
yielded a 6 : 1 ratio for the complexation of 2 by 13·(DEB)12.
Furthermore, the OHn of 2 is shifted downfield, indicating the
formation of an intermolecular hydrogen bond between this
proton and the carboxyl group of the adjacent guest molecule.10


Careful inspection of the 1H NMR spectrum shows that two
trimers of 2 are encapsulated by the tetrarosette 13·(DEB)12, one
in between the 1st and the 2nd floors and one in between 3rd and the
4th rosette floors. The encapsulation in each pocket is similar to
the encapsulation of alizarin by double rosette assemblies,10 thus
showing highly specific intercalation between the layers of each
individual double rosette and not in the cavity formed between the
two double rosette motifs, as shown for other guest molecules.11


Fig. 1 Parts of the 1H NMR spectra (300 MHz) of (a) tetrarosette
assembly 13·(DEB)12, (b) after the addition of 6 eq. of alizarin 2. Spectra in
CDCl3 at 293 K. (NHa1-b1, first and fourth floors and NHa2-b2, second
and third floors of the tetrarosette assembly 13·(DEB)12, Scheme 1).


For complex 13·(DEB)12·26, in the 1H NMR spectrum four
signals were observed in the region between 13–15 ppm (Fig. 1b),
indicating that assembly 13·(DEB)12 can only exist as the SSS-,
SES-, or EEE-isomer (S = staggered, E = eclipsed).12 Earlier
results have demonstrated that assembly 13·(DEB)12 exists only as
the SSS-isomer.9 Thus, encapsulation of two 23 by the tetrarosette
assembly SSS-13·(DEB)12 would give 4 or 8 signals in the 1H
NMR spectrum for the NHDEB-protons, depending on whether
the two 23 trimers are encapsulated with the same or different
orientation, respectively (Fig. 2).10 However, if similar behavior to
double rosettes10 is expected, the encapsulation of 2 by tetrarosette
assembly 13·(DEB)12 should change the relative orientation of
the rosette floors from staggered to symmetrical eclipsed. Con-
formational isomers ESE and EEE show a symmetrical eclipsed
conformation for the two double rosettes of assembly 13·(DEB)12.
Based on the number of signals observed in the 1H NMR spectrum
the EEE-isomer is the most likely to be formed.13


Additionally, gas-phase molecular minimization studies of the
complex show the formation of the isomer with EEE orientation
(Fig. 3).


A 1H NMR titration experiment of the encapsulation of 2
(up to approximately 6 equivalents14) by 13·(DEB)12 (1.0 mM


Fig. 2 Schematic representation of all possible isomers of a tetrarosette
assembly. (Blue squares are calix[4]arenes and orange rectangles are
alizarins). Only assemblies with C3-axes are considered, which means that
all 3 tetramelamines have the same orientation. The isomers are coded
with 3 letters (S for staggered and E for eclipsed). The number of signals
expected in the 1H NMR spectrum (15–12 ppm) for the different isomers
are given below the schematic representation.


Fig. 3 Gas-phase minimized structure of the EEE-isomer of
13·(DEB)12·26. For clarity hydrogen atoms as well as one tetramelamine
moiety are omitted.


in CDCl3) showed two sets of new signals in the 15–12 ppm
region after the addition of 3 eq. of 2, as well as two signals
around 9.7–9.5 ppm. One of the sets corresponds to the formation
of a complex with only one 23 trimer, 13·(DEB)12·23. Based on
the intensities observed for the NHDEB-protons, the ratio of the
assemblies 13·(DEB)12 : 13·(DEB)12·23 : 13·(DEB)12·26 is 1 : 1 :
1. These relative concentrations indicated that the formation of
each trimer 23 is strongly cooperative, but the complexation of the
first 23 trimer does not significantly influence the complexation of


448 | Org. Biomol. Chem., 2007, 5, 447–449 This journal is © The Royal Society of Chemistry 2007







the second 23 trimer. Moreover, the encapsulation of alizarine is
highly selective because similar molecules, such as anthracene and
1,2,5,8-tetrahydroxyanthraquinone are not encapsulated.


Conclusion


The results described in this article provide an unprecedented
example of the encapsulation of ligand molecules in synthetic self-
assembled helices resembling the intercalation mode encountered
in the guanine-rich region of DNA.7 Moreover, the encapsulation
displays high selectivity and specifity both for the guest molecule
and the region of the host assembly. Upon ligand intercalation,
large conformational changes in the host structure are also
observed.15 It is also important to outline here that the self-
assembly of the receptor and the recognition processes bring
together, using the same noncovalent interactions, fifteen building
blocks of the receptor and six guest molecules with absolute
control over their spatial disposition.


Experimental
1H NMR spectra were recorded on a Varian Unity 300 spectrom-
eter or on a Varian Unity 400 WB spectrometer. Residual solvent
protons were used as an internal standard and chemical shifts are
given relative to tetramethylsilane (TMS) or to the residual solvent
protons. The 2D DQF-COSY consisted of 2048 datapoints in t2


and 512 increments in t1. The data were apodized with a shifted
sine-bell square function in both dimensions and processed to a
4 K × 1 K matrix. For the TOCSY experiment, the total TOCSY
mixing time was set to 65 ms. The spectrum was acquired with
1024 data points in t2 and 512 FIDs in t1. The data were apodized
with a shifted sine-bell square function in both dimensions and
processed to a 2 K × 2 K matrix. The NOESY experiments were
acquired with a mixing time of 150 ms, 2K datapoints in t2 and
512 increments in t1.


Synthesis


Tetramelamine 1 was synthesized following methods described
previously.9


Formation of assemblies 13·(DEB)12


Hydrogen bonded assembly 13·(DEB)12 was prepared by mixing
calix[4]arene tetramelamine 2 with 4 equivalents of DEB in CDCl3


for 15 minutes. For example, 7.02 mg (0.003 mmol) of 1 and
2.20 mg (0.012 mmol) of DEB were dissolved in 5 ml of CDCl3, and
stirred until all the compounds were dissolved. After evaporation
of the solvent under high-vacuum, the assembly was ready to use.


Molecular mechanics calculations


Initial structures, created by manual modification of the X-ray
structure of a double rosette assembly,10,16 and by observed NOE
connectivities used as distance constraints, as well as visualizations
were carried out with Quanta 97.17 The MD calculations were
run with CHARMm, version 24.0.18 Parameters were taken
from Quanta 97, and point charges were assigned with the
charge template option in Quanta/CHARMm; excess charge


was smoothed, rendering overall neutral residues. A distance-
dependent dielectric constant was applied with e = 1. No cut-offs
on the nonbonded interactions were used. Energy-minimizations
were performed with the Steepest Descent and Adopted Basis
Newton–Raphson methods until the root mean square of the
energy gradient was <0.001 kcal mol−1 Å−1.


Acknowledgements


This work is partially supported by the Technology Foundation
of The Netherlands (J. M. C. A. K.). The research of M. C.-C.
has been made possible by a fellowship of the Royal Netherlands
Academy of Arts and Sciences.


References


1 R. Fiammengo, M. Crego-Calama and D. N. Reinhoudt, Curr. Opin.
Chem. Biol., 2001, 5, 660–673.


2 G. M. Whitesides and B. Grzybowski, Science, 2002, 295, 2418–2421;
J.-M. Lehn, Supramolecular Chemistry: Concepts and Perspectives,
VCH, Weinheim, 1995.


3 S. De Feyter and F. C. De Schryver, Chem. Soc. Rev., 2003, 32, 139–
150; D. Philp and J. F. Stoddart, Angew. Chem., Int. Ed. Engl., 1996,
35, 1154–1196.


4 R. B. Hill, D. P. Raleigh, A. Lombardi and W. F. DeGrado, Acc. Chem.
Res., 2000, 33, 745–754.


5 F. Rakotondradany, A. Palmer, V. Toader, B. Chen, M. A. Whitehead
and H. F. Sleiman, Chem. Commun., 2005, 5441–5443.


6 A. J. Doerr, M. A. Case, I. Pelczerand and G. L. McLendon, J. Am.
Chem. Soc., 2004, 126, 4192–4198.


7 M. A. Read and S. Neidle, Biochemistry, 2000, 39, 13422–13432; G. R.
Clark, P. D. Pytel, C. J. Squire and S. Neidle, J. Am. Chem. Soc., 2003,
125, 4066–4067.


8 E. Gavathiotis, R. A. Heals, M. F. G. Stevens and M. S. Searle, Angew.
Chem., Int. Ed., 2001, 40, 4749–4751.


9 K. A. Jolliffe, P. Timmerman and D. N. Reinhoudt, Angew. Chem., Int.
Ed., 1999, 38, 933–937; L. J. Prins, E. E. Neuteboom, V. Paraschiv, M.
Crego-Calama, P. Timmerman and D. N. Reinhoudt, J. Org. Chem.,
2002, 67, 4808–4820.


10 J. M. C. A. Kerckhoffs, F. W. B. van Leeuwen, A. L. Spek, H. Kooijman,
M. Crego-Calama and D. N. Reinhoudt, Angew. Chem., Int. Ed., 2003,
42, 5717–5722; J. M. C. A. Kerckhoffs, M. G. J. ten Cate, M. A. Mateos-
Timoneda, F. W. B. van Leeuwen, B. Snellink-Ruël, A. L. Spek, H.
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