
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




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


A comparison of orbital interactions in the additions of phosphonyl and acyl
radicals to double bonds†


Elizabeth H. Krenske*‡a,b and Carl H. Schiessera,c,d


Received 21st September 2007, Accepted 11th December 2007
First published as an Advance Article on the web 14th January 2008
DOI: 10.1039/b714597g


Calculation of the barriers for addition of the H2P(=O)• and HC(=O)• radicals to alkenes, at the
CCSD(T)/aug-cc-pVDZ//BHandHLYP/6-311G** level, indicates that both radicals display
ambiphilic behaviour. For the HC(=O)• radical this behaviour occurs because a secondary orbital
interaction of the type p*C=O←HOMO acts in conjunction with the primary SOMO←HOMO
interaction to balance the SOMO→LUMO interaction. For the H2P(=O)• radical, on the other hand,
the much higher-lying LUMO (the r*P–O orbital) allows for only minimal secondary interaction, and
this radical’s ambiphilic behaviour is therefore reflective of a balance between SOMO→LUMO and
SOMO←HOMO interactions.


Introduction


Acyl radicals RC(=O)• and their phosphorus analogues, phos-
phonyl radicals R2P(=O)•§, are two synthetically valuable classes
of reactive intermediates. Acyl radicals, for example, are key
components of efficient methods for the construction of carbon–
carbon and carbon–nitrogen bonds.1 While phosphonyl radicals
are also employed for direct bond formation, the majority of their
current synthetic value lies in their use as alternatives to tin-based
reagents for mediating radical chain reactions.2


Acyl radicals had previously been described as nucleophilic
in their additions to C=C bonds,3 but it was then found that
their additions to C=N bonds proceeded selectively via attack
at the electron-rich nitrogen atom.4 This surprising selectivity was
explored by computational analysis, and was found to result from a
strong secondary orbital interaction between the nitrogen lone pair
and the acyl p* orbital.5 It is now understood that a combination
of orbital interactions—a-SOMO→LUMO, b-SOMO←HOMO,
and p*←HOMO—contributes to the selectivities of these and
related radicals.6
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is “phosphinoyl”, as they are formally derived from phosphinic acid
H2P(=O)(OH). For example, (CH3)2P(=O)• is the “dimethylphosphinoyl”
radical. In this article, however, we have adopted the common practice of
referring to the radicals as “phosphonyl” radicals.


The additions of phosphonyl radicals to C=C bonds, by
contrast, appear to show no obvious selectivity. For example, the
following order of rate constants has been reported7 for addition
of the Ph2P(=O)• radical to alkenes: vinyl acetate < vinyl butyl
ether < acrylonitrile < methyl acrylate < methacrylonitrile <


styrene < methyl methacrylate. The rate constants in the above
series vary only from 1.6 × 106 to 8.0 × 107 L mol−1 s−1 (room
temperature).


We wondered whether the minimal substrate preferences ob-
served for phosphonyl radicals could be described through simple
frontier-orbital considerations (the a-SOMO→LUMO and b-
SOMO←HOMO interactions), or if they are instead a reflection
of multi-component orbital interactions like those discovered
for their acyl counterparts (LUMO←HOMO). To answer this
question, we here examine the additions of the parent radicals
H2P(=O)• and HC(=O)• to various unsaturated derivatives, and
undertake an examination of the key orbital interactions taking
place in each case.


Results and discussion


Choice of computational methods


In order to identify an appropriate computational approach, we
first compared the performance of various theoretical methods by
calculating the barriers for addition to ethylene (Scheme 1). Data
from this assessment are portrayed schematically in Fig. 1.


Scheme 1
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Fig. 1 Energy barriers (DE‡) calculated at various levels of theory for
addition of the H2P(=O)• (1) and HC(=O)• (2) radicals to ethylene.
Barriers are calculated with respect to the separated reactants. Calculations
use an unrestricted representation for open-shell species unless otherwise
indicated.


Amongst the various low-cost procedures investigated, the
MP2/cc-pVDZ method is noteworthy in providing high estimates
of the barriers. B3LYP-based approaches give low estimates,
even when a small basis set is employed. These deficiencies have
previously been observed for similar reactions of the CH3C(=O)·
radical.5 By contrast, calculations using the BHandHLYP func-
tional provide pleasing agreement with the highest levels of theory
tested. When improved energies are calculated from BHandHLYP
structures by means of single-point calculations, there is the
expected progression towards lower barriers as better treatments
of correlation and a larger basis set are introduced (i.e. from
entries 12–13 to entries 14–15 to entries 16–17). The choice of
basis set (cc-pVDZ or 6-311G**) used for the initial optimisation
appears to make little difference to the barriers obtained via
QCISD or CCSD(T) single-point calculations. However, the
barriers obtained at the BHandHLYP/6-311G** level show
much better agreement with the higher-level data than do those
obtained at the BHandHLYP/cc-pVDZ level. It would appear that
the BHandHLYP/6-31G* and BHandHLYP/6-311G** levels of
theory provide reasonable approximations to the higher-level
barriers.


For our analysis, we have chosen to employ the CCSD(T)/aug-
cc-pVDZ//BHandHLYP/6-311G** level of theory. For one of the
test reactions—reaction (2)—the performance of this level of the-
ory can be compared with previously-reported experimental gas-
phase kinetic data:8 from the reported value for Ea of 23 kJ mol−1 at
298 K, one obtains a value for DH‡


298 of 21 kJ mol−1. The calculated
value of DH‡


298 at the CCSD(T)/aug-cc-pVDZ//BHandHLYP/6-


311G** level, ignoring the effect of any pre-complexation, is
25 kJ mol−1.


Kinetics and thermodynamics of additions to unsaturated
substrates


To compare the reactivities of the H2P(=O)• and HC(=O)• radicals
towards C=C bonds, we examined the additions depicted in
Scheme 2. Most of these additions proceed through an initial van
der Waals complex prior to formation of the transition state. The
geometries of the transition states are shown in Fig. 2, and the
calculated thermodynamic and kinetic parameters are presented
in Table 1.


Scheme 2


Fig. 2 Transition structures for addition of the H2P(=O)• and HC(=O)•


radicals to the alkenes CH2=CH(CN), CH2=CH2, CH2=CH(OMe), and
CH2=CH(NH2). The forming bond lengths and the dihedral angles about
the forming bond are shown.


For both radicals, addition to the alkenes is exothermic. The
values of DE largely mirror the abilities of the substituent X to
stabilise the product radical. In keeping with the normal strengths
of P–C and C–C bonds, addition of the H2P(=O)• radical to a
given alkene is ca. 30 kJ mol−1 less exothermic than addition of
the HC(=O)• radical.


Despite their lower thermodynamic driving force, the additions
of the H2P(=O)• radical have lower barriers than those of the
HC(=O)• radical. This is true whether the barriers are calculated
with respect to the van der Waals complexes or to the separated
reactants. The higher reactivity of the phosphonyl radical is
consistent with experimental precedent: for example, while the
Ph2P(=O)• radical reacts with acrylonitrile with a rate constant of
2.0 × 107 L mol−1 s−1 (room temperature),7 the tBuC(=O)• radical
adds to the same substrate with a rate constant of 5 × 105 L
mol−1 s−1 (300 K)3b and the nPrC(=O)• radical adds to ethylene
with a rate constant of 1.4 × 103 L mol−1 s−1 (453 K).9
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Table 1 Kinetic and thermodynamic parameters for additions of the H2P(=O)• and HC(=O)• radicals to alkenesa


DE Complex
formation


DE‡ From
reactants


DE‡ From
complex DE Overall


H2P(=O)• plus
CH2=CH(CN) −11.1 8.4 19.5 −76.3
CH2=CH2 −14.5 10.4 24.9 −58.0
CH2=CH(OMe) −10.9 6.5 17.4 −62.2
CH2=CH(NH2) (H-bonded TS) −24.7 −8.7 15.9 −81.1
CH2=CH(NH2) (no H-bond in TS)b −22.5 −3.1 19.3 −81.1


HC(=O)• plus
CH2=CH(CN) —c 12.6 —c −112.4
CH2=CH2 −8.2 21.1 29.3 −87.1
CH2=CH(OMe) −13.7 15.5 29.3 −91.1
CH2=CH(NH2) −16.8 0.3 17.1 −105.0


a Values (kJ mol−1) calculated at the CCSD(T)/aug-cc-pVDZ//BHandHLYP/6-311G** level of theory. b Alternative conformation of transition state in
which H2P(=O) unit was rotated so as to prevent O · · · H–N interaction. c No complex found.


Taking addition to ethylene as a reference system, one finds
that both radicals experience lower barriers if either an electron-
donating substituent (OMe, NH2) or an electron-withdrawing
substituent (CN) is attached to the double bond. That is, both
radicals display ambiphilic behaviour, with the changeover point
from apparently nucleophilic behaviour to apparently electrophilic
behaviour occurring roughly at the parent system (within the
sample of alkenes examined).


The ambiphilic behaviour of the HC(=O)• radical is sur-
prising in view of the reported nucleophilic tendencies of acyl
radicals towards alkenes.3 Conventionally, a nucleophilic rad-
ical may be defined10 as one for which (with a given sub-
strate) the a-SOMO→LUMO interaction is stronger than the
b-SOMO←HOMO interaction. For an electrophilic radical the
reverse is true. An ambiphilic radical is then one in which the two
interactions are of similar magnitude. However, for a radical such
as HC(=O)•, secondary back-donation into the C=O p* orbital
can act together with the b-SOMO←HOMO interaction to yield a
more facile reaction when the substrate is sufficiently electron-rich.


The generally lower barriers for the H2P(=O)• radical allow for
less absolute variation in barrier heights as the electronic properties
of the alkene are altered. However, in a relative sense, when
comparing the substrates ethylene and acrylonitrile, the H2P(=O)•


radical appears to respond less dramatically to the decrease in
alkene electron density than does the HC(=O)• radical. That is,
on going from ethylene to acrylonitrile, the barrier for H2P(=O)•


decreases from 10.4 to 8.4 kJ mol−1, compared with a decrease from
21.1 to 12.6 kJ mol−1 for HC(=O)•. By contrast, on going from
ethylene to the more electron-rich alkenes, the radicals’ relative
responses are not so markedly divergent.


Orbital interactions


In order to ascertain whether the ambiphilic behaviour of the
H2P(=O)• radical reflects a contribution from secondary back-
donation, we have sought recourse to a variety of theoretical
models.


Frontier orbital analysis. Simple frontier orbital considera-
tions suggest that both the H2P(=O)• and HC(=O)• radicals
should be somewhat ambiphilic towards alkenes. A diagram


showing the frontier orbital energies of the two radicals and their
four substrates is given in Fig. 3. From the figure it appears that the
filled a-SOMO and unfilled b-SOMO of both radicals are roughly
equally matched with their partner orbitals in the alkene (the
LUMO and HOMO, respectively), with a slight leaning towards
the electrophilic b-SOMO–HOMO pairing. While this prediction
is only approximate, one may note that the lower a-SOMO energy
of H2P(=O)• would suggest a lower nucleophilicity for this radical.
This would lead to a smaller variation in interaction when the
alkene LUMO energy is lowered, which agrees with the finding that
the H2P(=O)• radical responds less dramatically to the decrease
in alkene electron-density on going from ethylene to acrylonitrile
than does the HC(=O)• radical.


Fig. 3 Orbital energies for the H2P(=O)• and HC(=O)• radicals
and the alkenes CH2=CH(CN), CH2=CH2, CH2=CH(OMe), and
CH2=CH(NH2), calculated at the HF/6-31G(d) level of theory.


Transition state geometries. It has previously been noted that
the secondary p*C=O←HOMO interaction for acyl radicals is
reflected in unusual transition state geometries.1,5 As shown in
Fig. 4(a), the SOMO and p* orbital of the HC(=O)• radical are
perpendicular to each other; therefore, to accommodate both the
primary and the secondary interactions, the HCO plane must tilt
towards the alkene and the C=O unit must rotate towards the C=C
bond. These features are evident in the transition state geometries
that were shown in Fig. 2.
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Fig. 4 Orbitals of the H2P(=O)• and HC(=O)• radicals, calculated at the
UBHandHLYP/6-311G** level of theory (a orbitals shown). Surfaces are
drawn at an isodensity value of 0.06.


For the H2P(=O)• radical, by contrast, geometrical features do
not reveal whether a secondary orbital interaction is significant.
Because the LUMO of the H2P(=O)• radical is cylindrically
symmetrical about the P–O axis and occupies the same plane
as the SOMO [Fig. 4(b)], it can (in principle) interact with the
substrate HOMO without requiring a substantial reorientation of
radical and substrate.


We should point out that the transition structure for addition
of the H2P(=O)• radical to CH2=CH(NH2) does not resemble
the others. Here, a hydrogen-bonding interaction between the
phosphoryl oxygen and the amine hydrogen results in a different
orientation of the radical with respect to the substrate. This
hydrogen-bonding interaction is partly responsible for the low
barrier seen in this reaction. If the phosphonyl radical is rotated so
that the P=O and C=C bonds are staggered, the barrier increases
by approximately 4 kJ mol−1 (although still remaining the lowest
of the series when calculated with respect to the reactants).


Theoretical reactivity predictors. Two quantities that influence
potential orbital interactions are the radicals’ vertical ionisation
potentials and electron affinities. Calculated values for these
quantities are shown in Table 2.


Taken together, the data in Table 2 indicate the H2P(=O)•


radical to have substantially greater oxidising power than the
HC(=O)• radical. One may calculate that it has both a higher
electronegativity [defined as (IP + EA)/2] and a lower chemical


Table 2 Vertical ionisation potentials and electron affinities of the
H2P(=O)• and HC(=O)• radicalsa


IP 9.5 9.0
EA 1.2 −0.4


a Values (eV) calculated at the CCSD(T)/aug-cc-pVDZ//BHandHLYP/6-
311G** level.


hardness [defined as (IP − EA)/2]; these features favour electron-
transfer to the SOMO and suggest enhanced electrophilic-radical
character.


Natural bond orbital analysis. Natural bond orbital (NBO)
analysis has previously proven useful for uncovering the impor-
tance of the p*C=O←HOMO secondary orbital interaction relative
to the primary a-SOMO→LUMO interaction during the addition
reactions of acyl radicals.1,5 We have likewise calculated the NBO
donor–acceptor interaction energies in the transition states for
addition of the H2P(=O)• and HC(=O)• radicals to the four
alkenes. The relevant data are shown in Table 3. In this table,
only interactions within the a spin set are shown. That is, the
interactions being shown are the a (nucleophilic) component of
the “primary interaction” (i.e. a-SOMO→LUMO) and the a
component of the “secondary interaction” (a-LUMO←HOMO
back-donation). The b-SOMO←HOMO interaction, which is the
electrophilic component of the ’primary interaction”, could not
be measured.11


As expected, the HC(=O)• radical undergoes a strong secondary
orbital interaction during addition to the electron-rich alkenes
CH2=CH(NH2) and CH2=CH(OMe). In its most pronounced
case, the secondary interaction (74 kJ mol−1) has a value al-
most equal to that of the primary SOMO→LUMO interaction
(81 kJ mol−1). This is a considerably greater secondary contribu-
tion than was previously found for the addition of the CH3C(=O)•


radical to CH2=CH(NH2): the corresponding values in that case
were 14 and 144 kJ mol−1, respectively.12


Contrastingly, the H2P(=O)• radical is much less prone than
either the HC(=O)• or the CH3C(=O)• radical to back-donation.
The secondary interaction seen for this radical with any of the
alkenes only amounts to a few kJ mol−1.


This dissimilarity is a result of the different electronic structures
of the P=O and C=O bonds. It is well known13 that the P=O
bond in phosphorus(V) species is most appropriately denoted
not by a traditional r + p structure but by a r bond and an
additional electrostatic attraction, i.e. P+–O−. Accordingly, the
LUMO of the H2P(=O)• radical is a P–O r* orbital. Because
the energy gap between the SOMO and the P–O r* orbital of
the H2P(=O)• radical is some 1.5 eV wider than the gap between
the SOMO and the C=O p* orbital of the HC(=O)• radical (at
the BHandHLYP/6-311G** level), the ability of the H2P(=O)•


radical to accept electron density via secondary back-donation is
much lower.


The alkenes in Table 3 are relatively weak donors, and to
gain an indication of the possible magnitude of a r*P–O←HOMO
interaction we therefore also considered addition to the electron-
rich nitrogen atom of CH2=NH. The NBO data for these reactions
are included in Table 3. Thus, with CH2=NH, the r*P–O←lone-
pair interaction provides a contribution of 16 kJ mol−1. While
not insignificant, this value is modest in comparison to the
p*C=O←lone-pair interaction for the HC(=O)• radical, which
amounts to 205 kJ mol−1.


Concluding remarks


Our calculations demonstrate the H2P(=O)• and HC(=O)• rad-
icals to have similar overall reactivity trends towards alkenes,
but these trends stem from different orbital contributions. The
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limited capacity for back-donation of the type r*P–O←HOMO
(revealed by NBO analysis) and the enhanced capacity for charge-
transfer to the b-SOMO (calculated from IP and EA data) indicate
the H2P(=O)• radical to rely predominantly on conventional a-
SOMO→LUMO and b-SOMO←HOMO interactions. Although
this radical displays a much higher reactivity towards C=C bonds
than does its carbon counterpart, such reactivity appears not to
be problematic in synthetic contexts: that is, unwanted addition of
phosphonyl radicals to double bonds has only rarely been reported
to affect their synthetic use as chain carriers,2 and they serve as
valuable agents for mediating radical transformations.


Computational details


Standard ab initio molecular orbital theory14 and density func-
tional theory (DFT)15 calculations were carried out using GAUS-
SIAN 03.16 Unless otherwise indicated, calculations on open-shell
species were performed with an unrestricted wavefunction.


The performance of various ab initio and DFT methods was
assessed through calculation of the barriers for addition of
the H2P(=O)• and HC(=O)• radicals to ethylene. During this
assessment, full conformational searching was performed for each
level of theory at which geometrical optimisation was conducted.
Total energies and the resulting barriers are provided in the ESI†.


Subsequently, the geometries of all reactants, complexes, tran-
sition states, and products were optimised at the BHandHLYP/6-
311G** level of theory. Thorough conformational searching
was again performed so as to identify the global minimum-
energy conformer of each species. The BHandHLYP/6-311G**
vibrational frequencies were used to confirm the nature of each
stationary point, and to calculate (unscaled) zero-point energies
and temperature corrections to the enthalpies, where appropriate.
For each transition structure, an intrinsic reaction coordinate
(IRC) calculation17 was carried out at the BHandHLYP/6-311G**
level, in order to verify that the geometry represented the correct
first-order saddle point on the surface connecting reactants to
product. Improved energies for all species were then obtained
via single-point calculations at the CCSD(T)/aug-cc-pVDZ level.
Optimised geometries at the BHandHLYP/6-311G** level, in the
form of Gaussian archive entries, are provided in the ESI†.


Natural bond orbital (NBO) analyses18 were performed at the
BHandHLYP/6-311G** level. So as to avoid the treatment of
the transition states as bound units, the Lewis structures were
explicitly constrained to a two-unit structure using the most
chemically reasonable representation of each attacking radical,
as shown in Scheme 3. This provided a qualitatively acceptable
representation of the orbitals corresponding to the radical a-
SOMO and the alkene p and p* orbitals. Due to the non-
correspondence of the b orbitals,11 only the a spin set was used
to derive interaction data.


Scheme 3
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Laccases catalyze the one-electron oxidation of a broad range of substrates coupled to the 4 electron
reduction of O2 to H2O. Phenols are typical substrates, because their redox potentials (ranging from 0.5
to 1.0 V vs. NHE) are low enough to allow electron abstraction by the T1 Cu(II) that, although a
relatively modest oxidant (in the 0.4–0.8 V range), is the electron-acceptor in laccases. The present study
comparatively investigated the oxidation performances of Trametes villosa and Myceliophthora
thermophila laccases, two enzymes markedly differing in redox potential (0.79 and 0.46 V). The
oxidation efficiency and kinetic constants of laccase-catalyzed conversion of putative substrates were
determined. Hammett plots related to the oxidation of substituted phenols by the two laccases, in
combination with the kinetic isotope effect determination, confirmed a rate-determining electron
transfer from the substrate to the enzyme. The efficiency of oxidation was found to increase with the
decrease in redox potential of the substrates, and the Marcus reorganisation energy for electron transfer
to the T1 copper site was determined. Steric hindrance to substrate docking was inferred because some
of the phenols and anilines investigated, despite possessing a redox potential compatible with
one-electron abstraction, were scarcely oxidised. A threshold value of steric hindrance of the substrate,
allowed for fitting into the active site of T. villosa laccase, was extrapolated from structural information
provided by X-ray analysis of T. versicolor lac3B, sharing an identity of 99% at the protein level, thus
enabling us to assess the relative contribution of steric and redox properties of a substrate in
determining its susceptibility to laccase oxidation. The inferred structural threshold is compatible with
the distance between two phenylalanine residues that mark the entrance to the active site. Interaction of
the substrate with other residues of the active site is commented on.


Introduction


Laccases (EC 1.10.3.2, para-benzenediol:oxygen oxidoreductases)
are a family of multi-copper (‘blue copper’) oxidases widely
distributed in nature.1–3 Although the predominant sources of
laccases are fungi and higher plants, laccase activity has recently
been documented in some insects and bacteria as well.4,5 Laccases
typically contain histidine-rich copper-binding sites, which coor-
dinate one paramagnetic T1 Cu(II), the blue colour being provided
by the charge-transfer band of a strong Cys·S → Cu(II) ligation,
and a T2/T3 trinuclear copper cluster.1,3,6,7 The enzyme catalyzes
the one-electron oxidation of four substrate equivalents, coupled
to the four-electron reduction of O2 to water.1,3,6,7 Abstraction of
electron from the substrate takes place at the T1 copper, which
is proximal to the substrate binding site, and progressively leads
to the reduction of all four Cu(II) ions to Cu(I). Re-oxidation
of the cuprous ions to Cu(II) occurs via electron donation to an
O2 molecule complexed at the trinuclear T2/T3 cluster, leading
to the formation of water without release of toxic peroxide
intermediates.6–8
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Meccanismi di Reazione, P.le A. Moro 5, 00185 Roma, Italy. E-mail:
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bDipartimento di Agrobiologia & Agrochimica, Università della Tuscia,
Viterbo, Italy


What are typical roles of laccases in nature? White-rot fungi
excrete laccases, in association with other extracellular oxidases,
to degrade complex natural polymers, such as lignin in rotten
wood or humic acids.1,2,9 This is a difficult oxidation, owing to
the high redox potential of the polymeric matrices and to the
heterogeneity of inter-unit linkages;10 radical fragments arising
from the oxidative degradation are attacked by O2 and further
transformed.11,12 Interestingly, laccases from plants bring about
the opposite process, because they participate in early stages
of lignin formation by means of the oxidative polymerisation
of monolignols.1,2,12b These laccases are also involved in wound
response for repairing structural damages in vascular tissue,1,2 or in
the biosynthesis of pigments such as melanin.13 In all cases, cross-
linking of phenolic (or aniline) monomeric precursors takes place
by enzymatic aerobic oxidation, and yields polymers through the
intermediate formation of radicals. Similarly, oxidative coupling of
phenolic precursors with proteins is induced by laccases in insects
for cuticle sclerotization.14


Phenols play a central role as natural substrates of laccases
in view of their redox potential, which is conveniently low and
in the 0.5–1.0 V vs. NHE (normal hydrogen electrode) range.15


This enables electron abstraction by the T1 Cu(II) ion, a relatively
modest oxidant (0.4–0.8 V, depending on the enzyme source),16,17


and the ensuing formation of phenoxyl radicals (Scheme 1).
Less straightforward is to understand how the stereochemical


problem inherent to the interaction of fungal laccases with a
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Scheme 1 The catalytic cycle of laccase.


structurally complex polymer such as lignin may be solved.1


Despite the fact that lignin is a macromolecule where phenolic
residues amount to ca. 20% of the total,18 steric hindrance ought to
prevent bulky lignin to access the active site of laccase in order to be
oxidatively degraded. To cope with this steric problem, the concept
of ‘mediators’ of the enzymatic activity has been suggested.19


More specifically, easily oxidisable small-sized substances, once
mono-electronically oxidised by laccase, are held to mediate the
‘indirect’ oxidation of lignin outside the enzymatic active site,20,21


by resorting to either a monoelectronic or a radical hydrogen-
abstraction pathway of oxidation.21,22 In particular the radical
route, which is not accessible to laccase, allows the degradation
of non-phenolic benzyl alcohols, which comprise more than 75%
of lignin residues18 but that are not susceptible to monoelectronic
oxidation by T1 Cu(II).21,23 While the use of a few ‘non-natural’
redox mediators is fairly well established for this task,19–22 a
few phenolic compounds have recently shown proficiency in the
mediation process, thereby emerging as likely ‘natural’ mediators
of laccase.21,24–26 Consequently, the steric hindrance of lignin, as
well as the redox inadequacy of laccase towards non-phenolic
compounds, can be solved by the use of mediators, thereby
assigning an expanded role as delignifying agent to this enzyme in
nature.


With regard to the enzymatic oxidation of monomeric putative
substrates, such as simple phenols and anilines, the attention has
been so far focussed mainly on the redox issue. Interpretation
of reactivity data in a broader context has been constrained by
the limited information on the enzyme structure. The currently
increased availability of crystallographic data on fungal laccases
might undoubtedly contribute to shedding light on many factors
underlying the reactivity of these enzymes, with particular regard
to steric issues with enzyme–substrate interactions.


For these reasons, the present study was aimed at investigating
the relative contribution of both redox and steric properties
of several putative substrates in determining their susceptibility
to laccase oxidation, with specific reference to crystallographic
information recently disclosed for a few laccases.4a,27–29 The study
was conducted with both Trametes villosa and Myceliophtora
thermophila laccases, which markedly differ in redox potential
properties (0.79 and 0.46 V, respectively).16,17 The oxidation
efficiency and kinetic constants for the laccase-catalyzed oxidation
of substituted phenols and anilines were determined; the effect
of the substituents and of the redox potential of the substrates
upon the enzymatic reactivity was appraised within the frame
of the Hammett and Marcus equations. Particular attention was
devoted to specific substrates that are characterized by similar
redox potentials but differ in steric hindrance, with the aim of
determining a threshold of substrate size compatible with proper
fitting into the enzymatic pocket. With this regard, the important
role of some aminoacidic residues in the active site of the enzyme
has been pinpointed. The results of this study allow a better
understanding of structural features of putative substrates of
laccase that are relevant for oxidation efficiency, but might also


lead to devising phenolic mediators that are better tailored for the
oxidative degradation of non-phenolic substrates, for synthetic
purposes.


Results and discussion


Redox requirements of oxidation


A series of substituted phenols and anilines, which also includes
two non-phenolic substrates, has been taken as a tool to appraise
the redox requirements of enzymatic oxidation; the redox potential
value across the series of substrates spans a sizeable range (from
0.5 to 1.9 V/NHE).15 The oxidation has been performed in
distinct experiments with two fungal laccases, namely, Trametes
villosa (TviL) and Myceliophthora thermophila (MtL) laccases,
markedly differing in redox potentials (0.79 and 0.46 V vs. NHE,
respectively).16,17 The same amount of activity units of the two
enzymes, and the same concentration of the putative substrate
have been used in each experiment, and the aerobic oxidation
performed in 0.1 M sodium citrate at pH 5.0 (buffer A) at room
temperature for 24 h (Table 1). In some cases a 2 : 1 buffer A :
dioxane mixed solvent has been used to increase the solubility of
hydrophobic substrates, at the expense of a moderate reduction
of enzymatic activity.30 Following the 24 h incubation, the extent
of oxidation was inferred by determining the residual substrate
concentration through gas-chromatography. This approach is, in
fact, easier and less ambiguous than that based on determining
the extent of end-products formation, because monoelectronic
oxidation pathways with these substrates typically give rise to
oligomers of uncertain structure.11,12,24 The results are illustrated
in Fig. 1, where the oxidation extent of the putative substrate by
both MtL and TviL is shown as a function of the substrate redox
potential.


Fig. 1 Extent of recovery (%) of the substrate under aerobic oxi-
dation by either Trametes villosa (TviL, �) or Myceliophthora ther-
mophila (MtL, �) laccase. Substrates code (underlined for MtL): DMOP,
2,6-diMeO-phenol; 4MOP, 4-MeO-phenol; TMP, 2,4,6-triMe-phenol;
4TBA, 4-But-aniline; 2TBP, 2-But-phenol; 4MP, 4-Me-phenol; DMA,
2,6-diMe-aniline; 4CP, 4-Cl-phenol; SA, 2-OH-benzaldehyde viz. salicyl
aldehyde; 2NP, 2-NO2-phenol; TMOB, 1,3,4,5-tetraMeO-benzene.
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Table 1 Aerobic oxidation of a series of substrates with either Trametes villosa (TviL) or Myceliophthora thermophila (MtL) laccases, in buffered (0.1 M
sodium citrate, pH 5; buffer A) water solution at room temperature for a 24 h reaction time. The extent of recovery of the substrate is given (%)


Recovered substrate (%)d


Substrate E 1
2 (V vs. NHE)a in H2O with TviL with MtL


4-OH-phenol (hydroquinone) 0.48 <1 <1
2,6-Dimethoxyphenol 0.57 <1 n.d.
4-MeO-phenol 0.66 <1 <1
2,4,6-Trimethylphenol 0.70 <1 <1
4-(But)-aniline 0.77 1 17
4-Me-aniline 0.79 <1 n.d.
4-Me-phenol 0.79 <1 75
2-(But)-phenol 0.81 25 95
4-(But)-phenol 0.82 <1 n.d.
2,6-Dimethylaniline 0.83 n.d. 99
b-Naphtholb 0.85 2 n.d.
4-Cl-phenol 0.90 45 100
2-OH-benzaldehyde ca. 1.1 77 n.d.
2-NO2-phenol 1.2 87 n.d.
2-NO2-aniline 1.2 87 n.d.
1,3,4,5-Tetramethoxybenzeneb 1.4 90 n.d.
N-Phenyl-acetamideb 1.84c 89 n.d.
2,4-Dinitroanilineb >1.9 95 n.d.


a Redox potential of the substrate, from ref. 15. b In a 2 : 1 buffer A : dioxane mixed solvent. c Determined by cyclic voltammetry (Ep value) in MeCN;
this work. d Abbreviation (n.d.) stands for ‘not determined’. Average error in the determinations: ±4%.


Fig. 1 clearly shows that as the redox potential of the substrate
rose, the oxidation efficiency of MtL markedly decreased up to
a point where the substrate was quantitatively recovered. The
inflection point in this sort of ‘titration curve’ of the oxidation
efficiency (dotted line in Fig. 1) was located slightly above the
redox potential value of MtL (0.46 V), indicating that the oxidation
process may be endoergonic by no more than 0.2–0.3 V,31,32


in contrast to previous claims where oxidation processes that
are endoergonic by at least 0.7 V or more were considered to
be feasible.33 Analogously, the stronger oxidant TviL exhibited
a sigmoid behaviour with an inflection point approximately
located 0.2–0.3 V above the redox value of the enzyme (0.79 V).
Clearly, substrates that were not oxidised by MtL, such as 4-Me-
phenol, 2,6-diMe-aniline or 4-Cl-phenol (E1/2 0.79, 0.80, 0.90 V,
respectively),15 were fully or extensively oxidised by TviL, thereby
stressing the need for a good match between the redox features of
the enzyme and of the substrate.31,32


This qualitative information on the oxidation efficiency, inferred
by the percentage recovery of the substrate, was integrated and
confirmed by the determination of the kinetic constants of a set
of significant phenols (Table 2).


In particular, the oxidation efficiency of both enzymes, expressed
by the specificity constant parameter kcat/Km, was found to
decrease with the increase in redox potential values of the
substrates under study. Dramatic drops by about two and three
orders of magnitude were evident for TviL and MtL, respectively,
as redox potential values of substrates increased from 0.57 to
0.90 V. The lower oxidation efficiency of MtL with respect to
TviL, due to the lower E◦ value of the former enzyme, was also
confirmed by comparing the absolute values of kcat/Km ratios
for each substrate, which were uniformly smaller for the former
laccase. The trends of the two kinetic constants V max and Km were
also revealing. In particular, the Km parameter increased steadily
for both TviL and MtL within the substrates series, thereby
suggesting an increasingly lower affinity of the two enzymes for


the less reducing substrates. It is interesting to note that a better
affinity of both laccases for a phenol than for an aniline was evident
by comparing the Km values of 2,6-diMe-phenol and 2,6-diMe-
aniline, despite a very similar redox potential, in agreement with a
previous study.25b The V max values of TviL did not markedly vary
along the substrates series, until dropping by a factor of around
2 in the case of phenol (E


1
2 0.88 V) and 4-Cl-phenol (E


1
2 0.90 V),


where abstraction of electron becomes endoergonic. With MtL,
the drop of V max values was more pronounced along the series
(i.e. up to two orders of magnitude), being already perceptible
for substrates having E


1
2 value ≥ 0.8 V. Our kinetic data compare


favourably with those that were determined for the same substrates
by Xu,32 and comply with the general notion that the less reactive
a reagent (an enzyme, in our case), the more selective it is.


Hammett-like correlation


For a subset of 4-X-substituted phenols (from Table 2), the
specificity constants of oxidation by the two enzymes were plotted
in logarithmic form vs. the r+ parameter of the X-substituent
according to the relationship (eqn (1)).34


log (kcat/Km)X = qr+ (1)


Linear correlations were found for both enzymes (Fig. 2), and
the q parameters obtained from the slope of the plots were −2.6 for
TviL and −3.0 for MtL. The finding that the r+ parameters corre-
lated better than the Hammett r parameters (data not shown), in
addition to the negative sign of the q values, were clues indicating
an oxidation process where a positive charge develops on the
phenolic substrate in the rate-limiting step. The positively charged
intermediate is the radical cation of the phenol, arising from rate-
limiting one-electron abstraction. Electron-donor substituents, by
stabilising the radical cation, lower the transition state energy and
speed up the enzymatic oxidation, whereas electron-withdrawing
substituents do retard it. The phenolic radical cation subsequently
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undergoes fast deprotonation to yield the phenoxyl radical. To our
knowledge, this is the first Hammett correlation obtained for the
oxidation of phenols by laccases. Keeping in mind the reactivity–
selectivity principle, the effect of substituents is expected to play
a more noticeable role with the weaker oxidant MtL, thereby
explaining the slightly larger value of its q parameter.


Driving force of the oxidation step


Electron-donor substituents lower the redox potential value of
the phenols,15 thereby making the enzymatic oxidation easier. It is
therefore expected that a reactivity parameter, such as the (kcat/Km)
ratio (data from Table 2), follows the trend of redox potential of
the substrate if the rate-determining step is the electron-transfer
from the phenolic substrate to the electron-acceptor T1 Cu(II) site
of the enzyme. Fig. 3 shows that this expectation is fairly well
satisfied with both TviL and MtL, confirming that electron-rich
phenols are oxidised faster, while the electron-poorer ones react
more slowly. A similar linear dependence of laccase oxidation
efficiency vs. the DE in redox potential between the substrate and
the T1 Cu center had already been found by Xu.32


Comparison of the oxidation efficiency of the enzymes with that of
a polyoxometalate


We have recently published kinetic data for the oxidation of a series
of substituted phenols by vanadium(V) polyoxotungstate,35 i.e., [a-
SiVVW11O40]5−. This polyoxometalate (POM) is endowed with a
redox potential of 0.67 V/NHE,35 which is almost intermediate
between those of MtL and TviL. POMs are considered to provide
unambiguous examples of outer-sphere oxidants, because the
redox center in these anionic electron acceptors is deeply buried
within the oxometalate Keggin cage.36 A Hammett q value (i.e.,
−3.1) comparable to those of the present enzymes was obtained
for the vanadium(V) POM,35 and the rate constants of oxidation
analogously found to increase with the decrease in redox potential
for the same series of substituted phenols, giving a slope (i.e.,
−10) intermediate in value between those of MtL and TviL (cf.
Fig. 3). On the basis of the comparable value of redox potential,
the POM compound can be considered to provide a legitimate
approximation of the reactivity of fungal laccases in the electron-
transfer oxidation of phenols.35 Compelling evidence in favour
of a rate-determining outer-sphere electron-transfer oxidation is
therefore granted for the enzymes as well, because the reduction
potential difference (DE) between the donor phenolic substrate
and the acceptor site dominates the reactivity trend: this holds
both for an inorganic electron acceptor, such as the V(V) POM,
and for the T1 Cu(II) site of the metalloenzymes of the present
study. Additional and more insightful evidence that DE provides
the driving force of the enzymatic reaction has been acquired by
analysing the kinetic data of oxidation according to the Marcus
theory framework and the related quadratic eqn (2).37


DG�= = (k/4)(1 + DG◦/k)2 (2)


The Marcus equation in fact provides a quantitative rela-
tionship between the electron transfer reactivity (DG�=) and the
thermodynamic driving force (DG◦) to the transfer of electron
between a donor and an acceptor species.35,37 We have taken
the specificity constant ratios kcat/Km of TviL, which are more
numerous (from Table 2), and converted them into DG�= according
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Fig. 2 Hammett plot for TviL (left) and MtL (right) for the aerobic oxidation of substituted phenols at 25 ◦C. Substrates code: HQ, hydroquinone;
4MOP, 4-MeO-phenol; 4MP, 4-Me-phenol; 4PP, 4-Ph-phenol; P, phenol; 4CP, 4-Cl-phenol; 4FP, 4-CHO-phenol.


Fig. 3 Efficiency of oxidation by TviL (left) and by MtL (right) as a function of the redox potential of the substrate. Substrates code: HQ, hydroquinone;
DMOP, 2,6-diMeO-phenol; 2MOP, 2-MeO-phenol; 4MOP, 4-MeO-phenol; DMP, 2,6-diMe-phenol; 4PP, 4-Ph-phenol; 4MP, 4-Me-phenol; 2TBP,
2-But-phenol; DMA, 2,6-diMe-aniline; P, phenol; 4CP, 4-Cl-phenol; 4FP, 4-CHO-phenol.


Table 3 Experimental specificity constants (from Table 2), DG◦ and DG �= data for the oxidation of substituted phenols by TviL (E◦ = 0.79 V) in buffer
A at 25 ◦C


ArOH E 1
2 of ArOH V vs. NHE DG◦, in kcal mol−1a Specificity constant kcat/Km (min−1 M−1) DG �=, in kcal mol−1b


4-Cl-phenol 0.90 2.54 7.16 × 104 10.83
Phenol 0.88 2.08 5.90 × 104 10.98
2,6-DiMe-aniline 0.83 0.92 1.47 × 105 10.44
2-(But)-phenol 0.81 0.46 1.58 × 105 10.40
4-Me-phenol 0.79 0 7.01 × 105 9.52
4-Ph-phenol 0.78 −0.23 1.27 × 106 9.16
2,6-DiMe-phenol 0.75 −0.92 2.73 × 106 8.71
2-MeO-phenol 0.70 −2.08 1.02 × 107 7.93
4-MeO-phenol 0.66 −3.00 5.54 × 106 8.29
2,6-DiMeO-phenol 0.57 −5.07 1.21 × 107 7.83
4-OH-phenol 0.48 −7.15 1.16 × 107 7.85


a From DE = ETviL − EArOH, and converted into kcal mol−1 (DG◦ = −nFDE) (1 V = 23.06 kcal mol−1). b From kcat/Km = 6.7 × 1012 exp(−DG �=/RT) at
25 ◦C.


to the relationship ln (kcat/Km) = ln (kBT/h) − DG�=/RT . The
DE = ETviL − EArOH for the phenolic substrates of the series have
been converted into DG◦ data (given in Table 3; DG◦ = −nFDE,
where F is the Faraday constant) on taking 1 V = 23.06 kcal mol−1.


Fig. 4 shows that the experimental DG�= data points are
interpolated by a theoretical DG�= curve calculated from eqn (2)
according to the DG◦ data of Table 3 whenever a reorganisation
barrier kcalc = 39 kcal mol−1 is adopted for the electron-acceptor


T1 Cu site. A much larger reorganisation energy (i.e., k = 79 kcal
mol−1) was instead required for fitting the oxidation data of the
same substituted phenols by vanadium(V) POM in a Marcus plot.35


Because kcalc is given by eqn (3), as adapted to the present case,


kcalc = (kTviL + kArOH)/2 (3)


if one takes the kArOH employed for the oxidation of substi-
tuted phenols with vanadium(V) POM (i.e., 63 kcal mol−1),35
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Fig. 4 Marcus plot for the oxidation of substituted phenols by TviL at
25 ◦C. The calculated curve (from eqn (2)) interpolates the experimental
kinetic data for k = 39 kcal mol−1.


a kTviL = 15 kcal mol−1 comes out for the enzyme as opposed
to the kPOM of 85 kcal mol−1 determined in the previous study
for POM.35 This finding is in line with the expectation that the
reorganisation energy (k) of biological metal-containing electron-
transfer sites has a lower value than that of synthetic metal-
complexes6a,8a,38,39 despite comparable redox features, because the
T1 Cu site environment ensures minimal changes upon redox
interconversion.39d This is the first Marcus treatment applied to
the oxidation of phenols by the copper-enzyme laccase, and our
experimentally determined kTviL value corroborates figures (in the
10–25 kcal mol−1 range) obtained with other enzymes.38,39


Kinetic isotope effect determination


The V max for the oxidation of 2,6-diMeO-phenol by TviL has been
determined spectrophotometrically (see Experimental) in buffered
(0.1 M AcONa, pH 5) solution in H2O at room temperature, and
compared with the V max value analogously measured in a separate
experiment in D2O solution buffered at pH 5 with AcONa–
AcOD. Rapid exchange of D for H within the phenolic substrate
in D2O solution is ensured. The kH/kD ratio, obtained from the
V max


(H2O)/V max
(D2O) ratio, was found to be 1.4 ± 0.1. This ‘solvent


kinetic isotope effect’ is sufficiently small in value and close to 1
to support a rate-determining electron-transfer mechanism (kET,
in eqn (4)) from the reducing substrates to the T1 copper site of
TviL, followed by fast deprotonation (or, de-deuteration) of the
intervening radical cation of the substrate (2,6-diMeO-phenol in
this case).


ArOH (D)
kET−→ ArOH (D)�+ −−−→


fast ArO � + H (D)+ (4)


This is the first kinetic isotope effect determination reported
for a laccase, and complements the above assessments upon the
mechanism of the enzymatic oxidation of phenols. The present
result nicely compares with the ‘solvent kinetic isotope effect’
kH/kD = 1.1 analogously measured for the oxidation of 4-MeO-
phenol by vanadium(V) POM, it being a ‘redox functional model’
of laccase.35


Steric problems with ‘putative’ substrates


For a successful enzymatic oxidation, the redox features of the
substrate is not the only point that matters, because structural
features are also important to enable a profitable interaction with
the active site.40 From this point of view, fundamental informa-
tion deriving from the crystal structures of Trametes versicolor
laccase,27 as well as for two laccase-substrate complexes,28,29a has
enabled us to tackle steric features of the laccase active site. The
substrate-binding site of Trametes versicolor laccase is a negatively
charged pocket near the T1 Cu, i.e., the electron entry port.28


Hydrophobic residues (Phe162, Leu164, Phe265) delineate one
side of the binding pocket, and additional ones (Phe332 and 337,
and Pro391) constitute the opposite wall (Fig. 5). The entrance
path of the substrate is ‘marked’ by two phenylalanine residues
(Phe332 and 265), which are 10.8 Å far apart28 (not including the
van der Waals radii of the H-atoms). Once the substrate fits in,
it needs to approach His458, the electron-acceptor ligand of T1
Cu. The His458 is 6.5 Å recessed from the enzyme surface, and
this is another structural restriction that a bulky substrate ought
to overcome to be oxidised.27,28


Fig. 5 View of the active site of Trametes versicolor laccase (distances in
Åw), which binds substrate 2,5-dimethylaniline (in blue), elaborated with
PyMol from the crystallographic structure, PDB code 1KYA (ref. 28).


We have taken a series of phenols and anilines progressively
more hindered in the ortho positions, and subjected them to
aerobic oxidation with the stronger oxidant TviL under the
experimental conditions previously described. Table 4 reports
the consumption of substrate upon laccase oxidation, where
quantitative recovery means lack of oxidation after the 24 h
reaction time. Reluctance by a few putative substrates to be
oxidised by TviL clearly emerged. For example, the sterically
encumbered 2,4,6-tri(But)phenol, that is 11.8 Å wide (i.e., the
distance between the farthest methyls of the two ortho-But groups,
including the vdW radii) and 10.5 Å long, was not oxidised,
whereas 4-(But)phenol and even 2,4,6-trimethylphenol, which is
bulky but less wide (9.1 Å) than 2,4,6-tri(But)phenol, were fully
oxidised. The redox potentials of 2,4,6-trimethylphenol and 2,4,6-
tri(But)-phenol are the same (i.e., 0.7 V),15 so that monoelectronic
oxidation by TviL (E◦ 0.79 V) had to be feasible in both cases (cf.
previous sections), and solubility problems can be rebuffed due
to the mixed solvent (water–dioxane) employed.24b,30 Similarly, 2-
(But)phenol and 2,6-di(Pri)phenol, being 10.3 and 10.9 Å wide,
respectively, and wider than 2,4,6-trimethylphenol but less than
2,4,6-tri(But)phenol, were oxidised although not quantitatively.
Likewise, the encumbered 3,5-di(But)phenol, 2,4,6-tri(But)aniline
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Table 4 Aerobic oxidations with TviL in 2 : 1 buffer A : dioxane, for a 24 h reaction time at room temperature. The extent of recovery of the substrate is
given


Substrate E 1
2 (V vs. NHE)a Substrate width/Åb Recovered substrate (%)c


2,4,6-Tri(But)phenol 0.70 (in H2O) 11.8 99 ± 2
2,4,6-Tri(But)phenol ≤1d


4-(But)phenol 0.82 (in H2O) 6.7 ≤1
4-(But)phenol 50 ± 2 (pH 3)
2,4,6-Tri(Me)phenol 0.71 (in H2O) 9.1 ≤ 1
2-(But)phenol 0.81 (in H2O) 10.3 27 ± 2
2,6-Di(Pri)phenol 0.71 (in H2O) 10.9 5 ± 2
2,6-Di(Pri)phenol 23 ± 2 (pH 3)
3,5-Di(But)phenol 0.71 (in H2O) 11.7 92 ± 2
2,4,6-Tri(But)aniline 0.82 (in MeCN) 11.8 98 ± 2
3,5-Di(But)aniline 0.80 (in MeCN) 11.7 95 ± 2
4-(But)aniline 0.78 (in MeCN) 6.7 5 ± 1
2,6-Di(Me)aniline 0.83 (in MeCN) 9.1 2 ± 1


a From ref. 15. b Including the vdW radii of the H-atoms; obtained by semiempirical calculations. c Average error in the determinations: ±4%. d In the
presence of mediator ABTS.


and 3,5-di(But)aniline were not oxidised, whereas 4-(But)aniline
and 2,6-di(Me)aniline were extensively oxidised.


The widths of phenols and anilines, all having a redox potential
suitable for one-electron removal by TviL,15 are reported in Table 4.
Substrates too wide to fit in the binding pocket were found to be
unreactive, and Fig. 6 points out graphically how the maximum
width (i.e., <11–12 Å) tolerated in a substrate can be inferred,
beyond which no oxidation takes place.


Fig. 6 Extent of recovery of encumbered phenols as a function of their
width (in Å) in the aerobic oxidation by TviL. Substrates code: 4TBP,
4-But-phenol; TMP, 2,4,6-triMe-phenol; 2TBP, 2-But-phenol; 3,5DBP,
3,5-diBut-phenol; TTBP, 2,4,6-triBut-phenol.


This steric threshold is fairly compatible with the 11 Å distance
between the two phenylalanines Phe332 and 265 that mark the
entrance to the active site,28 as we deduce it from the 3D structure
of Trametes versicolor laccase. Interestingly, the reluctant 2,4,6-
tri(But)phenol becomes fully consumed by TviL, and is converted
into quinone and oligomeric products, whenever the oxidation is
mediated by ABTS. In fact, TviL oxidises the redox mediator to
ABTS•+ (E◦ 0.69 V),23 which in turn oxidises the bulky substrate by
electron abstraction outside the binding pocket,24b thus bypassing


the steric restrictions of the phenylalanines ‘gate’, and fulfilling
the requirement of being a mediator of the enzymatic activity.40


The reactivity problems observed for bulky substrates, and
illustrated in Table 4 and Fig. 6, were further confirmed by
measuring the kinetic constants of oxidation of four sterically
hindered phenols by both TviL and MtL. The kinetic results
shown in Table 5 are compared with those of 4-Me-phenol, taken
as a non-encumbered reference compound. On going from 2,6-
di(Pri)phenol to 2,4,6-tri(But)phenol the specificity constant of
oxidation by TviL drops by three powers of ten, despite the equal
redox potential value of the two substrates. The limiting factor
is therefore the steric hindrance in 2,4,6-tri(But)phenol, that is
ca. 1 Å wider than 2,6-di(Pri)phenol. As a consequence of the
similar hindrance of 2-(But)phenol and 2,6-di(Pri)phenol, their
kcat/Km values did not markedly differ from one another. The
efficiency of oxidation of both 2-(But)phenol and 2,6-di(Pri)phenol
was lower than that of 4-Me-phenol: this underlines the leading
factor represented by steric hindrance in ortho, which hampers
entrance into the active site. Consistently, a t-Bu substituent in para
to the substrate ought to play a negligible role upon binding, as the
similar kcat/Km ratios of 2,4,6-tri(But)phenol vs. 2,6-di(But)phenol
do confirm. The results obtained with MtL are instead more
difficult to disentangle, as this enzyme is a weaker oxidant. In
fact the kcat/Km ratio for the unhindered 4-Me-phenol gave a
lower value than that of the hindered 2,6-di(Pri)-phenol. Here the
oxidation of the former substrate by MtL is more endoergonic
than that of the latter, and the difference in redox potential
between the two phenols offsets their difference in steric hindrance.
Consistently, 2-(But)phenol appeared to be far less reactive than
2,6-di(Pri)phenol with MtL, as opposed to the outcome with TviL,
because the redox potential of 2-(But)phenol is hardly matched
by MtL. Finally, problems of very low reactivity prevented
the experimental determination of the kinetic parameters for
oxidation of 2,6-di(But)phenol and 2,4,6-tri(But)phenol with MtL.


Docking of the substrate


Crystallographic studies hint to a crucial role played by another
aminoacidic residue upon enzymatic oxidation. This residue
is Asp206, which is located at the rear wall of the binding
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pocket.27,28,29a Being deprotonated (pKa 3.9)28 at the pH of our
experiments (i.e., 5), it confers a negative charge to the active site.
Substrates that bear the –OH or –NH2 functionality, and that are
not too wide for the ‘gate’ delimited by the two phenylalanines,
are recognised and dragged inside by a specific hydrogen bonding
interaction with Asp206. This interaction imposes a directionality
in the docking of the substrate to the His458 ligand, where
subsequent electron-transfer to T1 Cu will take place.7 The
successful oxidation of both 4-(But)phenol and 4-(But)aniline (cf.
Table 4) confirms that a single substituent in the para position, even
as bulky as the t-Bu group, does not impair access of the substrate
because the directional docking to Asp206 causes the bulky
substituent to point outside the binding cavity. In contrast, two
t-Bu groups in meta positions obstruct the approach and prevent
the satisfactory p-stacking interaction of both 3,5-di(But)aniline
and 3,5-di(But)phenol with His458, no electron-abstraction taking
place (Table 4). One t-Bu group in ortho is certainly more sterically
demanding than in para, and this steric perturbation is comparable
with, or even more pronounced than two i-Pr groups in ortho (cf.
Table 5).


The efficiency of oxidation by laccase changes markedly when
pH conditions other than the physiological ones (i.e., pH 5)
are adopted.17b,41a The role of Asp206 in this juncture is again
important. At pH 3, Asp206 (pKa = 3.9)28 is not deprotonated
and, as a neutral residue, drags a polar substrate inside less
efficiently. The monoelectronic oxidation of phenols by laccase
is thereby delayed,41,42 as the lower conversion found at pH 3 for
both 4-(But)phenol and 2,6-di(Pri)phenol confirmed (underlined
results in Table 4). The recognition role of anionic Asp206
towards phenolic substrates is neatly supported by recent data
acquired with mutants of Trametes versicolor laccase, where
Asp206 was replaced by other aminoacidic residues.42 In par-
ticular, when glutamate replaced aspartate in position 206, an
efficiency of oxidation (expressed by kcat/Km) comparable to that
of the Asp206-containing wild-type was determined towards 2,6-
dimethoxyphenol.42 Because glutamate is deprotonated at pH 5 as
much as aspartate is, a comparable recognition proficiency of the
active site is expected. In contrast, when the polar but not anionic
asparagine replaced aspartate, the kcat/Km ratio for oxidation of
2,6-dimethoxyphenol decreased substantially, the same occurring
on substituting Asp206 with the apolar alanine.42


Conclusions


The dependence of the oxidation proficiency of laccase from
redox features of the substrate as well as from its steric hin-
drance has been investigated in the case of TviL and MtL. The
extent of recovery of the substrate from the oxidation, and the
determination of kinetic parameters by measuring the oxygen
uptake rate, have been taken as an index of the enzymatic
efficiency in the oxidation of significant phenolic substrates. The
redox proficiency of the two enzymes has been comparatively
assessed, and the stronger oxidant TviL came out as more
reactive. Mechanistic insight, provided by a typical physical–
organic approach based on Hammett-like correlations and kinetic
isotope effect determination, which was acquired for the first
time for laccases, confirms the electron-abstraction from the
phenolic substrate to be rate-determining. The efficiency of the two
laccases in the redox oxidation has been found comparable with
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that of a vanadium(V) polyoxometalate, an outer-sphere electron
acceptor endowed with a reduction potential value intermediate
between those of TviL and MtL.35 This finding further supports
a rate-determining outer-sphere electron transfer mechanism in
the enzymatic oxidation. The Marcus reorganisation barrier to
electron-transfer has been determined for the T1 copper site of
TviL, and found small in value as expected for biological metal-
containing electron-transfer sites.6a,8a,38,39 Our study additionally
shows that some phenol and aniline derivatives, in spite of having
a well suited redox potential, fail to be oxidised owing to the
interplay of steric problems, thereby eluding the definition of being
substrates of laccase. Information on the enzymatic active site
provided by crystallographic data from the literature4a,27–29 allows
us to assess the optimal structural requirements for a putative
substrate. The maximum width tolerated (<11–12 Å) in a substrate
for proper fitting to the enzymatic pocket is evaluated, and found
to match the distance between two phenylalanines that mark the
entrance to the active site. Interaction of the putative substrate
with an aspartate residue is another important structural feature
of the active site, responsible for directional docking and efficient
oxidation.


Our reactivity results are mostly gathered with Trametes villosa
laccase, whereas the crystallographic data refers to Trametes
versicolor laccase,27,28 and a similarity of the binding site be-
tween the two enzymes is assumed. This is confirmed by the
fact that Trametes versicolor laccase 3B (GenBank Accession
N◦ AF414109)28 shares more than 63% identity at the protein
level when compared with Trametes villosa laccases (GenBank
Accession n◦ Q99044, Q99046, Q99049, Q99055 and Q99056),
this identity being 99% with the deduced amino acid sequence
of Trametes villosa lac1,43 i.e. the enzyme employed by us. In
addition, most of the aforementioned crucial residues and related
surrounding motifs are highly conserved.1,32,44 Finally, both the
Trametes enzymes have a phenylalanine residue as the axial ligand
to T1 Cu(II), and there is a consensus that this structural feature
is associated with a high redox potential value in laccases.8a,17,27,39


In contrast, MtL has an axial leucine ligand, as the laccase from
Melanocarpus albomyces (PDB entry 1GM0),29b and accordingly
shows a lower redox potential.17b,41 Consistently, MtL behaved less
efficiently in the rounds of oxidation with phenolic substrates.


In conclusion, our investigation on steric and redox features
of putative substrates, inspired by available structural features
of laccase enzymes, might even lead in the future to the design
of mutants endowed with better oxidation proficiency towards a
broader range of substrates, including encumbered ones.


Experimental


Reagents


All phenols employed (Aldrich) and ABTS (2,2′-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid)) were used as received.
Buffers were prepared using ultrapure water obtained with a
MilliQ apparatus. N-Phenyl-acetamide was obtained from acety-
lation of aniline with Ac2O and Zn dust in AcOH at 60 ◦C;45 mp
115–117 ◦C.


Instrumentation


A VARIAN CP 3800 GC, fitted with a 30 m × 0.25 mm methyl
silicone gum capillary column (CPSil5CB), was employed in the


analyses. The identity of the compounds was confirmed by GC-
MS run on a HP 5892 GC, equipped with a 30 m × 0.2 mm methyl
silicone gum capillary column, and coupled to a HP 5972 MSD
instrument, operating at 70 eV. A UV–Vis spectrophotometer (HP
8453 or PerkinElmer Lambda 18) was used. Quartz cells had a 1 cm
optical path.


Enzyme purification


Crude laccases from Trametes villosa (viz. Polyporus pinsitus) and
Myceliophthora thermophila were a kind gift from Novo Nordisk
Biotech (presently, Novozymes). The enzymes were purified by
anion-exchange chromatography on Q-Sepharose Fast Flow, as
previously reported.21 The activity was determined by the ABTS
spectrophotometric assay,46 and was found to be 6000 U ml−1 for
TviL and 1450 U ml−1 for MtL. One unit (U) is defined as the
amount of enzyme producing 1 lmol of product per min under
the assay conditions. The method of Lowry was employed for
the determination of the concentration of laccase in the purified
samples, on using BSA.47


Enzymatic oxidations


Experimental details were given in previous papers.21,24 Briefly, the
oxidations are run in 3 mL of buffered water (0.1 M sodium citrate,
pH 5; buffer A), or in a 2 : 1 buffer A : dioxane mixed solvent,
purged with O2 prior to the addition of the reagents. The substrate
(60 lmol) is incubated with 15 Units of laccase for 24 h at room
temperature under an oxygen atmosphere. Addition of an internal
standard and work-up with ethyl acetate precede GC analysis for
the determination of substrate consumption.


Determination of kinetic constants


The oxygen uptake rate has been determined with a SA 520 Clark
oxygen electrode (Orion Instruments, Boston MA) connected with
a LKB 481 single-channel potentiometric recorder. The reaction
mixture (10 ml) containing variable concentrations (generally from
0.5 to 35 mM) of the tested substrate in 0.05 M citrate buffer
(pH 5.0) was equilibrated at 25 ◦C in the electrode chamber, and the
reaction initiated by adding appropriate amounts of the enzyme.
Maximum reaction velocity (V max), apparent Km, kcat values (kcat =
V max/[enzyme]), and specificity constants (kcat/Km) were calculated
by non-linear regression according to the Michaelis–Menten
relationship. To this aim, the Enzfitter software (Elsevier Biosoft,
Cambridge) was used. The V max is expressed in International Units
(IU), where the IU represents the amount of enzyme (in mg) that
consumes 1 lmol of O2 per min for the oxidation of the substrate.


Computational method


Evaluation of steric hindrance for significant substrates was car-
ried out with the program HyperChem (a trademark of Autodesk,
Inc., Sausalito, CA) at the semiempirical level PM3, full geometry
optimisations being carried out using the Restricted Hartree–Fock
method (RHF). For example, 2,4,6-trimethylphenol approximates
a squared object 6.7 Å wide (the distance between the two
ortho-methyls) and 6.5 Å long (from OH to the para-Me). On
adding the van der Waals radii (i.e., vdW) to the hydrogen atoms
(1.2 Å per H),48 the steric hindrance of the molecule steps up to
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9.1 × 8.9 Å (Table 3). The rendering of the PDB file 1KYA of
Trametes versicolor laccase28 for graphic purposes has been done
with PyMOL software.49


Kinetic isotope effect determination


The laccase-catalyzed oxidation of 2,6-dimethoxyphenol was
monitored spectrophotometrically at 468 nm (e = 2.2 ×
104 M−1 cm−1)41 at 25 ◦C. Either a buffered (0.1 M AcONa–AcOH,
pH 5) water solution or a D2O solution buffered at pH 5 with
AcONa–AcOD-d4 were used. Rapid exchange of D for H within
the phenolic substrate in D2O solution is ensured, and the effect of
this exchange upon oxidation of 2,6-(MeO)2C6H3OD by laccase
was kinetically measured in comparison with the non-deuterated
case. The initial absorbance changes were used to calculate the
V max of product formation (i.e., the radical cation) in the reaction
mixtures. From V max = 0.39 IU in H2O solution, and V max = 0.29
IU in D2O solution, a kH/kD ratio = 1.4 ± 0.1 was determined.


Electrochemical determination


The redox potential of N-phenyl-acetamide was determined as an
Ep value (1.84 V/NHE) by means of the cyclic voltammetry equip-
ment previously described.24a Briefly, the experimental approach
entails a three-electrode system consisting of a glassy-carbon disc
(φ = 1.5 mm) working electrode, an aqueous Hg/HgCl2/saturated
KCl reference electrode, and a Pt reference electrode (1 cm2). The
CV scans of 0.5 mM N-phenyl-acetamide were run at 0.5 V s−1


rate. All the E
1
2 values reported in this paper refer to NHE =


SCE + 0.242 V.
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MtL, Myceliophthora thermophila laccase; POM, polyoxometa-
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20 (a) H. P. Call and I. Mücke, J. Biotechnol., 1997, 53, 163–202; (b) K.


Li, F. Xu and K. E. L. Eriksson, Appl. Environ. Microbiol., 1999, 65,
2654–2660.


21 P. Astolfi, P. Brandi, C. Galli, P. Gentili, M. F. Gerini, L. Greci and O.
Lanzalunga, New J. Chem., 2005, 29, 1308–1317.


22 (a) C. Galli and P. Gentili, J. Phys. Org. Chem., 2004, 17, 973–977;
(b) P. Baiocco, A. M. Barreca, M. Fabbrini, C. Galli and P. Gentili,
Org. Biomol. Chem., 2003, 1, 191–197.


23 B. Branchi, C. Galli and P. Gentili, Org. Biomol. Chem., 2005, 3, 2604–
2614.


24 (a) F. d’Acunzo and C. Galli, Eur. J. Biochem., 2003, 270, 3634–3640;
(b) F. d’Acunzo, C. Galli, P. Gentili and F. Sergi, New J. Chem., 2006,
30, 583–591; (c) A. Calcaterra, C. Galli and P. Gentili, J. Mol. Catal.
B: Enzym., 2008, DOI: 10.1016/j.molcatb.2007.11.023.


25 (a) S. Camarero, D. Ibarra, M. J. Martı̀nez and A. T. Martı̀nez, Appl.
Environ. Microbiol., 2005, 71, 1775–1784; (b) C. Muñoz, G. Guillén,
A. T. Martinez and M. J. Martinez, Appl. Environ. Microbiol., 1997, 63,
2166–2174.


26 (a) M. Balakshin, Ch.-L. Chen, J. S. Gratzl, A. G. Kirkman and H.
Jakob, J. Mol. Catal. B: Enzym., 2001, 16, 205–215; (b) S. Shleev, P.
Persson, G. Shumakovich, Y. Mazhugo, A. Yaropolov, T. Ruzgas and
L. Gorton, Enzyme Microbiol. Technol., 2006, 39, 841–847.


27 K. Piontek, M. Antorini and T. Choinowski, J. Biol. Chem., 2002, 277,
37663–37669.


28 T. Bertrand, C. Jolivalt, P. Briozzo, E. Caminade, N. Joly, C. Madzak
and C. Mougin, Biochemistry, 2002, 41, 7325–7333.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 868–878 | 877
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Manzacidins, a family of bromopyrrole alkaloids, have attracted much attention from the synthetic
community due to their intriguing structures, bearing chiral tertiary and secondary stereocentres in a
1,3-relationship, and biological activities. In this article, we summarise the approaches for the
preparation of manzacidins using novel synthetic methodologies. Organocatalysis and Lewis acid
catalysis, as well as transition-metal catalysis, offered efficient ways to access these molecules.


1 Introduction


Manzacidins A–C (Fig. 1) were first isolated from the Okinawan
sponge Hymeniacidon sp. by Kobayashi et al. as a small family
of the bromopyrrole alkaloids in 1991.1 Following this discov-
ery, manzacidin D from the coralline demosponge Astrosclera
willeyana2 and N-methylmanzacidin C from the marine sponge
Axinella brevistyla3 were identified as new analogs of the man-
zacidin family.4 Despite the interesting pharmacological activities
of some bromopyrrole alkaloids, such as a-adrenoceptor blockers,
antagonists of the serotonergic receptor and actomyosin ATPase,
the scarcity of manzacidins in the marine natural source hampered
the evaluation of their biological activities.5,6 At the same time,
from the synthetic point of view, the structural uniqueness of
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Fig. 1 Structures of manzacidins.


manzacidins, containing a tetrahydropyrimidine core with the
asymmetric 1,3-quaternary-tertiary centres, was considered to
make them suitable target molecules to demonstrate the power
of novel synthetic methodologies.
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2 Diastereoselective Strecker reactions: the first total
syntheses of manzacidin A and C by the Ohfune group7


The first total syntheses and the determination of the absolute
configurations of manzacidin A and C appeared in 2000 by Ohfune
and co-workers.7 The consideration of the biosynthetic pathway of
manzacidins led them to presume the relationship of manzacidin
A and C to be C-6 epimers with an identical S-configured C-
4 stereocentre. According to this assumption, (S)-allylglycinol 1,
which has the absolute stereochemistry corresponding to C-4 of
manzacidin A and C, was chosen as a starting material (Scheme 1).
This material could be readily available from L-allylglycine or N-
Boc-L-aspartate c-benzyl ester.8 At first, amino alcohol 1 was
transformed into the key precursor for the diastereoselective
Strecker reaction (2) incorporating the L- or D-phenylalanine
moiety as a chiral auxiliary.9 The imine formation and Strecker
reaction were carried out in one pot by sequential treatment with
TMSOTf and 2,6-lutidine,10 then TMSCN and ZnCl2 to give
the corresponding amino nitrile 3 with the requisite quaternary
centre as a single diastereomer. The stereochemical outcome could
be easily rationalised by the preferential nucleophilic attack of
cyanide to the imine from the opposite face of the benzyl group.


Scheme 1


The stage was now set for the removal of the phenylalanine
moiety, which was found to be rather difficult. Consequently, the
amino nitrile 3a, containing the stereochemistries corresponding
to manzacidin A, was oxidized with ozone to give the imino ketone
4 (Scheme 2). Acidic treatment of this intermediate provided the
fully deprotected and hydrolysed diamino carboxylic acid, which
was further converted to Boc-protected amino alcohol 5 in 3 steps.
Oxidation of 5 furnished the lactone 6 by the preferential oxidation
of the less hindered alcohol, and successive acid-catalyzed Boc
removal and tetrahydropyrimidine ring formation with trimethyl
orthoformate provided the core unit of manzacidin A (7a). The
attachment of the bromopyrrole moiety by the treatment of 7a with
NaH followed by 8 in DMF completed the synthesis of manzacidin
A. It should be noted that this esterification condition was
generally applied to all of the succeeding syntheses of manzacidins.


The synthesis of manzacidin C was then examined using 3b
as a key intermediate (Scheme 3). Since the oxidation of 3b by
ozone was not fruitful, they implemented the rhenium-catalyzed


Scheme 2


Scheme 3


N-oxidation11 and successive acidic hydrolysis. Treatment of
N-hydroxy compound 9 with concentrated HCl furnished the
unexpected product, cyclic urea 10, while yielding D-phenylalanine
as a side-product. Sequential deprotection–protection of 10 gave
the mixture of 11a, 11b and a small amount of the desired 12.
Undesired materials 11a and 11b were then converged to 12 by an
additional 2 steps. The endgame of the synthesis could be easily
completed by following the steps delineated in Scheme 3 to give
manzacidin C.


The synthetic compounds were identical in all aspects with
natural manzacidins including the sign of [a]D. Thus, the relative
and absolute configurations of manzacidin A and C were unam-
biguously established to be (4S,6R) and (4S,6S) respectively.


3 Rhodium-catalyzed stereospecific C–H amination:
syntheses of manzacidin A and C by the Du Bois
group13


The Du Bois group has been extensively working on the oxidative
C–H amination by the use of rhodium catalysis.12 They set out
the syntheses of manzacidin A and C to highlight the distinctive
power of their stereospecific C–H amination strategy.13


Their syntheses began with the chiral a-hydroxy ester 13,
which could be obtained in >90% ee by the use of Evans
and co-workers’ asymmetric ene reaction of ethyl glyoxylate.14
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Diastereoselective hydrogenation of this material catalyzed by
cationic Rh(I) species was then examined to prepare appropriate
substrates for the successive C–H amination reaction (Scheme 4).
Use of (R)-PHANEPHOS as a chiral ligand favorably furnished
the hydrogenated compound 14a as a precursor for the synthesis
of manzacidin A, whereas the Rh(I)-(S,S)-Et-DuPHOS catalyzed
reaction yielded 14b exclusively.


Scheme 4


After sulfamoylation of 14a and separation of the minor
isomer derived from the concomitant 14b, the key stereospecific
rhodium-catalyzed C–H amination of 15a was carried out to
give the oxathiazinane 16a in 85% yield as a single isomer
(Scheme 5). Following N-Boc protection of 16a, the azide group
was introduced by the inversion of the configuration to give
17a. Hydrogenation of the azide, formylation of the so-obtained
amine and dehydration by POCl3 afforded the Boc-protected
core unit 18a. Removal of protecting groups and attachment of
the bromopyrrole moiety completed the synthesis of manzacidin
A. Manzacidin C could also be successfully synthesised from 14b
by following the same procedure.


Scheme 5


4 Asymmetric aza-Mannich reactions: synthesis of
manzacidin C at Johnson & Johnson15


Lanter and co-workers at Johnson & Johnson developed the
intermolecular asymmetric aza-Mannich reactions and applied


this method to the synthesis of manzacidin C.15 By the use of the
sulfinimine strategy developed by Davis’s and Ellman’s groups,16


they achieved the highly diastereoselective addition of chiral
N-tert-butylsulfinimines of methyl ketones (19) to (E)-N-tert-
butylsulfonyl (Bus) imines 20 to give b-sulfonamido sulfinylimines
21 (Scheme 6).


Scheme 6


To demonstrate the synthetic utility of this aza-Mannich
approach, the synthesis of manzacidin C was implemented starting
from 21d (Scheme 7). Addition of methyl Grignard to the
imine proceeded in a highly diastereoselective manner, and the
following removal of the N-sulfinyl group by treatment with
HCl furnished the diamine 22. Incorporation of the formate
equivalent and acidic removal of the N-sulfonyl group provided 23
without epimerization. The olefin part of 23 was then converted
to the carboxylic acid by sequential ozonolysis and oxidation.
Deprotection of the benzyl group and esterification of so-obtained
7b by the procedure of Ohfune et al. completed the synthesis of
manzacidin C.


Scheme 7


5 Lewis acid-catalyzed enantioselective 1,3-dipolar
cycloadditions of diazoacetates and a,b-unsaturated
carbonyls: synthesis of manzacidin A by the Maruoka
and Sibi groups17,18


In 2006, we reported the chiral titanium Lewis acid-catalyzed
asymmetric 1,3-dipolar cycloadditions of a-substituted acroleins
24 and alkyl diazoacetates 25 as a means of produc-
ing 2-pyrazolines containing a chiral quaternary stereocentre
(Scheme 8).17 The use of titanium BINOLate, composed of
(S)-BINOL and Ti(OiPr)4 or {(iPrO)3Ti}2O,19 provided the cy-
cloadducts 26 in moderate yields with the enantiomeric excesses
ranging from 80 to 94%.


The highly functionalised nature of the cycloadduct containing
ester, aldehyde, imine and amine moieties was envisaged to be
a suitable precursor for the preparation of manzacidins. The
synthesis was initiated with the reduction of the aldehyde moiety
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Scheme 8


by NaBH4 (Scheme 9). Methyl orthoformate was then introduced
to give the bicyclic compound 27 as a bench stable compound.


Scheme 9


With this key intermediate in hand, we devised the one-pot
sequential transformations of 27 under hydrogenation conditions,
expecting the tandem hydrolytic release of the N-formyl group,
imine hydrogenation, reductive N–N bond cleavage and tetrahy-
dropyrimidine formation as shown in Scheme 10.


Scheme 10


Several experiments unraveled the usefulness of the Raney
nickel-catalyzed hydrogenation in an iPrOH–H2O co-solvent
system, giving the mixture of 7a and ent-7b. Involvement of
the hydrolysis of 27 to 28 at the first stage was experimentally
confirmed by the fact that the tandem reaction of 27 conducted
in the presence of only small amounts of water was found to
be very sluggish, while the reaction of the separately synthesized
compound 28 proceeded smoothly. The intermediacy of the imine
reduction product 29 could be ascertained by the LC-MS analysis
of the reaction showing the gradual accumulation of the peak at
m/z 239.2 (29 + Na+). Cyclisation of diamine 30 to 31 seems to be
fast, since no peak corresponding to 30 was observed by LC-MS.


What we did not anticipate in this tandem reaction was the
rather good diastereoselectivity for the imine hydrogenation (dr =
85 : 15) and the ester hydrolysis in situ, giving the free carboxylic
acid 7a as a major product. As the Merck Frosst group’s research
on manzacidin D (vide infra) revealed the facile epimerisation
of the ester similar to 31 under basic conditions, we speculated
that the epimerisation of 31 might be rather feasible. In this
scenario, the tetrahydropyrimidine moiety of 31 might be acting
as a base (Scheme 11). The lactonisation could be facilitated when


Scheme 11


the alcohol and ethyl ester moieties came to the cis-orientation.
The successive hydrolytic opening of the lactone would lead to the
preferential formation of 7a. The direct hydrolysis of the ester by
water or the partial epimerisation of 7a could be the pathway for
the formation of ent-7b.


Attachment of the bromopyrrole moiety to the mixture of 7a
and ent-7b, and separation of the diastereomers by preparative
HPLC provided the analytically pure manzacidin A in 50%
from 27, concomitant with a small amount of ent-manzacidin
C (Scheme 9). The distinctive feature of our method is the
avoidance of any protection–deprotection steps, which enabled
the expeditious synthesis of manzacidin A (only 5 steps starting
from the commercial sources).


Recently, Sibi and co-workers have developed the enantios-
elective 1,3-dipolar cycloadditions of diazoacetates and a,b-
unsaturated pyrazolidinone imides 32 using Mg(NTf2)2–33 as a
chiral Lewis acid catalyst (Scheme 12).18 The notable advantage
of this protocol was the applicability to various a- and/or b-
substituted unsaturated carbonyls providing the cycloadducts
in good yields with an excellent level of enantiocontrol. The
cycloadduct 34d was successfully converted to manzacidin A,
following the procedure developed by us.17a


Scheme 12


6 Organocatalyzed asymmetric tandem conjugate
addition–protonation: formal syntheses of manzacidin
A and C by the Deng group20


Deng et al. have been working on the development of organocatal-
ysis, focusing on the use of cinchona alkaloids and their derivatives
as catalysts.21 Along this line, asymmetric Michael addition of
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a-substituted cyanoacetates and ketones 35 to 2-chloroacrylo-
nitrile 36 was investigated using quinine- and quinidine-derived
catalysts with a C6′-OH group as dual-function catalysts
(Scheme 13).20a The uniqueness of this catalytic system is the
two sequential stereo-induction steps comprised of asymmetric
conjugate addition and protonation, which enabled the formation
of 1,3-tertiary-quaternary centres with high stereoselectivities.


Scheme 13


As 1,3-tertiary-quaternary centres were considered to be the
fundamental structure of manzacidins, they set out the formal syn-
thesis of manzacidin A starting from 38c obtained by the reaction
of 35 (R = Me, X = SMe) and 36 catalyzed by 37b (Scheme 14). To
introduce the nitrogen moiety to the carbon skeleton, nucleophilic
substitution of chloride to azide was first accomplished. Diol
39 could be obtained through the methanolysis of the less-
hindered cyanide group and the reduction of the thus-formed
ester and thioester. Silylation of the diol and hydrolysis of the
remaining cyanide by Ghaffar and Parkins’ procedure22 provided
the amide 40. After the hydrogenation and Boc-protection of
40, the additional amine moiety could then be introduced by
Hoffman rearrangement.23 Desilylation of this compound led to
5, the common intermediate developed by Ohfune et al., thus
completing the formal synthesis of manzacidin A.


Scheme 14


Shortly after this discovery, Deng et al. also reported a method
which bestows the complementary sense of diastereoselectivity
in this asymmetric tandem asymmetric conjugate addition–
protonation process by using the quinine- or quinidine-derived
catalyst bearing a thiourea moiety such as 41 (Scheme 15).20b By
the use of this method, Michael adduct 42, the diastereomer of
38c, with the (R)-configuration at the quaternary centre could be
obtained in 98% yield with 96% ee. Following the synthetic plan
described above, 42 was transformed into Boc-protected diamine
43 to complete the formal synthesis of manzacidin C.


Scheme 15


7 Diastereoselective isothiourea iodocyclization:
synthesis of (±)-manzacidin D at Merck Frosst24


A group at Merck Frosst planned to synthesize manzacidins by
the isothiourea cyclisation to give the heterocyclic core.24 The
requisite substrate for the key cyclisation was easily prepared in 4
steps starting from benzophenone imine glycine tert-butyl ester 44
(Scheme 16). Namely, the alkylation of 44 with methallyl bromide,
followed by acid hydrolysis of benzophenone imine gave amino
acid ester 45, which in turn was sequentially treated with methyl
isothiocyanate and methyl iodide to give the isothiourea 46. By
conducting the reaction of 46 and IBr at low temperature, the
heterocycle 47 could be obtained in nearly quantitative yield with
exclusive stereoselectivity.


Scheme 16


The remaining challenge to accomplish the synthesis was the
effective conversion of cyclic thiourea 48, which could be obtained
by the hydrolysis and demethylation of 47, to the tetrahydropy-
rimidine (Scheme 17). After some unfruitful experiments using


Scheme 17
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metal-promoted processes, the focus was then moved to the
desulfurisation under oxidative conditions.25 Consequently, the
clean conversion of 48 to 49 was finally realised by treatment with
urea hydrogen peroxide. As the isolation of 49 by silica gel column
chromatography was problematic due to the epimerisation of the
a-carbon of the ester, the crude material was directly hydrolysed to
give 50 with minimal epimerisation. By the use of similar strategy
to Ohfune et al., the pyrrole moiety could be introduced to give
manzacidin D.


The additional notion of this synthesis is the potential utility of
phase-transfer catalyzed asymmetric alkylation of 44 using 51 as
catalyst, which is known to give the optically enriched intermediate
52 with 99% ee, as a means to provide optically pure manzacidin
D (Scheme 18).26


Scheme 18


8 Structural revision of manzacidin B by the
syntheses of four possible isomers27


Compared to the growing number of methods available for the
syntheses of manzacidin A, C and D as described above, the


synthesis of manzacidin B bearing one additional chiral centre
has remained elusive. In 2007, Ohfune, Shinada and co-workers,
who took a leading role in the syntheses of manzacidin A and
C, succeeded in confirming the relative and absolute structure of
manzacidin B by synthesizing all of its 4 possible diastereomers
(53a–d) with the fixed (6R)-configuration (Scheme 19).27 The
optically active (R)-a-methyl Garner aldehyde 54, which could be
easily prepared by their own protocol in multigram quantities,9a


was employed as a starting material for all syntheses. Thus,
the stereochemistries required for the syntheses of (4R,5S,6R)-
53a and (4S,5R,6R)-53b could be introduced by the Wittig
olefination of 54 and the osmium-catalyzed dihydroxylation of
the thus-formed (E)-olefin. The diol 55, isolated as a mixture
of two diastereomers, was converted to 56a and 56b by the
sequential treatment with 1,1′-thiocarbodiimidazole (TCDI) and
sodium azide.28 After the separation of the two isomers, each
isomer was then transformed into the desired possible isomers of
manzacidin B by hydrogenation of the azide, global deprotection,
tetrahydropyrimidine formation and bromopyrrole attachment.
However, the spectra of 53a and 53b were not identical to natural
manzacidin B.


To access two other possible isomers, copper-catalyzed aldol
reaction of isonitrile 57 with aldehyde 54 was implemented with
consideration of the dominant formation of trans-oxazolines by
this method.29 As anticipated, trans-oxazolines 58a and 58b could
be obtained in the ratio of 7 : 1 as an inseparable mixture.
Acidic removal of the protecting groups furnished the diamine
without changing the diastereomeric ratio. However, after the
final amidination and esterification, the products were obtained
as a 2 : 1 mixture of 53c and 53d along with the unexpected 53b.
This observation indicated the possibility of the epimerization
of 53c under the reaction conditions. This assumption was then
confirmed by the re-subjection of the isolated 53c to sodium
hydride in DMF, which actually led to the complete conversion of
53c to 53b. On the other hand, the other isomer 53d remained


Scheme 19
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intact under these basic conditions. Since the spectra of 53d
was identical to natural manzacidin B in all aspects, the relative
and absolute structure of manzacidin B was finally revised and
established as (4S,5S,6R).


Conclusions


Based on the leading works of Ohfune et al., syntheses of
manzacidins became the appropriate scaffold to highlight the
utility of new synthetic methodologies. A few hundred milligrams
of manzacidins can be now available, thus enabling the evaluation
of their biological activities in depth. At the same time, this
research would allow facile access to the derivatives of manzacidins
for biological and medical studies.


However, the synthetic approaches reported to date seem to be
inapplicable to manzacidin B, a simple analogue which contains a
chiral secondary alcohol moiety in the tetrahydropyrimidine core.
The challenge still remains in the development of methods which
realise the concise and scalable total synthesis of manzacidin B.
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We have synthesised two guanosine derivatives that are linked to biotinylated adenosine moieties by
using two different strategies, one that includes synthetic steps on the solid phase and another one that
is performed entirely in solution. The synthesised derivatives were shown to function as initiator
molecules in transcription priming experiments. The incorporation efficiency was determined to be
approximately 2%. Even though this value is rather low, the use of either molecule in selection
experiments seems reasonable. Basically, RNA libraries with sequence complexities of 1015 to 1016 can
be generated. Labelling of such a library with our initiator molecule would still produce 1013 to 1014


labelled/functionalised sequences, and thus sufficient sequence space for selection.


Introduction


The discovery that RNA is capable of catalysing a wide variety of
chemical reactions has significantly supported the hypothesis of an
‘RNA world’, where RNA molecules were carriers of information
as well as functional players in the amplification, adaptation and
realisation of this program.1 To further extend the repertoire of
RNA-catalysed reactions, a number of studies have been carried
out using the powerful method of in vitro selection, whereby a
catalyst for a specific reaction is selected from a random RNA
library. Thus, RNAs that catalyse classical organic reactions such
as, for example, a Diels–Alder reaction,2 a Michael addition3 or
an aldol reaction,4 have been developed.


The typical assay for selection of a catalyst to enhance reaction
between two reactants A and B requires linking of a potential
reactant to the members of the RNA library, preferably via a
flexible tether, while the other reactant is decorated with a suitable
affinity tag, e.g. biotin. RNAs that accelerate the reaction of
the attached reactant with the second reactant carrying the tag
become tagged themselves, and subsequently can be separated
by affinity chromatography. While biotinylation is rather easily
accomplished, conjugation of a potential reactant to the members
of the RNA library is a more difficult task. In vitro selection
involves iterative rounds of selection and amplification requiring
enzymatic procedures for reverse transcription of RNA into DNA
and transcription of amplified DNA back into RNA. Therefore,
modification of the RNA molecules in the library has to be
repeated in each round. The most common strategies involve post-
transcriptional protocols, attaching the specific reactant either
to the 3′-end or to the 5′-end of RNAs in the library. 3′-End
modification uses the unique properties of the 3′-terminal cis-
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diol. It can be specifically oxidised with periodate, and the
obtained dialdehyde can be reacted with an amine or hydrazine-
functionalised derivative of the compound of interest to yield
the reactant–RNA conjugate.5 Alternatively, the reactant can be
conjugated to the 5′-end of the RNA molecules of the library. A
possible route to this goal is 5′-thiophosphorylation by chemical
or enzymatic means, and subsequent reaction of the nucleophilic
thiol with a suitably activated derivative of the compound to be
attached.6,7


In addition to post-transcriptional strategies, 5′-end modifi-
cation of RNA can be also achieved co-transcriptionally by
transcription priming.8 T7 RNA polymerase is the most widely
used enzyme for preparation of RNA by run-off transcription in
vitro. It has been shown that 5′-modified guanosine derivatives are
accepted instead of GTP as starting nucleoside in the initiation
step, but owing to the missing 5′-triphosphate, cannot be used
during elongation.9 Thus, conjugates of guanosine or guanosine
monophosphates have been shown, if provided in excess, to be
incorporated at the 5′-end of the produced RNA molecules by T7
RNA polymerase.4,6,9–13


Within a project that focuses on the selection of ribozymes
that support deamination of nucleosides as an important step
in RNA editing, we have synthesised biotinylated adenosine and
cytidine derivatives and linked those to guanosine. The obtained
conjugates were subsequently used for transcription priming in
order to generate a library of RNA molecules carrying for example
compounds 1 or 2 (Fig. 1) at their 5′-end. In the strategy we have
devised, selection will not rely on reaction of an attached reactant
with a tagged reactant as described above. On the contrary, we
intend to immobilise the entire library on a solid phase and to select
for species that are released into solution upon reaction. For this
purpose, the exocyclic amino group at C-6 of the adenine residue is
linked to biotin. This decoration allows for a selection procedure
involving immobilisation of the biotinylated RNA library on a
streptavidin-coated surface. Upon incubation of the immobilised
library under suitable reaction conditions, beneficial variants will
be released into solution and can be filtered from non-functional
members of the library. Here we describe the synthetic route to


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 899–907 | 899







Fig. 1 Adenosine–guanosine conjugates used in transcription priming
reactions. 1 was obtained by solid phase phosphoramidite chemistry; 2
was synthesised in solution.


compounds 1 and 2 and their evaluation as initiator molecules in
transcription priming.


Results and discussion


In our effort to synthesise initiator molecules that allow for the
attachment of a functionalised adenosine residue to the 5′-end
of RNA by transcription priming, we have prepared two different
adenosine–guanosine conjugates, 1 and 2. Synthesis of the initiator
molecules was accomplished by modifying the guanosine and
adenosine moieties separately and eventually coupling them via
a hexaethylene glycol tether.14


Both compounds 1 and 2 carry a biotin residue at the N6-
position of the adenine base. The guanosine moiety is linked
to hexaethylene glycol via its 5′-phosphate. The glycol linker in
turn is connected to a 2′-phosphate (in the case of 1) or 5′-
phosphate (in the case of 2) of the sugar moiety of adenosine.
Two related strategies were applied to the synthesis of the
guanosine 5′-conjugates 1 and 2, one involving solid phase
coupling of nucleoside derivatives, the other involving full solution
chemistry.


Strategy 1: Solid phase coupling of functionalised adenosine to
guanosine


In our first approach, coupling of a suitably modified guanosine
derivative 4 to the biotinylated adenosine 3 was carried out on the
solid phase using phosphoramidite chemistry and an automated
DNA/RNA-synthesiser, yielding 1 as a 2′,5′-tethered dinucleotide
derivative in nanomolar quantity (Fig. 2).


Synthesis of the adenosine moiety started with acetylation of the
2′-, 3′- and 5′-hydroxy groups of adenosine 5 (Fig. 3). Although
it does not obstruct the following reactions, the aminoacetylated
side product was removed by silica gel chromatography to isolate
the pure triacetylated product 6. Synthesis of the 6-iodo derivative


Fig. 2 Solid phase synthesis of 1. Coupling of components 3 and 4
by phosporamidite chemistry and successive deprotection yields com-
pound 1.


7 was then accomplished by photochemically induced substitution
of the exocyclic amino group by iodine.


To this end, 6 was reacted with isopentyl nitrite in an iodine-
donating solvent (CH2I2) at 60 ◦C followed by irradiation with
visible light according to a procedure introduced by Nair and
Richardson.15 This procedure allows for the synthesis of purinyl
halogenides, which are well suited for the introduction of alkyl
residues at the N6-position of adenosine. There are other ways of
fulfilling this task,16 many of which, however, require the use of
HMPT, known to be a rather strong carcinogen.17 Synthesis of the
iodine derivative, as carried out here, avoids the use of this highly
carcinogenic solvent and thus seemed to be the more convenient
procedure. Furthermore, it has been successfully applied by other
groups and it was reported that successful substitution can be
achieved even in the absence of irradiation.18 Thus, we were able
to obtain the acetylated 9-iodoadenosine 7 in 43% yield.


Next we introduced a linker to the N6-position to be used
for attachment of biotin. The 3,6-dioxa-8-N ′-BOC-aminooctyl
linker was synthesised from unprotected 2,2′-(ethylenedioxy)bis-
(ethylamine) by reaction with di-tert-butyldicarbonate based on a
method reported by Sigal et al.19 The BOC-protected linker was
coupled to 7 by reaction in ethanol under reflux for 6 hours. The
concomitant deacetylation of the ribose moiety was completed
by treatment with 25% aqueous ammonium hydroxide, and the
product 8 was obtained after chromatographic purification in 64%
yield.


Further synthetic steps involved renewed protection of the
3′- and 5′-OH groups, removal of the BOC group from the
aliphatic linker amino function, coupling it with biotin, and
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Fig. 3 Introduction of the 3,6-dioxa-8-N ′-BOC-aminooctyl linker at
the N6-position of the adenine base. Reagents and conditions: I) 4 eq.
acetic anhydride, 4-DMAP, pyridine, 24 h, RT, 50%. II) 30 eq. methylene
iodide, 19 eq. isoamyl nitrite, 5 h, 60 ◦C, 43%. III) 4.8 eq. N-BOC-2,2′-
(ethylenedioxy)bis(ethylamine), ethanol, 25% NH4OH, 64%. IV) 1 eq.
1,3-dichloro-1,1′,3,3′-tetraisopropyldisiloxane, pyridine, 2 h, RT, 84%.
V) 50% CF3COOH in CHCl3, 20 min, RT; 0.8 eq. 2-succinimi-
do-1,1,3,3-tetramethyluronium tetrafluoroborate (TSTU), 0.8 eq. bi-
otin, overnight, RT, 67%. VI) 1.8 eq. (2-cyanoethyl-N,N-diisopropyl)-
chlorophosphoramidite, 7.5 eq. diisopropylethylamine, CH2Cl2, ethyl
acetate, 76%.


finally preparation of the 2′-phosphoramidite. As shown in Fig. 3,
selective 3′,5′-OH protection of 8 was accomplished with the
Markiewicz silyl group to yield 9. The BOC group was removed
from the amino linker using 50% CF3COOH in CHCl3, and
the resulting primary amino group was coupled to biotin that
was functionalised as an active succinimidyl ester. The resulting
nucleoside derivative 10 was then reacted with (2-cyanoethyl-N,N-
diisopropyl)chlorophosphoramidite to yield building block 3. This
was then coupled to immobilised derivatised guanosine 4 on the
solid phase to generate initiator molecule 1 (Fig. 2). First, CPG
loaded with 1 lmol guanosine was reacted with hexaethylene
glycol phosphoramidite in an automated synthesiser using the
standard protocol,20 followed by coupling of 3 without changes.


After deprotection and cleavage from the solid phase, 1 was
purified by reverse phase chromatography (Fig. 4A). The product
was assigned to the large peak with a retention time of 40 min (peak
II) in the HPLC diagram. Further mass spectrometric analysis
(MALDI) clearly identified the product as the desired adenosine–
guanosine conjugate 1. A smaller peak (peak I, retention time 20
min) presumably represents the guanosine–hexyl adduct resulting


Fig. 4 A) HPLC reverse phase purification of 1; A254 represents the
absorption at 254 nm. B) ESI-spectrum of the pooled HPLC-fractions
from peak II; r.I. represents the relative intensity. The peak at 1312.5
corresponds to molecule 1. For further details refer to main text.


from uncoupled conjugate 4. Smaller peaks surrounding the main
peak may result from incompletely deprotected initiator molecule
1 (peak III). The still present protecting groups lead to a higher
hydrophobicity, resulting in a longer retention time relative to the
fully deprotected product.


Since it can be carried out in part by an automated process,
the method described represents a relatively quick route for
synthesis of the initiator molecule 1. However, it has to be noted
that a large excess of the phosphoramidite 3 (15-fold over solid
phase reactant) is required for coupling in solid phase synthesis.
Furthermore, solid phase coupling with our facilities is limited
to the lmol scale, thus requiring iterative coupling reactions in
order to produce 3 in larger amounts. In order to overcome this
restriction, a second method was developed, which is performed
in solution and requires equimolar amounts of coupling partners.
Additionally, the solution-based method allows for synthesis of
initiator molecules on higher scales.


Strategy 2: Coupling of functionalised adenosine to guanosine in
solution


As an alternative to solid phase coupling as described above,
the synthetic route in solution involves coupling of a guanosine
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5′-phosphoramidite to the 5′-OH group of the biotinylated adeno-
sine derivative via a hexaethylene glycol bridge (product 2 in
Fig. 1).


First, we aimed to couple an equimolar amount of mono-
DMT-protected hexaethylene glycol to the protected adenosine
phosphoramidite 3. However, we did not observe any coupling
product. Possibly, steric hindrance due to the bulky silyl groups
at the 5′- and 3′-OH hampers reaction at the neighbouring 2′-
O-phosphoramidite in solution. Also, problems concerned with
loss of the rather labile cyanoethyl group at the phosphorus in
solution chemistry have been reported.21 Therefore, we changed
the synthetic strategy for the adenosine part, as depicted in Fig. 5.
Instead of the labile cyanoethyl group, we chose the more stable
methyl group for protection of the phosphite, and decided to
couple the adenosine and guanosine moieties via the primary 5′-
OH groups of both sugar residues.


Fig. 5 Synthesis of the adenosine derivative phosphoramidite 14 for
coupling in solution. Reagents and conditions: I) 1.4 eq. DMTCl, 3.6 eq.
NEt3, 4-DMAP, pyridine, 24 h, RT, 76%. II) 13 eq. isobutyric anhydride,
pyridine, 24 h, RT, 93%. III) 5% CCl3COOH in CHCl3, 20 min, RT,
73%. IV) 1.8 eq. (methyl-N,N-diisopropyl)chlorophosphoramidite, 7.5 eq.
diisopropylethylamine, 1 h, used as crude product, quantitative yield
assumed from TLC analysis.


Thus, 8 was selectively protected with a DMT-group at
the 5′-OH to provide 11, followed by isobutyrylation of the
remaining free 2′- and 3′-OH functionalities to result in 12.
After removal of the DMT-group (13), the 5′-methyl-N,N-
diisopropylphosphoramidite 14 was prepared and used without
further purification for the coupling reaction with the guanosine
moiety 15. The guanosine moiety 15 was synthesised as shown in
Fig. 6.


Guanosine 16 was isobutyrylated at the N2-position
and crystallised from water to give sufficiently pure N2-
isobutyrylguanosine 17. The 5′-position was protected with a
DMT-group (18) followed by isobutyrylation of the 2′- and 3′-
OH groups (19). The following removal of the DMT-group by
treatment with 5% trichloroacetic acid delivered 20, which was
converted into the 5′-O-methylphosphoramidite 21 and subse-
quently coupled with a mono-DMT-protected hexaethylene glycol
linker. Final detritylation delivered building block 15 in reasonably


Fig. 6 Synthesis of the guanosine–hexaethylene glycol conjugate 15.
Reagents and conditions: I) 8 eq. TMSCl, 10 eq. isobutyric anhy-
dride, 25% NH4OH, RT, 26%. II) 1.3 eq. DMTCl, NEt3, pyridine,
overnight, RT, 41%. III) 10 eq. isobutyric anhydride, pyridine, 78%.
IV) 5% CCl3COOH in CH2Cl2, 20 min, pyridine, RT, 49%. V) 1.8 eq.
(methyl-N,N-diisopropyl)chlorophosphoramidite, 7.5 eq. diisopropy-
lethylamine, 1 h, CH2Cl2, used as crude product, quantitative yield
assumed from TLC analysis. VI) 1.0 eq. DMT-hexaethylene glycol,
acetonitrile, 0.45 M tetrazole solution; 5% CCl3COOH in CHCl3, 20 min,
RT, 35%.


good yield. This was then coupled to the adenosine derivative 14
as shown in Fig. 7.


The coupling product 22 was BOC-deprotected to give 23 and
biotinylated to provide 24 in a manner similar to that described for
the synthesis of compound 3 (Fig. 3). Removal of the methyl group
from the phosphate was performed using disodium 2-carbamoyl-
2-cyanoethylen-1,1-dithiolate (“Na2S2”) followed by treatment
with a 1 : 1 mixture of 32% aqueous ammonium hydroxide and
methylamine to deprotect the 2′- and 3′-OH functionalities.22 The
obtained initiator molecule 2 was purified by HPLC on a reverse
phase column. Fig. 8 shows the reverse phase HPLC diagram
and the MALDI spectra. Peak III was identified as the desired
compound 2 by mass spectrometry and NMR. Peak II presumably
results from uncoupled, deprotected compound 15, which is in
analogy to observed peak II in Fig. 5. The intense peak I results
from the UV-visible reagent Na2S2, which was used in excess during
the deprotection procedure.
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Fig. 7 Reagents and conditions: I) 0.45 M tetrazole, acetonitrile, 83%. II)
30% CF3COOH in CH2Cl2, quantitative yield. III) TSTU, biotin, 52%.
IV) Na2S2, 32% NH4OH, MeNH2, quantitative yield assumed from TLC
analysis.


Transcription priming with initiator molecules 1 and 2


After extensive qualitative analysis of both compounds 1 and
2 to ensure their identity, we carried out initial experiments on
transcription priming. To this end, derivatives 1 or 2, respectively,
were added in different molar ratios to a transcription mixture
containing the four natural nucleoside triphosphates, a model
DNA template and T7 RNA polymerase. After reaction, product
RNAs were separated by electrophoresis through 10% denaturing
polyacrylamide gels and subsequently blotted onto a nylon mem-
brane. The membrane was incubated with streptavidin-conjugated
alkaline phosphatase. Thus, after several washing steps, alkaline
phosphatase remains bound to the membrane only at the sites
containing biotinylated RNA. Upon incubation with a solution
of a pro-luminescent compound (CDP-Star), biotinylated RNA
can be identified due to alkaline phosphatase-induced conversion
of CDP-Star into a chemiluminescence marker.


Fig. 9 shows examples of transcription priming reactions of a
55-mer RNA (HP-WTL) with initiator molecule 2. In individual
experiments, different concentrations of 2 were applied, whereas
the concentrations of NTPs were kept constant. Fig. 9A shows
the effect of augmentation of the initiator concentration on total
RNA yield: the higher the initiator concentration, the smaller the
total yield of transcription product. This is in agreement with


Fig. 8 A) HPLC reverse phase diagram of biotinylated adenosine–guano-
sine conjugate 2. A254 represents the absorption at 254 nm. B)
MALDI-spectrum of the pooled HPLC-fractions from peak III; r.I.
represents the relative intensity. Peaks at 1315.0, 1337.0, 1359.1 and 1381.0
correspond to the molecular ion and the molecule with 1, 2, or 3 bound
Na+ ions, respectively.


Fig. 9 Transcription reactions in presence of different concentrations of
2 (RNA: HPWTL 55-mer). Figures represent the ratio of initiator concen-
tration to GTP concentration (2 mM) in standard transcription reactions
(concentrations of ATP, CTP, and UTP were also 2 mM). A) Standard
reaction analysed by denaturing polyacrylamide gel electrophoresis. Bands
are visualised by UV shadowing. RNA yield diminishes with growing
initiator concentration. B) Chemiluminescence proof of incorporation of
the biotin-carrying initiator molecule. Note that there is no spot for the
transcription reaction without initiator molecule.
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similar results obtained for other derivatives.14 Fig. 9B shows the
incorporation of the initiator molecule by detecting the present
biotin with a chemiluminescence assay. Obviously, an excess of
initiator molecule 2 over natural GTP does not significantly
enhance the yield of primed RNA. Thus, it can be concluded
that a 1 : 1 molar ratio of initiator 2 to natural GTP is most
suitable for both overall yield of the transcript and incorporation
of the initiator. Similar results have been obtained with
initiator 1.


In order to better quantify the efficiency of incorporation
of the synthesised initiator molecule, we chemically synthesised
a 39-mer RNA HHR6-St. The phosphoramidite 3 of biotiny-
lated adenosine was coupled via a hexaethylene glycol unit
to the 5′-end of this RNA by solid phase chemistry. Thus,
the chemically synthesised RNA HHR6-St is identical to the
RNA HHR6 that was functionalised statistically by transcription
priming experiments with initiator 1, and nearly identical to
RNA HHR6 that was prepared and primed with initiator 2
(Fig. 10A).


The chemically synthesised 39-mer was used as a standard
to estimate the extent of incorporation of initiator in a tran-
scription priming reaction. To this end, defined amounts of
statistically labelled 39-mer HHR6 obtained by transcription
priming with 2 were blotted together with defined amounts of
the fully labelled synthetic standard RNA HHR6-St. The chemi-
luminescence that appeared upon incubation with streptavidin-
linked alkaline phosphatase and the pro-luminescent compound
CDP-Star as described above was analysed in a photo-system,
and quantified by analysis of the chemiluminescence intensities.
By comparison between the standard and the priming product
chemiluminescence, the efficiency could be determined to be ∼2%.
Changes in the ratio of concentrations of initiator 2 and GTP
during the priming reactions did not significantly improve this
efficiency. The rather low incorporation efficiency could be due
to a comparably low hydrophobicity of the initiator molecule,
which has been shown to reduce incorporation.11,23 Additionally,
the steric hindrance of both 1 and 2 might also diminish
efficiency.


Even though transcription priming with the initiator molecules
1 and 2 has so far delivered only about 2% of the RNA population
as primed products, the strategy has the potential to be used for
functionalization of RNA libraries. The sequence complexity of
RNA libraries is supposed to be about 1015 to 1016 molecules; 2% of
this library still corresponds to 1013 to 1014 molecules. Therefore,
initial transcription priming with 2% yield decreases the size of
the library by two orders of magnitude, and even though the
major part of the initial population is lost, the remaining part
is still well in the range of what can be termed a library.24 Protein
libraries for example may involve only 107 to 1010 members and yet
have been extensively used in molecular evolution with impressive
results.


To the best of our knowledge, the molecules presented here
belong to the largest initiator molecules that have been used so
far for transcription priming. We have developed an efficient
synthetic route to biotinylated adenosine–guanosine conjugates
that are accepted by T7 RNA polymerase and thus incorporated
at the 5′-end of RNAs prepared by run-off transcription. Fur-
ther studies to improve the incorporation efficiency are under
way.


Fig. 10 A) Chemical structure of the 5′-end of RNA obtained by
transcription priming experiments with initiator 2. B) Chemical structure
of the 5′-end of a standard RNA (HHR6-St) synthesised on the solid phase
using phosphoramidite 3 in the last coupling step. Note that in A) this label
is incorporated depending on the incorporation efficiency, whereas in B) it
is introduced chemically during synthesis and therefore conjugated to all
RNA molecules.


Experimental


General


Dry methylene chloride and dry methanol were obtained from
Fluka. Pyridine was dried overnight over KOH, heated to reflux
for 2 h, distilled off and stored over molecular sieves. Diiso-
propylethylamine was stored over calcium hydride and distilled
before use. All other reagents, chemicals, buffers and solvents were
obtained as the highest commercially available grade and used
without further purification. Silica gel for column chromatography
(0.063–0.2 mm) was obtained from Sigma-Aldrich. Reactions were
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carried out at room temperature unless stated otherwise, and in
the case of moisture-sensitive compounds under an atmosphere
of argon. HPLC spectra were performed on an Äkta Purifier
(Amersham Biosciences) with the columns described. NMR
spectra were recorded with TMS as the internal standard on
the following machines: 300 MHz: ARX-300; 400 MHz: Bruker
DRX-400; 600 MHz: Bruker DRX-600. J values are given in Hz.
Mass spectra were recorded on a Bruker Autoflex MALDI-TOF,
VG Autospec (FAB), and ESI Bruker Esquire LC (Ion Trap).
UV measurements were obtained using an Ultrospec 2100 pro
(Amersham Biosciences) Cary 1E or a Varian Nano Drop R© ND-
1000 spectrophotometer.


2′-O-,3′-O-,5′-O-Triacetyl-6-iodopurine-9-b-D-riboside 7


17 g of 2′-O-,3′-O-,5′-O-triacetyladenosine 6 (43 mmol) were
suspended in 110 mL methylene iodide (1.3 mol) and 110 mL
isopentyl nitrite (816 mmol). The suspension was stirred at 60 ◦C
for 5 h, then at room temperature overnight. The solvent was
removed in vacuo and the residue dissolved in CHCl3 and worked
up as described for 6 in the ESI†. The residue was purified
chromatographically (silica gel, hexane to remove iodine, then
CHCl3 → CHCl3–MeOH = 95 : 5). 7 was obtained as a colourless
foam (9.3 g, 18.4 mmol, 43%); dH(400 MHz; DMSO-d6; Me4Si)
2.01, 2.04, 2.12 [9 H, 3 × s, 3 × (C=O)–CH3], 4.29 (1 H, dd, J 12.9
and 6.4, H-5′), 4.40–4.44 (2 H, m, H-4′, H-5′), 5.63–5.66 (1 H, m,
H-3′), 6.02–6.05 (1 H, m, H-2′), 6.33 (1 H, d, J 5.1, H-1′), 8.69
(1 H, s, H-2), and 8.85 (1 H, s, H-8); dC(400 MHz; DMSO-d6;
Me4Si) 20.0, 20.2, 20.3 [3 × (C=O)–CH3], 62.5 (C-5′), 69.8 (C-
3′), 71.9 (C-2′), 79.6 (C-4′), 86.1 (C-1′), 123.2 (C-5), 138.6 (C-8),
145.2 (C-6), 147.3 (C-4), 151.9 (C-2), 169.1, 169.2, and 169.8 [3 ×
(C=O)–CH3]; FAB+-MS: calculated for C16H17IN4O7 [M + H+]:
505.2; found: 505.1.


N 6-(3,6-Dioxa-8-N ′-BOC-aminooctyl)adenosine 8


22 g N-BOC-2,2′-(ethylenedioxy)bis(ethylamine) (88 mmol) were
added to a solution of 9.3 g 2′-O-3′-O-,5′-O-triacetyl-6-iodopurine-
9-b-D-riboside 7 (18.4 mmol) in 50 mL ethanol. The mixture was
heated to 78 ◦C and stirred for 6 h under reflux. The solvent
was removed in vacuo, the residue dissolved in CHCl3, and the
organic layer was worked up as described for 7. 30 mL of aqueous
ammonium hydroxide (25%) were added and the solution was
stirred for 1 h. Afterwards, the solvent was removed in vacuo, and
the residue dissolved in CHCl3 and worked up as described for
7. The crude product 8 was purified by chromatography (silica
gel, CHCl3–MeOH = 9 : 1) and obtained as a colourless foam
(5.7 g, 11 mmol, 64%); dH(400 MHz; DMSO-d6; Me4Si) 1.36
(9 H, s, BOC), 2.66–2.69, 3.05–3.09, 3.37–3.40 (12 H, 3 × m,
ether-H), 3.60–3.69 (2 H, m, H-5′), 3.96-3.99 (1 H, m, H-4′),
4.15–4.17 (1 H, m, H-3′), 4.59-4.62 (1 H, m, H-2′), 5.90 (1 H,
d, J 6.1, H-1′), 8.31 (1 H, s, H-2), and 8.35 (1 H, s, H-8);
dC(400 MHz; DMSO-d6; Me4Si) 28.1 [BOC–(C=O)–O–(CH3)3],
61.5 (C-5′), 69.0, 69.4 (2 × ether), 70.5 (C-3′), 72.3 (C-2′), 79.0
(Cq-BOC), 85.8 (C-4′), 87.9 (C-1′), 122.5 (C-5), 139.7 (C-8),
148.5 (C-4), 152.2 (C-2), 155.5 (C-6), and 157.9 [BOC–(C=O)–O–
(CH3)3]; FAB+-MS: calculated for C21H34N6O8 [M + H+]: 499.5;
found: 499.3.


3′-O-,5′-O-(1,1′,3,3′-Tetraisopropyldisiloxan-1,3-diyl)-N 6-(3,6-
dioxa-8-N ′-biotinylaminooctyl)adenosine 10


1.3 g 8 (2.6 mmol) was coevaporated three times with 10 mL
of dry pyridine and finally dissolved in 15 mL of dry pyridine.
The mixture was cooled and 0.8 mL of 1,3-dichloro-1,1′,3,3′-
tetraisopropyldisiloxane (0.8 g, 2.5 mmol) in 2 mL of dry DMF
were added. The mixture was stirred overnight and quenched
by adding 5 mL of water. The solvent was removed in vacuo
and the residue worked up as described for 7. Chromatographic
purification (CHCl3–MeOH = 92 : 8) yielded 1.6 g of 9 as a
yellow oil (2.1 mmol, 84%). This oil was dissolved in 6 mL of
50% CF3COOH in CHCl3, stirred for 20 min, diluted with 80 mL
of diethyl ether, and neutralised with a saturated solution of
sodium hydrogen carbonate. The aqueous phase was extracted
with diethyl ether (3 × 60 mL) and the organic phase removed.
0.4 g biotin (1.6 mmol), 0.5 g TSTU (1.7 mmol) and 0.7 mL
diisopropylethylamine (0.5 g, 4 mmol) were dissolved in 5 mL of
DMF and 5 mL of dioxane. This mixture was added to the yellow
oil and stirred overnight at room temperature. After removal
of the solvent, the residue was directly subjected to silica gel
chromatography with CHCl3–MeOH = 9 : 1 as solvent. After
removal of the solvent, 0.9 g of a colourless oil 10 was obtained
(1.0 mmol, 67%). dH(300 MHz; DMSO-d6; Me4Si) 1.05 [24 H,
m, Si–CH–(CH3)2], 1.26–1.61 (6 H, m, biotin-H-4′, biotin-H-5′,
biotin-H-3′), 2.06 (2 H, t, J 7.2, biotin-H-2′), 2.81 (1 H, m, biotin-
H-6x), 3.08 (1 H, m, biotin-H-6y), 3.17 (1 H, m, biotin-H-4),
3.36-3.60 (12 H, m, ether-H), 3.92-4.14 (3 H, m, 4′-H, 2 × H-5′),
4.28 (1 H, m, biotin-H-3a), 4.50 (1 H, m, biotin-H-6a), 4.79 (1 H,
m, H-2′), 5.10 (1 H, m, H-3′), 5.88 (1 H, m, H-1′), 6.36 (1 H, s,
biotin-N-H1), 6.42 (1 H, s, biotin-N-H3), 8.16 (1 H, s, H-2), and
8.23 (1 H, s, H-8); dC(400 MHz; DMSO-d6; Me4Si) 12.0, 12.2, 12.4,
12.7 [Si–CH–(CH3)], 16.8, 16.9, 16.9, 17.0, 17.2, 17.2, 17.3, 17.4
[Si–CH–(CH3)], 25.2 (biotin-C-3), 28.0, 28.2 (biotin-C-5, biotin-
C-4), 35.1 (biotin-C-2), 38.4 (biotin-C-9), 55.4 (biotin-C-6), 59.2
(biotin-C-8), 60.8 (C-5′), 61.0 (biotin-C-7), 68.7, 69.2, 69.5, 69.5,
69.8 (ether-C, C-3′), 73.7 (C-2′), 81.9 (C-4′), 89.4 (C-1′), 119.7 (C-
5), 139.1 (C-8), 147.9 (C-4), 152.3 (C-2), 154.5 (C-6), 162.7 (biotin-
C-10), 172.1, and 172.8 (biotin-C-1); MALDI+-MS: calculated for
C38H66N8O9Si2 [MH+]: 867.2; found: 867.9.


Solid phase synthesis of initiator 1 and RNA HHR6


For the synthesis of 1, phosphoramidite 3 was synthesised from
10 as described in the general procedure (ESI†). Initiator 1 and
RNA HHR6 were prepared by solid phase phosphoramidite
chemistry as described previously.26 In the case of initiator 1, two
syntheses (2 × 1 lmol scale) were performed, in which solid bound
guanosine [ChemGenes G (N-PAC) 3′-tBDSilyl 2′-lcaa CPG 1000
Å] was first coupled to a hexaethylene glycol phosphoramidite
(ChemGenes DMT-hexaethyloxy-glycol phosphoramidite) and
phosphoramidite 3 in the second step. Afterwards, the solid phase
was treated overnight with 2 mL of ammoniacal methanol and
separated from the solid support. The solvent was removed and
the residue treated with 400 lL triethylamine tris(hydrofluoride)–
DMF = 3 : 1 (v/v) for 90 min at 55 ◦C. The solvent was removed
in vacuo and the residue was dissolved in 1 mL saturated aqueous
NaHCO3. 1 was purified by reverse phase chromatography [col-
umn: Macherey Nagel VP 250/10 Nucleodur 100-5 C18 ec; buffers
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used were (A) 0.1 M triethylammonium acetate (pH 7.0) and
(B) 0.1 M triethylammonium acetate (pH 7.0), 50% acetonitrile;
flow rate 4 mL min−1; gradient: 0% B for 5 min 30 s, linear
augmentation to 100% B over 50 min, 100% for 5 min, 0%
for 5 min]. The retention time of 1 was 40 min. The fractions
containing 1 were pooled, the solvent was removed, the residue
dissolved in 1 mL of water, filtered (0.2 lm), and the yield was
determined by UV (e = 27 100 cm−1 M−1) to be 240 nmol; ESI−-
MS: calculated for C48H77N13O24P2S [M−] 1313.2; found: 1312.5.


HHR6St (5′-UGGG CAG CUG AUG AGC UCC AAA UAG
AGC GAA AGU UAC ACC-3′, where U denotes a modification
as shown in Fig. 10) was synthesised by solid phase syn-
thesis on a Gene Assembler Special (Pharmacia) with PAC-
phosphoramidites, using hexaethylene glycol phosphoramidite
(ChemGenes DMT-hexaethyloxy-glycol phosphoramidite) and
phosphoramidite 3 in the second-to-last and final coupling steps,
respectively. The obtained RNA was deprotected as described26


and purified by electrophoresis using a 10% denaturing gel for
RNA purification. Elution was carried out using 0.5 M LiOAc
followed by acetone precipitation.


Hexaethylene glycol-2′,3′,N 2-triisobutyrylguanosine conjugate 15


Mono-BOC-protected DMT-hexaethylene glycol (4 mmol) was
coevaporated twice with 10 mL of dry pyridine and stored in vacuo
overnight. Then it was dissolved in 5 mL of dry acetonitrile and
mixed with 4 mmol of dried 2′-O-,3′-O-,N2-triisobutyrylguanosine
(methyl-N,N-diisopropyl)phosphoramidite 21, which was also
dissolved in 1 mL of dry acetonitrile (the synthesis of 21 is
described in the ESI†). The mixture was cooled in an ice bath
and 8.5 mL of a 0.45 M solution of tetrazole (4 mmol) in
acetonitrile was added. The mixture was stirred for 30 min
and 5.5 mL of a 0.1 M solution of iodine in collidine–THF–
H2O = 2 : 2 : 1 was added dropwise. After a further 5 min,
excess iodine was reduced with 1 M Na2S2O3. The solvent was
removed in vacuo, the residue was dissolved in CHCl3, worked up
and purified chromatographically as described for 6 (CHCl3 →
CHCl3–MeOH = 95 : 5). The purified coupling product was
DMT-deprotected with 5% CCl3COOH in CH2Cl2 and purified
chromatographically as described for 12. Compound 15 was
obtained as a colourless oil (1.3 g, 1.4 mmol, 35%); dH(400 MHz;
DMSO-d6; Me4Si) 1.01, 1.04 [2 × 3 H, 2 × d, J 7.0, 3′-O–CH–
(CH3)2], 1.13-1.17 [12 H, m, 2′-O–CH–(CH3)2, NH–CH–(CH3)2],
2.50 [1 H, sept., J 7.0, 3′-O–CH–(CH3)2], 2.64 [1 H, sept., J 7.0, 2′-
O–CH–(CH3)2], 2.79 [1 H, sept., J 6.8, NH–(C=O)–CH–(CH3)2],
3.32-3.72 (m, 20 H, ether-H), 3.57-3.62 (2 H, m, H-5′), 3.67 (3 H, s,
O–CH3), 4.05–4.10, 4.31–4.35 (2 × 2 H, 2 × m, ether-H), 4.51-
4.53 (1 H, m, H-4′), 5.51-5.54 (1 H, m, H-3′), 5.83–5.87 (1 H,
m, H-2′), 6.10 (1 H, d, J 6.8, H-1′), and 8.22 (1 H, s, H-8);
dC(400 MHz; DMSO-d6; Me4Si) 18.3–18.7 (6 × isobutyryl-CH3),
32.7 [3′-O–CH–(CH3)2], 33.0 [2′-O–CH–(CH3)2], 34.7 [NH–CH–
(CH3)2], 54.1 (P–O–CH3), 60.0, 66.6, 69.5 (ether-C), 71.9 (C-2′),
70.2 (C-3′), 80.9 (C-4′), 84.6 (C-1′), 120.4 (C-5), 137.6 (C-8), 148.2,
148.5 (C-2, C-4), 154.6 (C-6) 174.6, 174.8 [O–(C=O)], and 180.0
[N–(C=O)]; MALDI+-MS: calculated for C35H58N5O17P [MH+]:
852.8; found: 852.9.


Initiator 2


13 (0.5 mmol) was reacted with (methyl-N,N-diisopropyl)-
chlorophosphoramidite to yield the respective methyl phospho-


ramidite 14 as described in the ESI†. 0.23 mmol of 15 were
coupled to 14 in the same way as described for the coupling of
21 and mono-DMT-hexaethylene glycol. The resulting coupling
product 22 was purified chromatographically (CHCl3–MeOH =
95 : 5; Rf = 0.4) and gave 0.19 mmol of 22 (83%); MALDI+-MS:
calculated for C65H105N11O29P2 [MH+]: 1567.5; found: 1566.6. 22
(1.0 g, 63 lmol) was treated with 30% CF3COOH in CH2Cl2 for
20 min. The mixture was diluted with 50 mL CH2Cl2, neutralised
with saturated NaHCO3 solution (50 mL), and washed with brine
(50 mL). The aqueous solution was extracted with CH2Cl2 (3 ×
50 mL). The organic solvent was removed and the crude product
23 was used in the following steps without further purification. A
solution of 14 mg biotin (55 lmol), 17 mg TSTU (55 lmol), and
28 lL (20 mg, 160 lmol) diisopropylethylamine in a mixture of
0.5 mL dioxane–DMF = 1 : 1 was stirred for 10 min and added
to 23. The mixture was stirred overnight at room temperature,
and worked up as described for 10. Chromatographic purification
was performed with CHCl3–MeOH = 9 : 1. Compound 24 was
obtained as a colourless oil (48 mg, 28 lmol, 52%); dH(600 MHz;
DMSO-d6; Me4Si) 1.01, 1.05, 1.15 [30 H, 3 × m, 5 × –CH–(CH3)2],
1.31 (2 H, m, biotin-H-4′), 1.50, 1.62 (4 H, m, biotin-H-3′, biotin-
H-5′), 2.07 (2 H, m, biotin-H-2′), 2.52–2.67 [5 H, 3 × m, –CH–
(CH3)2], 2.74 (1 H, m, biotin-H-6x), 2.90 (1 H, m, biotin-H-6y),
3.10 (1 H, m, biotin-H-4), 3.19, 3.40 (4 H, 2 × m, ether-H), 3.48–
3.67 (6 H, m, P–O–CH3; 28 H, m, ether-H), 4.06, 4.13, 4.31 (10 H,
3 × m, 1 biotin-H-6a, 1 biotin-H-3a, 4 ether-H, 2 guanosine-H-5′,
2 adenosine-H-5′), 4.41 (2 H, m, guanosine-H-4′, adenosine-H-4′),
5.53 (1 H, m, guanosine-H-3′), 5.67 (1 H, m, adenosine-H-3′), 5.85
(1 H, m, guanosine-H-2′), 6.00 (1 H, m, adenosine-H-2′), 6.10 (1 H,
d, J 6.8, guanosine-H-1′), 6.23 (1 H, d, J 5.5, adenosine-H-1′), 6.33
(1 H, s, biotin-NH-3), 6.39 (1 H, s, biotin-NH-1), 8.23 (1 H, s,
adenosine-H-2), 8.26 (1 H, s, guanosine-H-8), and 8.36 (1 H, s,
adenosine-H-8); dC(600 MHz; DMSO-d6; Me4Si) 18.9, 19.0, 19.1,
19.3 (6 × isobutyryl-CH3), 25.4, 28.6, 28.7, 31.1, 31.2, 33.4, 33.6
[6 × (C=O)–CH–(CH3)2], 35.3, 35.6, 36.2, 38.7, 38.9, 54.4, 54.6,
55.4, 55.9, 59.7, 61.5, 66.4, 66.7, 66.9, 67.0, 67.1, 67.2, 67.3, 69.6,
69.7, 70.0, 70.2, 70.5, 70.7 (ether, C-3′, C-5′, biotin), 72.5, 72.6 (2 ×
C-2′), 80.8, 81.5 (2 × C-4′), 85.1, 86.1 (2 × C-1′), 120, 121 (2 × C-
5), 138.2, 140.0 (C-8), 148.8, 149.1 (C-2, C-4), 155.1, 155.2 (C-6),
162.8, 163.3 (biotin-C-10), 172.6 (biotin-C-1), 175.2 [isobutyryl-
O–(C=O)], 175.4 [isobutyryl-O–(C=O)], and 180.6 [isobutyryl-
N-(C=O)]. For the deprotection of 24, 200 mg of disodium-2-
carbamoyl-2-cyanoethylen-1,1-dithiolate was dissolved in 2 mL
of dry DMF and added to 48 mg (28 lmol) of 24. The solution
was stirred for 10 min and the solvent removed in vacuo. The
residue was dissolved in 5 mL 32% NH4OH–CH3NH2 = 1 :
1 (v/v) and stirred at 50 ◦C for 90 min. The solvent was removed
in vacuo, and the residue dissolved in water and purified by
HPLC. A reverse phase column was used (Knauer, Nucleosil-
120, C18, 10 lm; buffers used were (A) 0.1 M triethylammonium
acetate, pH 7.0 and (B) 0.1 M triethylammonium acetate, pH 7.0,
50% acetonitrile; flow rate 3 mL min−1; gradient: 0% B for 8 min
30 s, linear augmentation to 100% B over 24 min, 100% for 9 min,
0% for 6 min). The retention time was 32 min. The fractions
containing 2 were pooled, the solvent was removed, the residue
was dissolved in 1 mL of water, filtrated (0.2 lm) and the yield
was determined by UV (e = 27 100 cm−1M−1) to be 9.2 lmol;
dH(600 MHz; DMSO-d6; Me4Si) 1.35 (2 H, m, biotin-H-4′), 1.56
(4 H, m, biotin-H-3′, biotin-H-5′), 2.13 (2 H, m, biotin-H-2′), 2.63,
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2.66 (2 H, 2 × m, biotin-H-6x, -H-6y), 3.15 (1 H, m, biotin-H-4),
3.24 (2 H, m, ether-H), 3.45, 3.54, 3.67 (30 H, m, ether-H), 3.82
(4 H, m, ether-H), 3.87-3.99 (4 H, m, guanosine-H-5′, adenosine-
H-5′), 4.05, 4.11 (2 × 1 H, 2 × m, adenosine-H-4′, guanosine-
H-4′), 4.21 (2 H, m, adenosine-H-3′, biotin-H-3a), 4.26 (1 H, m,
guanosine-H-3′), 4.36 (1 H, m, biotin-H-6a), 4.67, 4.56 (2 × 1 H,
2 × m, guanosine/adenosine-H-2′), 5.77 (1 H, d, J 9.1, guanosine-
H-1′), 6.00 (1 H, d, J 8.8, adenosine-H-1′), 6.42 (1 H, s, biotin-
NH-3), 6.47 (1 H, s, biotin-NH-1), 7.98, 8.29, and 8.50 (3 H,
3 × s, adenosine-H-8 and -H-2, guanosine-H-8); MALDI+-MS:
calculated for C48H77N13O24P2S [MH+]: 1315.2; found: 1315.0.


Transcription priming reactions


HHR6 (5′-GGG CAG CUG AUG AGC UCC AAA UAG AGC
GAA AGU UAC ACC-3′) and HPWTL (5′-G GGA GAA AGA
GAG AAG UGA ACC AGA GAA ACA CAC GUU GUG GUA
UAU UAC CUG GUA-3′) were labelled with initiator molecules
1 or 2 by in vitro transcription from a double-stranded DNA
template. The DNA templates were obtained from two overlapping
synthetic DNA primers (Purimex) by enzymatic strand extension
using Klenow Fragment exo− (MBI Fermentas).25 In a standard
transcription reaction (50 ll), the concentrations of the
components were as follows: 2 mM NTPs, 50 pmol ds DNA, 1 ×
HEPES, 5 U ll−1 T7 RNA polymerase. Initiator concentrations
(1 or 2) depended on the specific reaction and varied between
0 and 8 mM. Reaction components were mixed and incubated
for 2 h at 37 ◦C. The mixture was subjected to a phenol–
chloroform extraction, the transcription product obtained was
precipitated with ethanol, purified by denaturing polyacrylamide
gel electrophoresis (10%), visualised by UV-shadow, excised,
eluted with 0.5 M LiOAc, and precipitated with acetone.
Determination of yield was accomplished by UV measurement.


Blotting of biotin-containing samples


The biotinylated RNA probe was purified on a denaturing poly-
acrylamide gel (10%, 8 × 10 cm) and transferred onto a same-sized
nylon membrane by electrophoresis. The membrane was heated to
75 ◦C for 5 min and washed using the following solutions: washing
buffer (WP): 130 mM NaCl, 3 mM KCl, 12 mM Na2HPO4,
2 mM KH2PO4, 0.5% SDS, pH 7.4; blocking buffer (BP): same
as washing buffer, plus 2 g l−1 coffee whitener; assay buffer (AP):
0.1 M Tris, 0.1 M NaCl, pH 9.5. The membrane was covered with
the respective buffer solution in a container and moved gently. The


protocol used was as follows: 2 × WP 5 min; 2 × BP 5 min, 1 × BP
30 min, 1 × BP 30 min + 1 lL streptavidin-alkaline phosphatase
(Promega); 1 × 15 min BP, 3 × 10 min WP, 2 × 2 min AP. After
further washing steps, the membrane was incubated with a 0.25 M
solution of 2-chloro-5-{5′-chloro-4-methoxyspiro[1,2-dioxetane-
3,2′-tricyclo(3.3.1.13,7)decan]-4-yl} dihydrogenphosphate (“CDP-
Star”, Roche). For qualitative detection, chemiluminescence was
detected with an X-ray film. For quantitative detection, chemi-
luminescence was detected in a photo-system (Vilber Lourmat
Darkroom-CN-3000) and integrated using the program “Im-
age J”.
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127, 9271–9276.
12 L. Zhang, L. Sun, Z. Cui, R. L. Gottlieb and B. Zhang, Bioconjugate


Chem., 2001, 12, 939–948.
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(−)-Cocaine is a widely abused drug and there is currently no available anti-cocaine therapeutic.
Promising agents, such as anti-cocaine catalytic antibodies and high-activity mutants of human
butyrylcholinesterase (BChE), for therapeutic treatment of cocaine overdose have been developed
through structure-and-mechanism-based design and discovery. In particular, a unique computational
design strategy based on the modeling and simulation of the rate-determining transition state has been
developed and used to design and discover desirable high-activity mutants of BChE. One of the
discovered high-activity mutants of BChE has a ∼456-fold improved catalytic efficiency against
(−)-cocaine. The encouraging outcome of the structure-and-mechanism-based design and discovery
effort demonstrates that the unique computational design approach based on transition state modeling
and simulation is promising for rational enzyme redesign and drug discovery. The general approach of
the structure-and-mechanism-based design and discovery may be used to design high-activity mutants
of any enzyme or catalytic antibody.


1 Introduction


Cocaine overdose and addiction is a major medical and public
health problem that continues to defy treatment.1–4 Cocaine
reinforces self-administration in relation to the peak serum
concentration of the drug, the rate of rise to the peak and the
degree of change of the serum level. Potent central nervous system
(CNS) stimulation is followed by depression. With overdose of
the drug, respiratory depression, cardiac arrhythmia and acute
hypertension are common effects. The disastrous medical and
social consequences of cocaine addiction, such as violent crime,
loss in individual productivity, illness, and death, have made
the development of an effective pharmacological treatment a
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high priority.5,6 Most of the previously employed anti-addiction
strategies use the classical pharmacodynamic approach, i.e. devel-
oping small molecules that interact with one or more neuronal
binding sites, with the goal of blocking or counteracting a drug’s
neuropharmacological actions. However, despite decades of effort,
existing pharmacodynamic approaches to cocaine abuse treatment
have not yet proven successful.5–8


The inherent difficulties in antagonizing a blocker like cocaine
have led to the development of the pharmacokinetic approach that
aims at acting directly on the drug itself to alter its distribution
or accelerate its clearance.7–14 Pharmacokinetic antagonism of
cocaine could be implemented by administration of a molecule,
such as an anti-cocaine antibody, which binds tightly to cocaine so
as to prevent cocaine from crossing the blood–brain barrier.8,15–20


An alternative pharmacokinetic agent would be an enzyme or
a catalytic antibody (regarded as an artificial enzyme) that not
only binds but also accelerates cocaine metabolism and thereby
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freeing itself for further binding.8,16–25 Usually, a pharmacokinetic
agent would not be expected to cross the blood–brain barrier and
thus would itself have no direct pharmacodynamic action, such as
abuse liability.5 An ideal pharmacokinetic agent for this purpose
should be a potent enzyme or catalytic antibody which transforms
cocaine into biologically inactive metabolites.


The primary cocaine-metabolizing pathway in primates is
hydrolysis at the benzoyl ester or methyl ester group.5,6 Ben-
zoyl ester hydrolysis generates ecgonine methyl ester (EME),
whereas methyl ester hydrolysis yields benzoylecgonine (BE).
The major cocaine-metabolizing enzymes in humans are butyryl-
cholinesterase (BChE) which catalyzes cocaine hydrolysis at the
benzoyl ester and two liver carboxylesterases, denoted by hCE-
1 and hCE-2 that catalyze hydrolysis at the methyl ester and
the benzoyl ester, respectively. Among the three, BChE is the
principal cocaine hydrolase in human serum. Hydrolysis accounts
for about 95% of cocaine metabolism in humans. The remaining
5% is deactivated through oxidation by the liver microsomal
cytochrome P450 system, producing norcocaine. EME appears the
least pharmacologically active of the cocaine metabolites and may
even cause vasodilation, whereas both BE and norcocaine appear
to cause vasoconstriction and lower the seizure threshold, similar
to cocaine itself. Norcocaine is hepatotoxic and a local anesthetic.
Clearly, the metabolic pathway through hydrolysis at the cocaine
benzoyl ester by BChE is most suitable for amplification. However,
the catalytic activity of this plasma enzyme is about a thousand-
fold lower against the naturally occurring (−)-cocaine than that
against the biologically inactive (+)-cocaine enantiomer.26–29 (+)-
Cocaine can be cleared from plasma in seconds and prior to
partitioning into the CNS, whereas (−)-cocaine has a plasma
half-life of ∼45–90 min, long enough for manifestation of the
CNS effects which peak in minutes.5 Hence, a BChE mutant
with a higher catalytic activity against (−)-cocaine, or a catalytic
antibody with a sufficiently high catalytic activity for (−)-cocaine
hydrolysis at the benzoyl ester, is highly desirable for use as an
exogenous enzyme/catalytic antibody in humans.


Based on the above background, it is interesting for developing
cocaine overdose and addiction therapeutics to rationally design
and discover engineered enzymes and/or catalytic antibodies that
have the desirable catalytic activities. To perform truly rational
design and discovery of an engineered enzyme or a catalytic
antibody, one first needs to understand the fundamental reaction
mechanism concerning how cocaine can be metabolized by
the enzyme/catalytic antibody. As discussed below, encouraging
progress has been made in understanding the detailed reaction
pathways and free energy profiles for hydrolysis of (−)-cocaine
and (+)-cocaine in water and in BChE through state-of-the-
art computational studies. New anti-cocaine catalytic antibodies
and high-activity mutants of human BChE have been designed
and discovered based on the detailed molecular structures and
mechanisms.


2 Mechanism for non-enzymatic hydrolysis of
cocaine in aqueous solution and design of anti-cocaine
catalytic antibodies


Anti-cocaine catalytic antibodies are a novel class of artificial
enzymes with unique potential as therapeutic agents for cocaine


overdose and addiction.21,22 This novel class of artificial enzymes,
elicited by immunization with transition state analogs of cocaine
benzoyl ester hydrolysis, have the unique potential as therapeutic
artificial enzymes due to their biocompatibility and extended
plasma half-life. The design of a transition state analog elic-
iting a catalytic antibody30 is based on the mechanism of the
corresponding non-enzymatic reaction in water, specifically the
transition state structure for the rate-determining step. Hence,
a more complete understanding of the mechanism for cocaine
hydrolysis in aqueous solution could provide valuable insights
into the rational design of more effective transition state analogs.
This is why computational studies31 for development of anti-
cocaine catalytic antibodies have been focused on the reaction
coordinate calculations on the detailed mechanisms for non-
enzymatic hydrolysis of cocaine in water.


2.1 Hydrolysis of chair cocaine


The most stable conformation of cocaine in aqueous solution is the
chair form (Fig. 1 and 2). As one can see in Fig. 1 and 2, a cocaine
molecule has two carboxylic acid ester groups: a benzoyl ester and
a methyl ester. Hence, the fundamental reaction pathway for non-
enzymatic hydrolysis of cocaine at both benzoyl ester and methyl
ester groups is expected to be similar to that for the usual non-
enzymatic hydrolysis of a carboxylic acid ester. The hydrolysis of
the majority of common alkyl esters, RCOOR′, in neutral solution
occurs by the attack of hydroxide ion at the carbonyl carbon.32–34


This mode of hydrolysis has been designated as BAC2 (base-
catalyzed, acyl–oxygen cleavage, bimolecular), and is believed to


Fig. 1 Geometries of the chair and boat conformations of (−)-cocaine
optimized at the B3LYP/6-31+G* level.


Fig. 2 The first reaction step of (−)-cocaine hydrolysis at the benzoyl
ester group in water.
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occur by a two-step mechanism although a concerted pathway
can arise in the case of esters containing very good leaving groups
(corresponding to a low pKa value for R′OH). The generally
accepted two-step mechanism consists of the formation of a
tetrahedral intermediate (first step), followed by decomposition
of the tetrahedral intermediate to yield products RCOO− +
R′OH (second step). Degradation of cocaine may take place
through the BAC2 route of hydrolysis of either the benzoyl ester
or the methyl ester group. First-principles electronic structure
calculations accounting for solvent effects have been carried
out to study the detailed competing reaction pathways of the
non-enzymatic hydrolysis of cocaine and the corresponding free
energy barriers. The first-principles computational studies31,35 have
confirmed the co-existence of the competing reaction pathways.
Below, we will only discuss the hydrolysis of cocaine at the benzoyl
ester group (Fig. 2), as this is the pathway relevant to the design
of the desirable catalytic antibody.


Based on the first-principles reaction coordinate calcula-
tions,31,35 the rate-determining step of the cocaine hydrolysis is the
first step, i.e. the attack of hydroxide oxygen at the carbonyl carbon
of cocaine (Fig. 2). The optimized geometry of the transition state,
denoted by TS1-chair, for the dominant reaction pathway of the
first step of the cocaine benzoyl ester hydrolysis is depicted in
Fig. 3. This mechanistic insight suggests that rational design of a
transition state analog (TSA) should be based on the transition
state for the first step of the cocaine hydrolysis. Indeed, previous
TSA design pioneered by Landry et al. was based on the first
reaction step, i.e. design of the stable analogs of the transition
state (TS1) for the first reaction step. Depicted in Fig. 4 are TSA
structures that were used to successfully elicit anti-cocaine catalytic
antibodies. The first anti-cocaine catalytic antibody22 was elicited
by using TSA-1 in Fig. 4. The structural change from TSA-1 to
TSA-2 (by increasing the size of the TSA structure) has led to
development of a new antibody25 with a significantly improved
catalytic activity for (−)-cocaine hydrolysis. The most active
anti-cocaine catalytic antibody discovered so far is monoclonal
antibody (mAb) 15A10 (elicited by TSA-2) with KM = 220 lM
and kcat = 2.3 min−1. The kcat value of mAb 15A10 is larger than
the first-order rate constant of the non-enzymatic hydrolysis of
cocaine by ∼23 000-fold.25


Fig. 3 Geometries of the transition states optimized at the B3LYP/
6-31+G* level for the first step of (−)-cocaine hydrolysis at the benzoyl
ester group of (−)-cocaine in the chair and boat conformations.


Fig. 4 Transition state analogs that can be used to elicit anti-cocaine
catalytic antibodies.


2.2 Hydrolysis of boat cocaine


Although the free energy of the boat conformation of cocaine
(Fig. 1) is higher than that of the chair conformation, it is still
interesting for TSA design to understand the reaction mechanism
for boat cocaine hydrolysis. This is because an elicited antibody
might be able to recruit cocaine from the chair conformation
to the less stable boat form and bring the syn-protonated
amine and benzoyl ester into proximity (Fig. 1). Based on the
first-principles reaction coordinate calculations,31 the optimized
transition state geometry is shown in Fig. 3 as TS1-boat. Based
on the transition state structure (TS1-boat), a new TSA structure,
i.e. TSA-3 in Fig. 4, has been designed, synthesized, and used
to successfully elicit anti-cocaine catalytic antibodies.36 The new
catalytic antibodies elicited by using TSA-3 so far are not more
active than the previously discovered catalytic antibodies against
cocaine. However, it might be interesting to test another possible
TSA structure, i.e. TSA-4 depicted in Fig. 4, in the future in light
of the effects of the structural change from TSA-1 to TSA-2.


3 Catalytic mechanism for BChE-catalyzed
hydrolysis of cocaine


Reaction coordinate calculations for an enzymatic reaction begin
with a concept of the enzyme–substrate binding in the prereactive
enzyme–substrate complex. Different starting structures for the
enzyme–substrate complex can lead to completely different reac-
tions. The molecular docking and MD simulations37 demonstrate
that (−)/(+)-cocaine first slides down the substrate-binding gorge
to bind to W82 and stands vertically in the gorge between D70
and W82 (non-prereactive complex) and then rotates to a position
in the catalytic site within a favorable distance for the nucleophilic
attack and hydrolysis by S198 Oc (prereactive complex). In the
prereactive complex, cocaine lies horizontally at the bottom of
the gorge. The main structural difference between the BChE–
(−)-cocaine complexes and the corresponding BChE–(+)-cocaine
complexes exists in the relative position of the cocaine methyl ester
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Fig. 5 Schematic representation of the first step of the chemical reaction process for BChE-catalyzed hydrolyses of (−)- and (+)-cocaine. Notation [H]
refers to a non-hydrogen atom used in a QM/MM calculation to saturate a cut covalent bond.


group.38 The molecular structures of (−)- and (+)-cocaine can be
seen in the E–S complexes depicted in Fig. 5.


As the simulated prereactive BChE–(−)-cocaine and BChE–
(+)-cocaine complexes are essentially the same as the prereactive
BChE–butyrylcholine (BCh) complex,37 one can reasonably expect
that BChE-catalyzed hydrolyses of (−)-cocaine and (+)-cocaine
follow a reaction pathway similar to that for BChE-catalyzed
hydrolysis of BCh. A remarkable difference between (−)-cocaine
and (+)-cocaine is associated with the relative position of the C-
2 methyl ester group. The C-2 methyl ester group of (−)-cocaine
remains on the same side of the carbonyl of the benzoyl ester as the
attacking hydroxyl oxygen (S198 Oc), whereas the C-2 methyl ester
of (+)-cocaine remains on the opposite side. This difference could
cause a difference in hydrogen bonding, electrostatic, and van
der Waals interactions during the catalytic reaction process, and
result in a significant difference in free energy barriers (activation
free energies). Nevertheless, the basic BChE mechanism for both
enantiomers may resemble the common catalytic mechanism for
ester hydrolysis in other serine hydrolases,37,39 including the thor-
oughly investigated AChE.40–44 This mechanistic hypothesis has
been supported by reported reaction coordinate calculations using
the first-principles quantum mechanics (QM) and hybrid quantum
mechanics and molecular mechanics (QM/MM) methods.37,45


Based on the QM and QM/MM reaction coordinate calcula-
tions, the first step of the chemical reaction process is initialized
by S198 Oc attack at the carbonyl carbon of the cocaine benzoyl
ester to form the first tetrahedral intermediate (INT1) through
the first transition state (TS1). Fig. 5 is a schematic representation
of the first step of BChE-catalyzed hydrolyses of (−)-cocaine and


(+)-cocaine, showing only the substrate and important groups
from the catalytic triad (S198, E325, and H438) and the three-
pronged oxyanion hole (G116, G117, and A199). During the
formation of INT1, the C–O bond between the carbonyl carbon
of the substrate and S198 Oc gradually forms, while the proton
at S198 Oc gradually transfers to the imidazole N atom of
H438 which acts as a general base. The QM/MM-optimized TS1
geometry for the (−)-cocaine hydrolysis is shown in Fig. 6.


Fig. 6 MD-simulated TS1 geometry for (−)-cocaine hydrolysis catalyzed
by wild-type BChE.
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All of the computational results,37,38 in comparison with avail-
able experimental data, demonstrate that the rate-determining step
of the BChE-catalyzed hydrolysis of (+)-cocaine is the chemical
reaction process, whereas for (−)-cocaine the change from the non-
prereactive complex to the prereactive complex is rate determining
and has a free energy barrier higher than that of the chemical
reaction process by ∼4 kcal mol−1.


4 Structure-and-mechanism-based design of
high-activity mutants of BChE


4.1 Mutant design based on modeling and simulation of the
enzyme–substrate binding


Generally speaking, for rational design of a mutant enzyme with
an improved catalytic activity for a given substrate, one needs to de-
sign possible mutation(s) that can accelerate the rate-determining
step of the entire catalytic reaction process while the other steps are
not slowed down by the mutation(s). Now that (−)-cocaine rota-
tion from the non-prereactive complex to the prereactive complex
is rate determining for (−)-cocaine hydrolysis catalyzed by wild-
type BChE, the initial design of possible high-activity mutants of
BChE can be focused on the improvement of the (−)-cocaine rota-
tion in BChE, with the aim to accelerate the change from the non-
prereactive BChE–(−)-cocaine complex to the prereactive BChE–
(−)-cocaine complex. A detailed analysis37,38 of the MD-simulated
structures of wild-type BChE binding with (−)-cocaine and
(+)-cocaine revealed that Y332 is a key residue, hindering the
structural change from the non-prereactive BChE–(−)-cocaine
complex to the prereactive BChE–(−)-cocaine complex.37,38 A
number of possible mutants of BChE were proposed for in vitro
experimental tests.37,38,46–50 The earliest design of BChE mutants
was only based on the modeled or simulated structure of the non-
prereactive BChE–(−)-cocaine complex with wild-type BChE;
the possible dynamics of the proposed BChE mutants were not
examined. Some of the proposed mutants indeed have a signif-
icantly improved catalytic efficiency against (−)-cocaine,37,38,46–50


e.g. the A328W/Y332A mutant has a ∼9.4-fold improved catalytic
efficiency compared to the wild-type against (−)-cocaine.


In order to more reliably predict the BChE mutants with
a possibly higher catalytic efficiency against (−)-cocaine, MD
simulations were also performed on the structures of (−)-cocaine
binding with a number of hypothetical BChE mutants in their
non-prereactive and prereactive complexes.38 The MD simulations
on the E–S structures in water led to more reliable predictions.
For example, the MD-simulated E–S structures38 suggest that
both A328W/Y332A and A328W/Y332G mutants of BChE
should have a higher catalytic efficiency than wild-type BChE for
(−)-cocaine hydrolysis. Further, the MD simulations also suggest
that the energy barrier for the (−)-cocaine rotation in
A328W/Y332G BChE should be slightly lower than that in
A328W/Y332A BChE and, therefore, the catalytic efficiency of
A328W/Y332G BChE for the (−)-cocaine hydrolysis should be
slightly higher than that of A328W/Y332A BChE.38 In addition,
the MD simulations predict that A328W/Y332A/Y419S BChE
should be inactive, or have a considerably lower catalytic efficiency
than the wild-type, for (−)-cocaine hydrolysis because (−)-cocaine
binds with the mutant BChE in a way that is not suitable for
the catalysis.38 Following the computational predictions, in vitro


experimental studies (including site-directed mutagenesis, protein
expression, and enzyme activity assays against (−)-cocaine) were
carried out.38 The experimental kinetic data qualitatively confirm
the theoretical predictions based on the MD simulations. In
particular, the catalytic efficiency of A328W/Y332G BChE is
indeed slightly higher than that of A328W/Y332A BChE against
(−)-cocaine,38,51 and A328W/Y332A/Y419S BChE is indeed
inactive against (−)-cocaine.38


4.2 Mutant design based on modeling and simulation of
rate-determining transition state


For further mutant design starting from the A328W/Y332A
and A328W/Y332G mutants, a crucial question is whether the
rate-determining step of the (−)-cocaine hydrolysis catalyzed by
these BChE mutants is still the same as that catalyzed by the
wild-type. Further computational studies and analysis of the
experimental data suggest that the rate-determining reaction step
for (−)-cocaine hydrolysis catalyzed by the A328W/Y332A and
A328W/Y332G mutants becomes the first step of the chemical
reaction process, as the hindering of the (−)-cocaine rotation
from the non-prereactive BChE-(−)-cocaine complex to the
prereactive BChE-(−)-cocaine complex has been removed by the
Y332A or Y332G mutation.38,52,53 Therefore, starting from the
A328W/Y332A or A328W/Y332G mutant, the rational design
of further mutation(s) to improve the catalytic efficiency of BChE
against (−)-cocaine can aim to decrease the energy barrier for the
first reaction step without significantly affecting the E–S formation
and other chemical reaction steps.52


In principle, the free energy barrier for (−)-cocaine hydrolysis
catalyzed by each hypothetical mutant of BChE can be predicted
by performing QM/MM reaction coordinate calculations and the
corresponding free energy calculations. Unfortunately, it would
be very time-consuming to practically carry out the QM/MM
reaction coordinate calculations on a lot of hypothetic mutants
for the purpose of the mutant design. A unique computational
strategy52 has been developed to virtually screen various possible
BChE mutants based on MD simulations of the rate-determining
transition state (i.e. TS1). The unique computational strategy52


makes possible the MD simulation using a classical force field
on a transition state structure. In the design of a high-activity
mutant of BChE against (−)-cocaine, one would like to predict
some possible mutations that can lower the energy of the transition
state for the first chemical reaction step (TS1) and, therefore, lower
the energy barrier for this critical reaction step. Apparently, a
mutant associated with the stronger hydrogen bonding between
the carbonyl oxygen of (−)-cocaine benzoyl ester and the oxyanion
hole of the BChE mutant in the TS1 structure may potentially
have a more stable TS1 structure and, therefore, a higher catalytic
efficiency for (−)-cocaine hydrolysis. Hence, the hydrogen bonding
with the oxyanion hole in the TS1 structure is a crucial factor
affecting the transition state stabilization and the catalytic activity.
The possible effects of some mutations on the hydrogen bonding
were examined by performing MD simulations on the TS1
structures for (−)-cocaine hydrolysis catalyzed by wild-type BChE
and its various mutants.52,53


Based on extensive MD simulations52,53 on various TS1 struc-
tures associated with wild-type BChE and its mutants, some


840 | Org. Biomol. Chem., 2008, 6, 836–843 This journal is © The Royal Society of Chemistry 2008







mutants were predicted to have stronger overall hydrogen bonding
between the carbonyl oxygen of (−)-cocaine and the protein
environment. For example, the carbonyl oxygen of (−)-cocaine
in the simulated TS1 structure associated with the wild-type has
two N–H · · · O hydrogen bonds with the peptidic NH of G117 and
A199 residues (Fig. 6). In the simulated TS1 structure associated
with the A199S/S287G/A328W/Y332G mutant, three hydrogen
bonds have been identified. As seen in Fig. 7, when residue #199
becomes a serine (i.e. S199), the hydroxyl group on the side chain
of S199 can also hydrogen bond to the carbonyl oxygen of (−)-
cocaine to form an O–H · · · O hydrogen bond, in addition to the
two N–H · · · O hydrogen bonds with the peptidic NH of G117 and
S199.


Fig. 7 MD-simulated TS1 geometry for (−)-cocaine hydrolysis catalyzed
by the A199S/S287G/A328W/Y332G mutant of BChE.


The overall hydrogen bonding between the carbonyl oxygen
of (−)-cocaine and the protein environment can be represented
by the total hydrogen bonding energy (HBE) estimated by
using the simulated H · · · O distances in the hydrogen bonds.52,53


The total hydrogen bonding energies in the TS1 structures
associated with the wild-type, A328W/Y332A, A328W/Y332G,
A199S/F227A/A328W/Y332G, and A199S/S287G/A328W/
Y332G BChEs were estimated to be −5.5, −6.2, −6.4, −9.8,
and −14.0 kcal mol−1, respectively. The estimated HBE values
suggest that the transition states for the first chemical reaction
step (TS1) of (−)-cocaine hydrolysis catalyzed by the A199S/
F227A/A328W/Y332G and A199S/S287G/A328W/Y332G
mutants should be significantly more stable than those catalyzed
by the A328W/Y332A or A328W/Y332G mutants, due to the sig-
nificant increase of the overall hydrogen bonding between the car-
bonyl oxygen of (−)-cocaine and the oxyanion hole of the enzyme
in the TS1 structure. In addition, the TS1 structure associated with
the A199S/S287G/A328W/Y332G mutant should be more stable
than that associated with the A199S/F227A/A328W/Y332G mu-
tant. As the first chemical reaction step associated with TS1 should
be the rate-determining step of (−)-cocaine hydrolysis catalyzed
by a BChE mutant including Y332A or Y332G mutation, one may
reasonably expect a clear correlation between the TS1 stabilization
and the catalytic efficiency of A328W/Y332A, A328W/Y332G,
A199S/F227A/A328W/Y332G, and A199S/S287G/A328W/
Y332G BChEs for (−)-cocaine hydrolysis: the more stable the


TS1 structure, the lower the energy barrier, and the higher the
catalytic efficiency. Thus, the MD simulations and the HBE
calculations predict that both A199S/F227A/A328W/Y332G
and A199S/S287G/A328W/Y332G BChEs should have a higher
catalytic efficiency than A328W/Y332A or A328W/Y332G
BChEs for (−)-cocaine hydrolysis. Further, the A199S/S287G/
A328W/Y332G mutant is expected to be more active than the
A199S/F227A/A328W/Y332G mutant.


The predictions based on the transition state simulations and
HBE calculations were followed by in vitro experiments,52,53 includ-
ing site-directed mutagenesis, protein expression, and enzyme ac-
tivity assays against (−)-cocaine. The in vitro experiments revealed
that A199S/S287G/A328W/Y332G BChE has a ∼456-fold im-
proved catalytic efficiency against (−)-cocaine compared to the
wild-type, or A199S/S287G/A328W/Y332G BChE has a kcat/KM


value of ∼4.15 × 108 M min−1 for (−)-cocaine hydrolysis.52 It was
also determined that A199S/F227A/A328W/Y332G BChE has a
∼151-fold improved catalytic efficiency against (−)-cocaine com-
pared to the wild-type, or A199S/F227A/A328W/Y332G BChE
has a kcat/KM value of ∼1.37 × 108 M min−1 against (−)-cocaine.53


By using the designed A199S/S287G/A328W/Y332G BChE as
an exogenous enzyme in humans, when the concentration of this
mutant is kept the same as that of the wild-type BChE in plasma,
the half-life time of (−)-cocaine in plasma should be reduced from
∼45–90 min to only ∼6–12 seconds, considerably shorter than the
time required for cocaine crossing the blood–brain barrier to reach
the CNS.52 Hence, the encouraging outcome of the rational design
and discovery study could eventually result in valuable, efficient
therapeutics for treatment of cocaine overdose and addiction.


5 Concluding remarks


Promising agents for therapeutic treatment of cocaine overdose
and addiction have been designed and discovered based on the
molecular structures and the detailed reaction mechanisms for
non-enzymatic and enzymatic hydrolysis of cocaine. The stable
analogs of the rate-determining transition state for non-enzymatic
hydrolysis of cocaine have been designed and used to successfully
elicit anti-cocaine catalytic antibodies.


The computational design of high-activity mutants of BChE
has been based on not only the structure of the enzyme–
substrate binding, but also the detailed catalytic mechanisms
for BChE-catalyzed hydrolysis of (−)-cocaine and (+)-cocaine.
Computational studies of the detailed catalytic mechanisms and
the structure-and-mechanism-based computational design have
been carried out through the combined use of a variety of state-
of-the-art techniques of molecular modeling. The state-of-the-art
computational studies have led to detailed mechanistic insights
into the reaction pathways for BChE-catalyzed hydrolysis of
(−)-cocaine and (+)-cocaine. These detailed mechanistic insights
provide a solid basis for rational design of novel anti-cocaine
medication using the high-activity mutants of human BChE
against (−)-cocaine.


By using the computational insights into the catalytic mech-
anisms for BChE-catalyzed hydrolysis of (−)-cocaine and
(+)-cocaine, it is clear that when the rate-determining step becomes
the chemical reaction process, the truly rational design of the
BChE mutants cannot be limited to modeling of the enzyme–
substrate binding. A unique computational design strategy based
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on modeling and simulation of the rate-determining transition
state has been developed to design high-activity mutants of
BChE for hydrolysis of (−)-cocaine, leading to the exciting
discovery of BChE mutants with a considerably improved catalytic
efficiency against (−)-cocaine. One of the discovered BChE
mutants (i.e. A199S/S287G/A328W/Y332G) has a ∼456-fold
improved catalytic efficiency against (−)-cocaine. The encourag-
ing outcome of the structure-and-mechanism-based design and
discovery effort demonstrates that the unique computational
design approach based on the transition state modeling and
simulation is promising for rational enzyme redesign and drug
discovery.


The general computational design strategy, particularly the
structure-and-mechanism-based design of high-activity mutants
of BChE, in combination with appropriate experiments including
site-directed mutagenesis and enzyme activity assays may be
used to design and discover high-activity mutants of any other
interesting enzyme or catalytic antibody. In particular, future
development of anti-cocaine catalytic antibodies should not be
limited to the immunization with new transition state analogs.
It should also be interesting to design and discover high-activity
mutants of the currently known anti-cocaine catalytic antibodies
by using a similar computational–experimental approach used
for design and discovery of high-activity mutants of BChE. It is
also desirable to develop high-activity mutants of other metabolic
enzymes for future therapeutic treatments of metabolic diseases.
A metabolic disease is a disorder caused by the accumulation
of chemicals produced naturally in the body.54,55 The metabolic
diseases are usually serious, some even life threatening. Using
exogenous enzymes to metabolize the chemicals is clearly an
ideal therapeutic strategy, particularly when the metabolic disease
is caused by a genetic defect or absence of certain metabolic
enzymes. For each of the metabolic enzymes, to design the high-
activity mutants against a specific compound (substrate), one
first needs to uncover the fundamental catalytic mechanism and
perform structure-and-mechanism-based design of mutations that
can potentially stabilize the rate-determining transition state and
lower the free energy barrier.


Acknowledgements


Financial support from the National Institute on Drug Abuse
(NIDA) of National Institutes of Health (NIH) (grant R01
DA013930) and extensive supercomputing time support from
University of Kentucky Center of Computational Sciences are
gratefully acknowledged.


References


1 F. H. Gawin and E. H. Ellinwood, Jr., N. Engl. J. Med., 1988, 318, 1173.
2 D. W. Landry, Sci. Am., 1997, 276, 28.
3 S. Singh, Chem. Rev., 2000, 100, 925.
4 S. Sparenborg, F. Vocci and S. Zukin, Drug Alcohol Depend., 1997, 48,


149.
5 D. A. Gorelick, Drug Alcohol Depend., 1997, 48, 159.
6 D. A. Gorelick, E. L. Gardner and Z.-X. Xi, Drugs, 2004, 64, 1547–


1573.
7 T. J. Baird, S.-X. Deng, D. W Landry, G. Winger and J. H. Woods,


J. Pharmacol. Exp. Ther., 2000, 295, 1127–1134.


8 M. R. A. Carrera, J. A. Ashley, P. Wirsching, G. F. Koob and K. D.
Janda, Proc. Natl. Acad. Sci. U. S. A., 2001, 98, 1988–1992.


9 S.-X. Deng, P. de Prada and D. W. Landry, J. Immunol. Methods, 2002,
269, 299–310.


10 K. M. Kantak, Expert Opin. Pharmacother., 2003, 4, 213–218.
11 M. R. A. Carrera, G. F. Kaufmann, J. M. Mee, M. M. Meijler, G. F.


Koob and K. D. Janda, Proc. Natl. Acad. Sci. U. S. A., 2004, 101,
10416–10421.


12 T. J. Dickerson, G. F. Kaufmann and K. D Janda, Expert Opin. Biol.
Ther., 2005, 5, 773–781.


13 M. M. Meijler, G. F. Kaufmann, L. W. Qi, J. M. Mee, A. R. Coyle,
J. A. Moss, P. Wirsching, M. Matsushita and K. D Janda, J. Am. Chem.
Soc., 2005, 127, 2477–2484.


14 C. J. Rogers, J. M. Mee, G. F. Kaufmann, T. J. Dickerson and K. D
Janda, J. Am. Chem. Soc., 2005, 127, 10016–10017.


15 M. R. A. Carrera, J. A. Ashley, L. H. Parsons, P. Wirsching, G. F. Koob
and K. D. Janda, Nature, 1995, 378, 727–730.


16 B. S. Fox, Drug Alcohol Depend., 1997, 100, 153–158.
17 M. R. A. Carrera, J. A. Ashley, B. Zhou, P. Wirsching, G. F. Koob and


K. D. Janda, Proc. Natl. Acad. Sci. U. S. A., 2000, 97, 6202–6206.
18 M. R. A. Carrera, J. M. Trigo, A. J. Roberts and K. D. Janda,


Pharmacol., Biochem. Behav., 2005, 81, 709–714.
19 B. S. Fox, K. M. Kantak, M. A. Edwards, K. M. Black, B. K. Bollinger,


A. J. Botka, T. L. French, T. L. Thompson, V. C. Schad, J. L. Greenstein,
M. L. Gefter, M. A. Exley, P. A. Swain and T. J. Briner, Nat. Med.,
1996, 2, 1129–1132.


20 K. M. Kantak, S. L. Collins, J. Bond and B. S. Fox, Psychopharmacol-
ogy, 2001, 153, 334–340.


21 D. W. Landry and G. X.-Q. Yang, J. Addict. Diseases, 1997, 16, 1–17.
22 D. W. Landry, K. Zhao, G. X.-Q. Yang, M. Glickman and T. M.


Georgiadis, Science, 1993, 259, 1899–1901.
23 M. Matsushita, T. Z. Hoffman, J. A. Ashley, B. Zhou, P. Wirsching and


K. D. Janda, Bioorg. Med. Chem. Lett., 2001, 11, 87–90.
24 J. R. Cashman, C. E. Berkman and G. E. Underiner, J. Pharmacol.


Exp. Ther., 2000, 293, 952–961.
25 G. Yang, J. Chun, H. Arakawa-Uramoto, X. Wang, M. A. Gawinowicz,


K. Zhao and D. W. Landry, J. Am. Chem. Soc., 1996, 118, 5881–
5890.


26 S. J. Gately, Biochem. Pharmacol., 1991, 41, 1249–1254.
27 S. J. Gately, R. R. MacGregor, J. S. Fowler, A. P. Wolf, S. L. Dewey and


D. J. Schlyer, J. Neurochem., 1990, 54, 720–723.
28 S. Darvesh, D. A. Hopkins and C. Geula, Nat. Rev. Neurosci., 2003, 4,


131–138.
29 Butyrylcholinesterase: Its Function and Inhibitors, ed. E. Giacobini,


Dunitz Martin Ltd., Great Britain, 2003.
30 R. A. Lerner, S. J. Benkovic and P. G. Schultz, Science, 1991, 252,


659.
31 C.-G. Zhan, S.-X. Deng, J. G. Skiba, B. A. Hayes, S. M. Tschampel,


G. C. Shields and D. W. Landry, J. Comput. Chem., 2005, 26, 980–
986.


32 C.-G. Zhan, D. W. Landry and R. L. Ornstein, J. Am. Chem. Soc., 2000,
122, 1522–1530.


33 C.-G. Zhan, D. W. Landry and R. L. Ornstein, J. Am. Chem. Soc., 2000,
122, 2621–2627.


34 C.-G. Zhan, D. W. Landry and R. L. Ornstein, J. Phys. Chem. A, 2000,
104, 7672–7678.


35 C.-G. Zhan and D. W Landry, J. Phys. Chem. A, 2001, 105, 1296–1301.
36 N. A. Larsen, P. de Prada, S. X. Deng, A. Mittal, M. Braskett, X. Zhu,


I. A. Wilson and D. W. Landry, Biochemistry, 2004, 43, 8067.
37 C.-G. Zhan, F. Zheng and D. W. Landry, J. Am. Chem. Soc., 2003, 125,


2462–2474.
38 A. Hamza, H. Cho, H.-H. Tai and C.-G. Zhan, J. Phys. Chem. B, 2005,


109, 4776.
39 C.-H. Hu, T. Brinck and K. Hult, Int. J. Quantum Chem., 1998, 69, 89.
40 S. T. Wlodek, T. W. Clark, L. Scott and J. A. McCammon, J. Am. Chem.


Soc., 1997, 119, 9513.
41 S. T. Wlodek, J. Antosiewicz and J. M. Briggs, J. Am. Chem. Soc., 1997,


119, 8159.
42 H.-X. Zhou, S. T. Wlodek and J. A. McCammon, Proc. Natl. Acad.


Sci. U. S. A., 1998, 95, 9280.
43 S. Malany, M. Sawai, R. S. Sikorski, J. Seravalli, D. M. Quinn, Z. Radic,


P. Taylor, C. Kronman, B. Velan and A. Shafferman, J. Am. Chem. Soc.,
2000, 122, 2981.


44 D. Gao and C.-G. Zhan, J. Phys. Chem. B, 2005, 109, 23070–23076.
45 C.-G. Zhan and D. Gao, Biophys. J., 2005, 89, 3863.


842 | Org. Biomol. Chem., 2008, 6, 836–843 This journal is © The Royal Society of Chemistry 2008







46 H. Sun, J. E. Yazal, O. Lockridge, L. M. Schopfer, S. Brimijoin and
Y. P. Pang, J. Biol. Chem., 2001, 276, 9330–9336.


47 D. Gao and C.-G. Zhan, Proteins, 2006, 62, 99–110.
48 H. Sun, M. L. Shen, Y. P. Pang, O. Lockridge and S. Brimijoin,


J. Pharmacol. Exp. Ther., 2002, 302, 710–716.
49 H. Sun, Y. P. Pang, O. Lockridge and S. Brimijoin, Mol. Pharmacol.,


2002, 62, 220–224.
50 Y. Gao, E. Atanasova, N. Sui, J. D. Pancook, J. D. Watkins and S.


Brimijoin, Mol. Pharmacol., 2005, 67, 204–211.


51 Y. Pan, D. Gao and C.-G. Zhan, J. Am. Chem. Soc., 2007, 129, 13537–
13543.


52 Y. Pan, D. Gao, W. Yang, H. Cho, G.-F. Yang, H.-H. Tai and C.-G.
Zhan, Proc. Natl. Acad. Sci. U. S. A., 2005, 102, 16656.


53 D. Gao, H. Cho, W. Yang, Y. Pan, G.-F. Yang, H.-H. Tai and C.-G.
Zhan, Angew. Chem., Int. Ed., 2006, 45, 653–657.


54 G. M. Keating and D. Simpson, Drugs, 2007, 67, 435–455.
55 J. T. R. Clarke, A Clinical Guide to Inherited Metabolic Diseases, 2nd


edn, Cambridge University Press, 2007.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 836–843 | 843








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


Activity and selectivity of W110A secondary alcohol dehydrogenase from
Thermoanaerobacter ethanolicus in organic solvents and ionic liquids: mono-
and biphasic media


Musa M. Musa,a Karla I. Ziegelmann-Fjeld,b Claire Vieilleb and Robert S. Phillips*a,c


Received 6th November 2007, Accepted 17th December 2007
First published as an Advance Article on the web 18th January 2008
DOI: 10.1039/b717120j


The asymmetric reduction of hydrophobic phenyl-ring-containing ketones and the enantiospecific
kinetic resolution of the corresponding racemic alcohols catalyzed by Thermoanaerobacter ethanolicus
W110A secondary alcohol dehydrogenase were performed in mono- and biphasic systems containing
either organic solvents or ionic liquids. Both yield and enantioselectivity for these transformations can
be controlled by changing the reaction medium. The enzyme showed high tolerance to both
water-miscible and -immiscible solvents, which allows biotransformations to be conducted at high
substrate concentrations.


Introduction


Using biocatalysts in organic synthesis has become an effective
methodology for the production of optically active compounds
due to the high chemo-, regio-, and enantioselectivities of
enzymes.1 The natural environment for biocatalysts is an aqueous
medium, which, in most cases, does not satisfy organic chemists,
because most interesting substrates and products are either
insoluble or only sparingly soluble in aqueous media. One solution
for this limitation is the use of organic solvents.2 A similar, recently
developed solution is the use of room temperature ionic liquids
(ILs) as solvents, which are known as environmentally friendly
because they are nonvolatile and nonflammable.3 Both organic
solvents and ILs can be used as cosolvents with aqueous media as
either monophasic or biphasic systems to enhance the solubility
of hydrophobic substrates in biocatalytic transformations.


Alcohol dehydrogenases (ADHs, EC 1.1.1.X, X = 1 or 2) are
enzymes that catalyze the reversible reduction of ketones and
aldehydes to the corresponding alcohols.4 There has been great
interest in the use of ADHs in asymmetric synthesis to produce
enantiomerically pure alcohols, which are important building
blocks in pharmaceutical and agricultural compounds.5 Gröger
et al. reported a practical method for asymmetric reductions
of poorly water-soluble ketones using Rhodococcus erythropolis
ADH in water/n-heptane (4 : 1, v/v) biphasic systems with satis-
factory conversions.6 Recently, Gonzalo et al. reported a method
for enzymatic reduction of ketones catalyzed by Rhodococcus ruber
ADH-A in micro-aqueous media.7 This method allowed substrate
concentrations as high as 2.0 M.


Most enzymatic reactions that have been used in organic
synthesis involve lipases because of their availability, thermal
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stability and high tolerance to organic solvents.1,2 Several reports
have shown that the activity and enantioselectivity of lipases can
be controlled by changing the reaction medium.2c,8 It is of great
interest to check the performance of ADHs in nonaqueous media.


We have been studying Thermoanaerobacter ethanolicus sec-
ondary ADH (TeSADH, EC 1.1.1.2), a nicotinamide-adenine din-
ucleotide phosphate (NADP+)-dependent enzyme.9 This enzyme is
thermally stable, it accepts ketones and alcohols as substrates with
high activities, and it resists denaturation in organic solvents.10


For the above-mentioned reasons, TeSADH is a useful biocatalyst
for synthetic applications.11 2-Propanol and acetone can be
used as cosubstrates in the reduction and oxidation pathways,
respectively, to regenerate the coenzyme. This therefore makes the
process catalytic as shown in Scheme 1. Recently, we designed
a new TeSADH mutant, where tryptophan-110 was replaced
with alanine (W110A TeSADH).12 This mutant accepts phenyl-
ring-containing ketones and their corresponding alcohols as
substrates with high enantioselectivities and enantiospecificities.13


The enzyme TeSADH and its mutant W110A TeSADH obey
Prelog’s rule, in which NADPH delivers its pro-R hydride from
the re face of the ketone (Scheme 1).14 We have also shown that


Scheme 1 Prelog’s rule for predicting the stereochemical outcome for
ADH-catalyzed asymmetric reduction.
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Table 1 Asymmetric reduction of phenyl-ring-containing ketones by W110A TeSADH in water-miscible solvents (monophasic).a


Substrate R Productb Solvent Conv. (%)c ee (%)d


1a Ph(CH2)2 (S)-1b [bmim][BF4] 86 98
DMF 95 95
Acetonitrile 94 97
tert-Butanol 85 97


2a PhOCH2 (S)-2b [bmim][BF4] 96 97
3a 4-MeOC6H4(CH2)2 (S)-3b [bmim][BF4] 40 87


DMF 35 86
Acetonitrile 28 94


4a PhCH2 (S)-4b [bmim][BF4] 88 38
DMF 97 56
Acetonitrile 90 62


a Conditions: substrate (0.244 mmol), NADP+ (1.33 mg), solvent (1.0 mL), W110A TeSADH (0.48 mg), Tris-HCl buffer (1.0 mL, 50 mM, pH 8.0), and
2-propanol (600 lL). b The absolute configuration was confirmed by coinjection of their acetate derivatives with both (S) and (R)-acetates made before
either by enantioselective reduction or enantiospecific oxidation using W110A TeSADH.13 c % Conversion was determined by GC. d % ee values were
determined on the corresponding acetate by a GC equipped with a chiral column as described.13


xerogel-encapsulated W110A TeSADH can be used in organic
solvents as a solution to the solubility problem for hydropho-
bic phenyl-ring-containing ketones and their corresponding
alcohols.15 In the same report, we noticed that the reaction’s enan-
tioselectivity was higher when substrates such as phenylacetone
were reduced in organic solvents than in aqueous media.15


In this paper, we report the results of asymmetric reductions
and oxidations using W110A TeSADH in ILs as environmen-
tally friendly solvents, representing a solution for the problem
of poor solubility of the substrates and products. 1-Butyl-
3-methylimidazolium tetrafluoroborate ([bmim][BF4]) was used
as a cosolvent with Tris-HCl buffer in monophasic systems.
1-Butyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)imide
([bmim][NTf2]), which is water-immiscible, was used as the non-
aqueous phase in biphasic systems. Those transformations were
also conducted in water-miscible and water-immiscible organic
solvents for comparison. Yields and stereoselectivities for each
W110A TeSADH-catalyzed biotransformation were compared in
the different solvent systems to show that both could be affected
by changing the reaction medium.


Results and discussion


Asymmetric reduction using W110A TeSADH in monophasic
systems


The asymmetric reductions of phenyl-ring-containing ketones
catalyzed by W110A TeSADH were conducted in media con-
taining Tris-HCl buffer and water-miscible nonaqueous solvents
to enhance the solubility of hydrophobic substrates. 4-Phenyl-2-
butanone (1a) was reduced in high yield and high enantioselec-
tivity to produce (S)-4-phenyl-2-butanol ((S)-1b) in a monophasic
medium containing [bmim][BF4], 50 mM Tris-HCl buffer (pH 8.0),


and 2-propanol (38 : 38 : 24 [v/v/v]). 2-Propanol was used as a
cosubstrate to regenerate NADPH from the oxidized NADP+ and
therefore make the process catalytic. Although an IL cosolvent was
used, 2-propanol had to be used in excess to shift the equilibrium
to the reduction direction. The same results were obtained when
water-miscible organic solvents such as dimethyl formamide
(DMF), acetonitrile, or tert-butanol were used as cosolvents
(Table 1). This means that W110A TeSADH remains active in
water-miscible organic solvents or ILs in high concentrations
(>60% by volume), which is remarkable for an ADH. With only
a few exceptions in the literature,16 ADHs are observed to be
unstable under these conditions.4c,d Under every condition, (S)-1b
was produced in high yield and enantioselectivity.


Impressed with the activity of W110A TeSADH in me-
dia containing such a high percentage of nonaqueous water-
miscible solvents, we investigated the asymmetric reductions of
other phenyl-ring-containing ketones using [bmim][BF4], DMF,
or acetonitrile as the cosolvent and 2-propanol as the cosub-
strate. Using [bmim][BF4] as the cosolvent, phenoxy-2-propanone
(2a) was reduced to (S)-phenoxy-2-propanol ((S)-2b) with high
yield and enantioselectivity. The asymmetric reduction of 4-
(4′-methoxyphenyl)-2-butanone (3a) using [bmim][BF4] as the
cosolvent afforded 4-(4′-methoxyphenyl)-2-butanol ((S)-3b) in
40% yield and 87% ee. Similar results were obtained when DMF
or acetonitrile were used as the cosolvent; however the % ee
was higher when acetonitrile was used as cosolvent. 1-Phenyl-2-
propanol ((S)-4b) was obtained from the asymmetric reduction
of 1-phenyl-2-propanone (4a) in high yield and 38% ee when
[bmim][BF4] was used as the cosolvent, in agreement with the
results obtained previously for the asymmetric reduction of 4a
using W110A TeSADH in monophasic medium using 2-propanol
as both the cosolvent and cosubstrate.13 However, when the same
asymmetric reduction was conducted in DMF or acetonitrile,


888 | Org. Biomol. Chem., 2008, 6, 887–892 This journal is © The Royal Society of Chemistry 2008







an improved ee was noticed (Table 1). Similar enantioselectivity
enhancements for secondary alcohol dehydrogenase from Ther-
moanaerobacterium sp. KET4B1 were repoted by Simpson and
Cowan.17 The improved enantioselectivities noticed when DMF or
acetonitrile were used as cosolvents in the asymmetric reduction
of 4a can be explained by differences in solvation of the enzyme
active site proposed previously.15,18 For 1a, 3a and 4a, it was
noticed that their asymmetric reduction was achieved with higher
enantioselectivity using acetonitrile as the cosolvent than using
DMF. The results in Table 1 show that the enantioselectivities
of the asymmetric reduction reactions catalyzed by W110A
TeSADH in media containing Tris-HCl buffer, 2-propanol as the
cosubstrate, and [bmim][BF4] as the cosolvent are similar to those
in Tris-HCl buffer and 2-propanol as both the cosolvent and
cosubstrate.13


Asymmetric reduction using W110A TeSADH in biphasic systems


The asymmetric reductions of hydrophobic ketones catalyzed by
W110A TeSADH were conducted in biphasic media with either
ILs or organic solvents as the nonaqueous phase. The W110A
TeSADH-catalyzed asymmetric reduction of 1a to (S)-1b was
investigated in a biphasic system containing [bmim][NTf2], a
water-immiscible IL, 50 mM Tris-HCl buffer (pH 8.0), and 2-
propanol as the cosubstrate (Table 2). This reaction was also
investigated in a series of water-immiscible organic solvents
(Table 2). (S)-1b was produced with high enantioselectivities
in all cases; however the percentage conversions were different
from one solvent to the other. The asymmetric reduction in
the biphasic system containing [bmim][NTf2] as the nonaqueous
phase had a lower yield than in the biphasic systems containing
cyclohexane, hexane, heptane, or diisopropyl ether (DIPE), but
it had a higher yield than in the biphasic systems containing
toluene and tert-butyl methyl ether (TBME). Eckstein et al.
reported the first example of asymmetric reduction using ADH in
a biphasic system containing [bmim][NTf2].3d They also reported
that taking advantage of the partition coefficients of 2-propanol
and acetone, 2-propanol preferably remains in the aqueous phase
and improved ADH-catalyzed reduction yields are obtained. We
believe that the partition coefficients of 2-propanol and acetone


between aqueous medium and [bmim][NTf2] are not the only
factor that controls the percentage conversion in these biphasic
systems because the partition coefficients of ketone substrates and
their corresponding alcohols also play an important role. It is
always good to consider environmentally friendly IL solvents as
substitutes to organic solvents but they are not always the best in
terms of percentage yield. Reducing the 2-propanol concentration
when hexane was used as the organic solvent resulted in decreases
in both percentage conversion and ee, which can be explained due
to time-dependent racemization as the possibility of reversibility
increases. The asymmetric reduction of 1a catalyzed by xerogel-
encapsulated W110A TeSADH, prepared as described,15 was also
conducted in [bmim][NTf2] as the solvent to produce only about
10% of (S)-1b after 48 hours.


The asymmetric reductions of 2a and 3a catalyzed by W110A
TeSADH were conducted in a biphasic system containing
[bmim][NTf2] to produce (S)-2b and (S)-3b with yields and
enantioselectivities comparable to those achieved previously in
aqueous media with 2-propanol as the cosolvent.13 Under the same
conditions, (S)-4b was produced from the asymmetric reduction
of 4a with high yield and higher ee than obtained in monophasic
systems with 2-propanol or [bmim][BF4] as the cosolvent (Table 1
and Table 2).13 The same enantioselectivity enhancement was
noticed when the asymmetric reduction of 4a was conducted
in water-immiscible organic solvents such as hexane, toluene,
or DIPE using xerogel-encapsulated W110A TeSADH.15 This
enantioselectivity enhancement can be explained by differences
in solvation of the enzyme active site as proposed previously.15,18 It
can also be explained as the result of the substrate concentration
in the aqueous phase in biphasic systems being lower than in
the monophasic systems containing 2-propanol, water-miscible
IL, or organic solvent as the cosolvent with 2-propanol as the
cosubstrate.


The use of biphasic systems in enzymatic transformations is
of great interest not only because of the ease of work-up, but
also because the enzyme and its cofactor are dissolved in the
aqueous phase, where the reaction takes place, while the reactant,
product, cosubstrate, and coproduct are all distributed in the two
phases, in most cases preferentially in the nonaqueous phase. This
distribution reduces the possibility of enzyme inhibition by the


Table 2 Asymmetric reduction of phenyl-ring-containing ketones by W110A TeSADH in biphasic systemsa


Substrate R Productb Solvent 2-Propanol (eq.) Conv. (%)c ee (%)d


1a Ph(CH2)2 (S)-1b [bmim][NTf2] 16 65 97
DIPE 16 94 99
TBME 16 59 96
Toluene 16 36 97
Cyclohexane 16 83 97
Hexane 16 95 96
Hexane 8 87 94
Hexane 4 69 81
Heptane 16 92 96


2a PhOCH2 (S)-2b [bmim][NTf2] 16 96 >99
3a 4-MeOC6H4(CH2)2 (S)-3b [bmim][NTf2] 16 52 88
4a PhCH2 (S)-4b [bmim][NTf2] 16 > 99 60


a Conditions: substrate (0.244 mmol), NADP+ (1.33 mg), water-immiscible solvent (1.0 mL), W110A TeSADH (0.48 mg), Tris-HCl buffer (1.0 mL,
50 mM, pH 8.0), and 2-propanol. b The absolute configuration was confirmed by coinjection with both (S)- and (R)-alcohols made beforehand.13 c %
Conversion was determined by GC. d % ee values were determined on the corresponding acetate by a GC equipped with a chiral column as described.13
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Table 3 Enantiospecific oxidation of phenyl-ring-containing alcohols by W110A TeSADH in biphasic media.a


Substrate R Productb Solvent Acetone (eq.) c (%)c ee (%)d E-valuee


rac-1b Ph(CH2)2 (R)-1b [bmim][NTf2] 4 44 80 > 100
TBME 4 31 38 17
DIPE 4 44 75 97
Toluene 4 18 22 > 100
Cyclohexane 4 48 83 49
Hexane 4 48 78 28


rac-3b 4-MeOC6H4(CH2)2 (R)-3b [bmim][NTf2] 4 52 61 7
TBME 4 19 22 39
DIPE 4 41 52 12
Toluene 4 20 25 > 100
Hexane 4 58 9 1.3
Hexane 8 66 51 2.7
Hexane 16 63 80 6.4


a Conditions: substrate (0.17 mmol), NADP+ (1.0 mg), solvent (750 lL), Tris-HCl buffer (750 lL, 50 mM, pH 8.0) containing W110A TeSADH (0.24 mg),
and acetone. b The absolute configuration was confirmed by comparing the retention time with that for the S enantiomer. c % Conversion was determined
by GC. d % ee values were determined on the corresponding acetate by a GC equipped with a chiral column as described.13 e E-value was calculated as
described in the experimental section.


substrate, product or solvent. Another advantage of using biphasic
systems for enzymatic reactions is the ability to recycle the enzyme
easily.


Enantiospecific kinetic resolution using W110A TeSADH in
biphasic systems


It is of great interest to generate both enantiomers of chiral alco-
hols with high optical purities. Because most ADHs follow Prelog’s
rule,4d producing (S)-enantiomers in most cases, it is important to
develop methods that produce the anti-Prelog enantiomers using
ADHs. One way to do this is to use an (S)-selective ADH in the
oxidation direction (i.e. kinetic resolution [KR]). If, instead of 2-
propanol, acetone is used as the cosubstrate in ADH-catalyzed
biotransformations, KR will be achieved, thus stereospecifically
converting the (S)-enantiomer to the corresponding ketone and
leaving the (R)-enantiomer with a maximum theoretical yield of
50% with high ee. We have shown that W110A TeSADH can
be used to catalyze the stereospecific KR of a series of phenyl-
ring-containing alcohols to produce their (R)-enantiomers with
moderate to high ee in aqueous media containing acetone as
both the cosolvent and cosubstrate.13 Because acetone is known
to inhibit ADHs and it cannot be used as a cosolvent at high
concentrations, substrate and product solubilities remain major
issues. For this reason, using an alternative cosolvent that can
minimize the amount of acetone needed for enantiospecific KR
might be advantageous.


The enantiospecific KR of rac-1b catalyzed by W110A TeSADH
was investigated in a biphasic system containing [bmim][NTf2]
as the nonaqueous phase with acetone as the cosubstrate. (S)-
1b was converted enantiospecifically to 1a, leaving (R)-1b as the


unreacted enantiomer with a high E-value (Table 3). Acetone
was used as a cosubstrate in relatively low concentrations (4 eq.)
instead of being used as a cosolvent as previously.13 The same
asymmetric transformation was conducted in several water-
immiscible organic solvents (Table 3) to produce (R)-1b with
high E-value. In agreement with the results obtained in Table 2
for asymmetric reduction of 1a, enantiospecific KR of rac-1b
gave higher yields when either [bmim][NTf2], hexane, or DIPE
were used as the nonaqueous phase than when either TBME
or toluene were used. This result is a clear indication that the
partition coefficients of 2-propanol and acetone are not the
only factors that control the equilibrium in asymmetric redox
reactions catalyzed by ADHs. In all cases the E-value was higher
than 17, which indicates that this reaction is a very specific
KR.19


We decided to carry out the enantiospecific KR of rac-3b
under the previous conditions to clarify the observed change
of the enantioselectivity upon reaction medium used for these
biotransformations. Since 3a was reduced to (S)-3b with lower
enantioselectivity than 1a using W110A TeSADH, it is expected
that the E-value for enantiospecific KR of rac-3b will be less
than that for rac-1b. In agreement with the results obtained for
enantiospecific KR of rac-1b in biphasic systems, enantiospecific
KR of rac-3b in a biphasic system gave a higher percentage
conversion with either [bmim][NTf2], DIPE, or hexane as the non-
aqueous phase than with toluene or TBME. The lowest E-value
was obtained with hexane but this E-value increased dramatically
when the acetone concentration was increased, which can be
explained as the result of reducing the possibility of reversibility by
increasing the amount of acetone used. Although toluene showed
low percentage conversion in both the reduction and oxidation
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directions, it exhibited the highest stereospecificity (i.e., the highest
E-value for substrates rac-1b and rac-3b).


It is not easy to conclude which solvent is the best for a
specific ADH-catalyzed biotransformation where a cosubstrate
(here, either 2-propanol or acetone) is needed to regenerate the
coenzyme. At this time, we can conclude that the selectivity of
ADH-catalyzed transformations can be controlled by changing
the reaction medium; however there is no correlation between
either the hydrophobicity or dielectric constant of the cosolvent
and the enantioselectivity of TeSADH. This is consistent with
previous studies for ADH-catalyzed reactions in both water-
miscible and -immiscible organic solvents.15,17,20


Experimental


General


Capillary gas chromatographic measurements were performed on
a GC equipped with a flame ionization detector and a Supelco
b-Dex 120 chiral column (30 m, 0.25 mm [i.d.], 0.25 lm film
thickness) using helium as the carrier gas. 1H NMR and 13C
NMR spectra were recorded on 400 MHz spectrometer at room
temperature in CDCl3 using either solvent peak or tetramethyl-
silane as internal standard. All reactions were performed in a
10 mL round-bottomed flask equipped with a magnetic stirrer and
condenser. Commercial grade solvents were used without further
purification. NADP+, Candida antarctica Lipase B (Novozyme
435), phenylacetic acid, acetic anhydride, and NaBH4 were used
as purchased from commercial sources. Ketones 1a–3a and rac-1b
were used as purchased from commercial suppliers. The ketone 4a
was prepared as described.21 rac-3b was prepared by reducing 3a
with NaBH4 as described.22


Gene expression and purification of W110A TeSADH


W110A TeSADH was expressed in recombinant Escherichia coli
HB101(DE3) cells and purified as described.12


Determination of absolute configuration


The absolute configurations of both alcohol enantiomers were
determined by co-injection on a chiral GC column with samples
prepared previously either by asymmetric reduction or oxidation
using TeSADH or by KR using Novozyme 435 as described.13


All % ee values were determined on the acetate form by a GC
equipped with a chiral column as described.13


Preparation of [bmim][BF4] and [bmim][NTf2]


[bmim][BF4] was prepared as described.23 To prepare
[bmim][NTf2], [bmim][BF4] (3.94 g, 17.4 mmol) and
bis(trifluoromethane)sulfonimide lithium salt (5.0 g, 17.4 mmol)
were mixed in distilled water (7.0 mL) in a 50-mL round bottomed
flask. The mixture was stirred at room temperature for 2 h to form
two layers. After removing the water under vacuum, methylene
chloride (20 mL) was added to the residue, which contains
[bmim][NTf2] and LiBF4. The solution was then filtered and dried
with Na2SO4. The solvent was then removed under vacuum to
produce the ionic liquid [bmim][NTf2] as a colorless oil. Spectral
data were consistent with those reported.24


General procedure for asymmetric reduction using W110A
TeSADH in monophasic systems


A mixture of substrate na (0.244 mmol), NADP+ (1.33 mg),
water-miscible organic solvent or IL (1.0 mL), Tris-HCl buffer
(1.0 mL, 50 mM, pH adjusted to 8.0 at 25 ◦C) containing W110A
TeSADH (0.48 mg), and 2-propanol (quantities described in
Table 1) was stirred at 50 ◦C for 24 h. The reaction mixture was
extracted with diethyl ether (3 × 2 mL). The combined organic
layers were dried with Na2SO4. A sample was injected in a GC
to determine the percentage conversion. The solvent then was
removed under vacuum and the remaining residue was treated
with pyridine and acetic anhydride to convert the product alcohol
to the corresponding acetate as reported,22 which was analyzed by
a chiral column GC to determine the percentage ee.


General procedure for asymmetric reduction using W110A
TeSADH in biphasic systems


A mixture of substrate na (0.244 mmol), NADP+ (1.33 mg),
solvent (1.0 mL), Tris-HCl buffer (1.0 mL, 50 mM, pH adjusted
to 8.0 at 25 ◦C) containing W110A TeSADH (0.48 mg), and
2-propanol (quantities described in Table 2) was stirred as two
layers at maximum speed to keep a suspension at 50 ◦C for 24 h.
The two layers were then separated and the aqueous layer was
extracted with diethyl ether (3 × 2 mL). The combined organic
layers were combined with the original organic layer and dried
with Na2SO4 (In the case of [bmim][NTf2], the IL layer was
extracted with hexane (6 × 2 mL), then the combined hexane
layers were combined with the organic layers from the aqueous
layer extraction). The product was then analyzed as described
above.


General procedure for asymmetric kinetic resolution using W110A
TeSADH in monophasic and biphasic systems


A mixture of substrate (rac)-nb (0.17 mmol), NADP+ (1.0 mg),
solvent (750 lL), Tris-HCl buffer (750 lL, 50 mM, pH adjusted
to 8.0 at 25 ◦C) containing W110A TeSADH (0.24 mg), and
acetone (quantities described in Table 3) was stirred at 50 ◦C for
24 h. The reaction mixture was then worked up and its contents
were analyzed as described above for the asymmetric reduction.
E-values were calculated from the formula E = ln[(1 − c)(1 −
ees)]/ln[(1 − c)(1 + ees)], where c is percentage conversion of
alcohol to ketone, and ees is enantiomeric excess of the unreacted
(R)-alcohol.25


Conclusions


The high tolerance of W110A TeSADH to elevated concen-
trations of both organic solvents and ILs allows asymmetric
redox reactions to be conducted in both directions by choosing
the appropriate cosubstrate (i.e., 2-propanol or acetone) and
by using high concentrations of hydrophobic substrates. The
enantioselectivity and yield of the reactions catalyzed by W110A
TeSADH can be controlled by changing the reaction medium.
The partition coefficients of 2-propanol and acetone in a biphasic
system containing an organic solvent or IL are not the only factors
that control the equilibrium in the asymmetric transformations
catalyzed by ADHs. This study also shows that ADH selectivity
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can be tuned by changing the reaction medium. The efficient
production of both enantiomers of optically active alcohols is
of great interest as they are building blocks for the synthesis of
pharmaceutically important molecules.
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Rollmann, H. Hüsken and K. Abokitse, Org. Lett., 2003, 5, 173–176.


7 G. D. Gonzalo, I. Lavandera, K. Faber and W. Kroutil, Org. Lett.,
2007, 9, 2163–2166.


8 (a) T. Itoh, Y. Matsushita, Y. Abe, S. Han, S. Wada, S. Hayase, M.
Kawatsura, S. Takai, M. Morimoto and Y. Hirose, Chem.–Eur. J., 2006,
12, 9228–9237; (b) K. W. Kim, B. Song, M. Y. Choi and M. J. Kim,
Org. Lett., 2001, 3, 1507–1509.


9 (a) D. C. Burdette and J. G. Zeikus, Biochem.J., 1994, 302, 163–170;
(b) D. C. Burdette, C. Vieille and J. G. Zeikus, Biochem. J., 1996, 316,
115–122.


10 (a) V. T. Pham and R. S. Phillips, J. Am. Chem. Soc., 1990, 112, 3629–
3632; (b) V. T. Pham, R. S. Phillips and L. G. Ljungdahl, J. Am. Chem.
Soc., 1989, 111, 1935–1936.


11 (a) C. Heiss, M. Laivenieks, J. G. Zeikus and R. S. Phillips, Bioorg. Med.
Chem., 2001, 9, 1659–1666; (b) C. Heiss and R. S. Phillips, J. Chem.
Soc., Perkin Trans. 1, 2000, 2821–2825.


12 K. I. Ziegelmann-Fjeld, M. M. Musa, R. S. Phillips, J. G. Zeikus and
C. Vieille, Protein Eng. Des. Sel., 2007, 20, 47–55.


13 M. M. Musa, K. I. Ziegelmann-Fjeld, C. Vieille, J. G. Zeikus and R. S.
Phillips, J. Org. Chem., 2007, 72, 30–34.


14 V. Prelog, Pure Appl. Chem., 1964, 9, 119–130.
15 M. M. Musa, K. I. Ziegelmann-Fjeld, C. Vieille, J. G. Zeikus and R. S.


Phillips, Angew. Chem., Int. Ed., 2007, 46, 3091–3094.
16 (a) B. Kosjek, W. Stampfer, M. Pogorevc, W. Goessler, K. Faber and


W. Kroutil, Biotechnol. Bioeng., 2004, 86, 55–62; (b) B. Kosjek, W.
Stampfer, S. M. Glueck, M. Pogorevc, U. Ellmer, S. R. Wallner, M. F.
Koegl, T. M. Poessl, S. F. Mayer, B. Ueberbacher, K. Faber and W.
Kroutil, J. Mol. Catal. B, 2003, 22, 1–6.


17 H. D. Simpson and D. A. Cowan, Protein Peptide Lett., 1997, 4, 25–32.
18 (a) R. S. Phillips, J. Mol. Catal. B, 2002, 19–20, 103–107; (b) C. Heiss,


M. Laivenieks, J. G. Zeikus and R. S. Phillips, J. Am. Chem. Soc., 2001,
123, 345–346.
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The one-electron oxidation of duplex DNA generates a nucleobase radical cation (electron “hole”) that
migrates long distances by a hopping mechanism. The radical cation reacts irreversibly with H2O or O2


to form oxidation products (damaged bases). In normal DNA (containing the four common DNA
bases), reaction occurs most frequently at guanine. However, in DNA duplexes that do not contain
guanine (i.e., those comprised exclusively of A/T base pairs), we discovered that reaction occurs
primarily at thymine and gives products resulting from oxidation of the T-C5 methyl group and from
addition to its C5–C6 double bond. This surprising result shows that it is the relative reactivity, not the
stability, of a nucleobase radical cation that determines the nature of the products formed from
oxidation of DNA. A mechanism for reaction is proposed whereby a thymine radical cation may either
lose a proton from its methyl group or H2O/O2 may add across its double bond. In the latter case,
addition may initiate a tandem reaction that converts both thymines of a TT step to oxidation products.


Introduction


The one-electron oxidation of DNA introduces a radical cation
(“hole”) into its stacked nucleobases that results in chemical
reactions (“damage”) that may lead to mutations. In recent years,
it has been shown that the reactions of radical cations that
damage DNA need not occur at the site of the initial oxidation.
In duplex DNA, radical cations may migrate long distances
(hundreds of Ångstroms) by a reversible hopping process before
being trapped irreversibly by reaction with H2O or O2.1–10 This
process can produce a multiplicity of chemical modifications to
the DNA that mostly consist of base lesions,11–13 and it has been
implicated in carcinogenesis, other diseases14–16 and in aging.17


Apart from its biological relevance, radical cation migration
in DNA is of interest because of its potential application to
molecular electronic devices.18–21


One of the more interesting features of the one-electron oxida-
tion of duplex DNA is that the resulting reaction, which is typically
detected as strand cleavage following chemical or enzymatic
treatment of the damaged DNA,12 commonly occurs at Gn (n =
1–3) sites. It had been generally accepted22 that reaction occurs
at guanines primarily because they are the nucleobases having
the lowest oxidation potential (Eox).23,24 Thus, a migrating radical
cation pauses briefly at a guanine or a multi-guanine site, and this
facilitates trapping by the irreversible reaction with H2O or O2.
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The migration and reactions of radical cations in duplex DNA
oligomers that contain guanine have been studied thoroughly.1,25–29


However, the consequence of one-electron oxidation of oligomers
that do not contain guanine nucleobases had not been examined
until the report of our recent experiments.30 Previously, there
were scattered reports indicating that reactions of radical cations
in DNA do occur at bases other than guanine.31 For example,
in oligonucleotides that contain both guanine and adenine, the
oxidation product 8-oxo-7,8-dihydroadenine (8-oxoAde) is found
in low yield in comparison with the guanine oxidation product 8-
oxo-7,8-dihydroguanine (8-oxoGua).32,33 This result is consistent
with the idea that relative oxidation potential determines the
reaction site for radical cations in DNA because the Eox of adenine
is somewhat greater than that of guanine. The pyrimidines, T
and C, are much more difficult to oxidize than are the purine
bases.34 Indeed thymine, which has an Eox of ca. 2.1 V vs. NHE,35


is the nucleobase that is most difficult to oxidize. However,
reactions at thymines are observed when a menadione (2-methyl-
1,4-naphthoquinone) group is linked covalently at an internal
position of DNA.36


We recently reported the results of a preliminary study of
the one-electron oxidation of duplex DNA oligomers that do
not contain guanines.30 Surprisingly, reaction occurs primarily at
thymines; no reaction could be detected at adenines. This was
attributed37 to the difference in reactivity between adenine and
thymine radical cations. Specifically, we found by replacement of
T with uracil that the C5-methyl group of thymine is necessary for
the oxidation reactions and strand cleavage to occur.


Here we report a detailed examination of the one-electron
oxidation of duplex DNA oligomers that do not contain guanines.
These studies include assessment of the distance-dependence of
radical cation migration in duplexes comprised of only A/T
base pairs, the effect of a radical scavenger on the reactions of
thymine, and the role played by the thymine C5-methyl group.
The products of these reactions were identified by means of
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sophisticated HPLC–MS/MS analysis under conditions of low
nucleobase conversion. These experiments indicate that there is a
complex mechanism for the reaction of thymine radical cations
in duplex DNA that features a competition between proton loss
from the C5 methyl group and the addition of H2O/O2 across its
C5–C6 double bond, with the former process leading to a tandem
reaction involving an adjacent nucleobase.38,39


Materials and methods


Chemicals were purchased from either Fisher Scientific or Sigma
Aldrich (St Louis, MO). T4 polynucleotide kinase (PNK) enzyme
and [c-32P]-ATP were purchased from GE Healthcare. E. coli
endonuclease III (Endo III) enzyme was purchased from Trevigen
Inc. (Gaithersburg, MD). DNA oligomers were synthesized as
described elsewhere39 on an Expedite 8909 DNA synthesizer. Nu-
cleoside phosphoramidites were obtained from Glen Research and
were used as received. The extinction coefficients of the oligomers
were calculated using a biopolymer properties calculator, and
their concentrations were determined from the absorbance at
260 nm. An adenine is substituted for the anthraquinone group
in the extinction coefficient calculation. The oligonucleotides
were purified by means of reversed phase HPLC on a Hitachi
preparative HPLC system using a Dynamax octadecylsilyl silica
gel column. Purified oligomers were desalted and characterized by
mass spectroscopy. UV melting and cooling curves were recorded
on a Cary 1E spectrophotometer equipped with a multicell
block, temperature controller, and sample transport accessory. CD
spectra were recorded on a JASCO J-720 spectropolarimeter.


Preparation of radiolabeled DNA


The oligomers were radiolabeled at the 5′-end using [c-32P]-ATP
and PNK enzyme. A 5 lL sample of desired single stranded DNA
was incubated with 1 lL of [c -32P]-ATP and 2 lL of PNK enzyme
in a total volume of 20 lL at 37 ◦C for 45 min. After incubation,
the DNA sample was suspended in denaturing loading buffer and
was purified on a 20% denaturing polyacrylamide gel. The desired
DNA band was excised from the gel and eluted with 800 lL
of elution buffer (0.5 M NH4OAc, 10 mM Mg(OAc)2/1.0 mM
EDTA/0.1% SDS) at 37 ◦C for 12 h. The DNA was precipitated
from the supernatant by addition of 600 lL of cold ethanol and
2 lL of glycogen solution. The mixture was vortexed, placed on
dry ice for ca. 60 min, and centrifuged at 13 000 rpm for 45 min.
The supernatant was removed, and the residual DNA was washed
with 100 lL of 80% ethanol and air-dried. Suitable volumes of
water were added for further experimentation.


UVA irradiation and cleavage analysis


Samples for irradiation were prepared by hybridizing a mixture of
unlabeled (5.0 lM) and radiolabeled (10 000 cpm) oligonucleotides
with complementary AQ-linked DNA in sodium phosphate buffer
solution (10 mM) and MgCl2 (2 mM) at pH 7.0. Hybridization was
achieved by heating the samples at 90 ◦C for 10 min, followed by
slow cooling to room temperature for 3 h. Samples were irradiated
at ca. 30 ◦C in microcentrifuge tubes in a Rayonet Photoreactor
(Southern New England Ultraviolet Co., Bransford, CT) equipped
with eight 350 nm lamps. To investigate the effect of glutathione,
different concentrations (0.05 mM, 0.5 mM, 1.0 mM and 5.0 mM)
of glutathione was added to hybridized samples, prior to irradi-


ation. After irradiation, the samples were precipitated once with
cold ethanol (100 lL) and 2 lL of glycogen. The precipitated
samples were washed twice with 100 lL of 80% ethanol and dried.
Then dry DNA oligomers were dissolved in 14 lL of water, and
2 lL of sodium phosphate buffer (100 mM), 2 lL of NaCl (1 M)
and 2 lL of Na2IrCl6 (100 lM) were added. After 60 min of
reaction at 37 ◦C, 2 lL of HEPES (20 mM) and 2 lL of EDTA
(100 mM) were added to quench the reaction. The DNA was
precipitated from cold ethanol and dried. For piperidine chemical
cleavage analysis, the samples were mixed with 50 lL of piperidine
(1 M) and heated at 90 ◦C for 30 min. After evaporation of the
piperidine (Speedvac, high heat) and lyophilization twice with
20 lL of water, the samples were dissolved in denaturing loading
dye and subjected to 20% 19 : 1 polyacrylamide gel electrophoresis.


For EcoRIII enzymatic cleavage analysis, the dried samples were
mixed with 12 lL of the enzyme and 8 lL of buffer solution, heated
first at 37 ◦C for 2 h and then at 90 ◦C for 20 min. The samples
were then reprecipitated with cold ethanol (100 lL) and 2 lL of
glycogen and the precipitated samples were washed with 100 lL of
80% ethanol. After evaporation of the ethanol, the samples were
dissolved in denaturing loading dye and subjected to 20% 19:1
polyacrylamide gel electrophoresis. The gels were dried, and the
cleavage sites were visualized by autoradiography. Quantification
of cleavage bands was performed on a Fuji phosphorimager.


Enzymatic digestion and HPLC–MS/MS analysis


Oligonucleotides, either untreated or exposed to light, were enzy-
matically digested by incubation (2 h, 37 ◦C) at pH 6 in the presence
of phosphodiesterase II and nuclease P1 (Sigma, St Louis, MO).
The pH was then adjusted to 8 by addition of Tris buffer. Treatment
(2 h, 37 ◦C) by phosphodiesterase I and alkaline phosphatase
(Sigma, St Louis, MO) yielded normal and oxidized nucleosides.
The resulting mixture was separated by high performance liquid
chromatography on a Agilent Series 1100 system equipped with
an Uptisphere ODB octadecylsilyl silica gel column (2 × 150 mm
I.D., 3 lm particle size; Montluçon, France). The mobile phase
was a gradient of acetonitrile (0 to 20%) in 2 mM ammonium
formate (pH 6.5). Elution of normal nucleosides was monitored
on-line by a UV spectrometer set at 280 nm, while oxidized
nucleosides were detected by a triple quadrupolar mass spec-
trometer (API 3000, Sciex/Perkin Elmer, Thornhill, Canada) used
in the multiple reaction monitoring mode. Negative electrospray
ionization was used for the quantification of the four cis and trans
diastereomers of 5,6-dihydroxy-5,6-dihydrothymidine (ThGly), 5-
(hydroxymethyl)-2′-deoxyuridine (5-HMdUrd) and 5-formyl-2′-
deoxyuridine (5-FormdUrd). The respective retention times were
3.7, 4.4, 7.9, 8.1, 15.2 and 19.9 min, respectively. 8-Oxo-7,8-
dihydro-2′-deoxyadenosine (8-oxodAdo) (retention time 25 min)
was detected in the positive ionization mode. Quantification was
performed by external calibration.


Determination of quantum yield


The light flux of the Rayonet photoreactor was determined by
using sodium 9,10-anthraquinone-2,6-disulfonate (AQDS(2,6))
actinometry at pH 14.40 The actinometer solutions had an optical
density at 330 nm of 0.1 and were degassed by the freeze–pump–
thaw technique at high vacuum. The extent of reaction of the
actinometer was monitored by UV spectroscopy at various time
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intervals. Conversion was kept below 50%, where the extent of
reaction was linear with irradiation time. The slope of a plot
of extent reaction vs. irradiation time yielded a light flux =
(1.3 ± 0.2) × 10−7 Einstein min−1. DNA(4) (Fig. 1) (10 lM in
air-saturated phosphate buffer solution) was irradiated in the
calibrated Rayonet photoreactor at ca. 30 ◦C. Aliquots were
withdrawn and treated with piperidine at various time intervals.
After evaporation of the piperidine, the samples were suspended in
water. 2′-Deoxycytidine, for use as an internal standard, was added
to each sample, and the volume was adjusted to 500 lL. These
mixtures were analyzed by reverse phase HPLC on a Hitachi
preparative HPLC system using a Dynamax C18 column. The
extent of reaction of the DNA cleavage was monitored by the
decrease in signal of the TT-containing strand and found to be
linear with irradiation time.


Fig. 1 Structures of DNA oligomers used in the study of long distance
charge migration through adenine and thymine containing DNA duplexes.
* = [32P]-radiolabel.


Results


Charge migration and reaction in A/T-containing duplex DNA


We prepared the series of DNA oligonucleotides shown in Fig. 1
to probe the results of their one-electron oxidation reactions.
Each of the duplexes is fully complementary and exhibits the
expected melting and spectroscopic properties.41 These duplex
oligomers contain a covalently linked anthraquinone group (AQ)
photosensitizer14 and a [32P]-radiolabel (indicated by “*” in Fig. 1),
to permit analysis of strand cleavage by PAGE and phospho-
rimagery. Irradiation of the AQ group at 350 nm, where DNA
does not absorb significantly, results in its electronic excitation
and subsequent rapid intersystem crossing to form the triplet


excited state (AQ*3). Significantly, calculations from the Rehm–
Weller42 equation show that AQ*3 has sufficient oxidizing power to
convert either A or T to their radical cations with the concomitant
formation of the AQ radical anion. Although the radical cation
is formed initially at the base pair adjacent to the AQ group, it
is expected that it will migrate through the oligomer before being
trapped by an irreversible reaction. Thus, several of the duplex
oligomers examined contain regularly repeating base sequence
patterns that allow the distance dependence of the reaction
probability to be assessed. For this reason, the irradiation reactions
are carried out to low conversion, “single-hit conditions”, where,
on average, each DNA molecule reacts at best once or not at all.41


Under these conditions, the amount of strand cleavage observed
is directly proportional to the probability of reaction at that site.
After irradiation, the samples were either (a) treated with chemical
or enzymatic reagents that cause strand cleavage to occur at
damaged bases, which enables the identification and quantification
of the radical cation reaction sites, or (b) the UVA-irradiated
oligomers were treated with nuclease P1, phosphodiesterases
and alkaline phosphatase, which digest the oligomer and enable
identification of the products formed from the reactions of the
nucleobase radical cations.


Radical cation reaction at thymine


The first oligomer we examined is DNA(1), which is comprised
exclusively of A/T base pairs. DNA(1) was selected assuming that
reaction of the radical cation would occur at adenine, because
that base has much lower Eox than thymine. The results of
irradiation of DNA(1), its subsequent treatment with piperidine,
and then PAGE analysis revealed that significant strand cleavage
occurred only at thymine bases, which was an unexpected result.
However, the absence of significant strand cleavage at adenine
under these conditions does not demonstrate conclusively that
reaction of the radical cation does not occur at these bases in
DNA(1). This is because the major product expected from the
reaction of an adenine radical cation in DNA, namely 8-oxo-
7,8-dihydroadenine (8-oxoAde), does not readily result in strand
cleavage when treated with piperidine.43 To resolve this issue, the
irradiated samples were treated with Na2IrCl6 before their reaction
with piperidine. It has been shown that the oxidation of 8-oxoAde
by Na2IrCl6 gives products that do result in strand cleavage on
piperidine treatment.44 The results of these experiments, shown
in Fig. 2, reveal that reaction of the radical cation introduced by
UVA irradiation of the covalently linked AQ occurs primarily at
thymine, not at adenine; a result confirmed by analysis of the
reaction products (see below). More specifically, the thymines
closer to the AQ react more often, which reveals that there is a
distance dependence to the reaction efficiency. Furthermore, the
central and 5′-T of the TTT sequences are more reactive than the
3′-T, which shows that the site of the radical cation reaction is
governed by subtle electronic or steric factors. This point will be
addressed in greater detail below.


Quenching of the thymine reaction by GG steps


The surprising finding that the one-electron oxidation of DNA(1)
results primarily in reaction at thymine was probed further by
investigation of DNA(2), which is identical to DNA(1) except that
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Fig. 2 Autoradiograms of DNA(1–3). D and D1 are control lanes
(no UVA irradiation, and UVA irradiation but no piperidine treatment,
respectively). The labels above the lanes identify the DNA oligomer and
show the time of irradiation in min. Lanes labeled A/G and T are
the Maxim–Gilbert sequencing lanes. The figure is a composite formed
by editing a larger PAGE gel. All quantitative data were obtained by
phosphorimagery of unedited gels.


it contains a single GG step. The GG step of DNA(2) is positioned
22 base pairs (ca. 82 Å) from the AQ group. The irradiation of
DNA(2) results in quenching of the reaction at the thymines that
is seen in DNA(1); instead, most of the observed strand cleavage
occurs at the GG step, see Fig. 2. This result indicates that the
radical cation introduced by irradiation of the AQ residue migrates
reversibly through the DNA duplex and is trapped eventually in
an irreversible chemical reaction at the most reactive site.6 For
DNA(1) the most reactive sites are at the thymines, for DNA(2)
the most reactive site is the GG step.


Replacement of TTT by UUU


The surprising result that the one-electron oxidation of DNA(1)
causes reaction at thymine was probed further by the investigation
of DNA(3), which is identical to DNA(1) except that every other
TTT sequence is replaced by UUU. Of course, the difference
between thymine and uracil is that the latter lacks a methyl
group at its C5-position. It has been previously reported that the
thymidine radical cation in aqueous solution follows two paths
to the formation of the three sets of oxidation products that
are shown in Scheme 1.32,38 Apparently, the thymidine radical
cation can lose a proton from its C5-methyl group to form a
radical that is trapped by O2 and eventually generates, through
the intermediacy of 5-(hydroperoxymethyl)-2′-deoxyuridine, 5-
(hydroxymethyl)-2′-deoxyuridine (5-HMdUrd) and 5-formyl-2′-
deoxyuridine (5-FormdUrd). Alternatively, the thymidine radical
cation can be attacked in two subsequent steps by H2O and O2,
which results eventually in formation of the four cis and trans
diastereomers of 5,6-dihydroxy-5,6-dihydrothymidine (c- and t-
ThdGly).


The results of irradiation of DNA(3) are also shown in Fig. 2.
Just as in the case of DNA(1), there is no detectable reaction at any
nucleobase other than thymine. In particular, there is no significant
strand cleavage at the uracils in the UUU segments. This finding
suggests that the thymine methyl group plays an important role in
the reaction of the radical cation in DNA. We carried out control
experiments to confirm this view.


The most common oxidation product of uracil is 5,6-dihydroxy-
5,6-dihydrouracil (uracil glycol).45 Although the reaction rates of
KMnO4 with T and U to produce thymine glycol and uracil glycol,
respectively, are comparable,46 we noticed in sequencing lanes that
piperidine-induced strand cleavage is less efficient for U than for
T. This suggested the possibility that a one-electron oxidation of
uracil in DNA could be yielding uracil glycol that is not revealed
as strand cleavage by the reaction with Na2IrCl6 and piperidine.
We explored this possibility by replacing the piperidine treatment
of the irradiated DNA by reaction with E. coli endonuclease III
(Endo III), which is known to cause strand cleavage at uracil
glycol.47 The results are unchanged—the damage pattern revealed
by Endo III is the same as the one revealed by piperidine. Clearly,
the one electron oxidation of DNA(3) results in the reaction of
radical cations at TTT but not at UUU sequences.


Quantum yield of reactions


The significance of our discovery that the reactions of radical
cations in DNA comprised of A/T bases occur primarily at


Scheme 1
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thymine depends on the quantum yield for these processes. We
examined the reaction of DNA(4) to measure the quantum yield
for loss of DNA (U−DNA). The AQ-linked strand of DNA(4)
consists only of A and U nucleobases. For this reason, cleavage of
this strand is expected to be negligible. The complementary strand
of DNA(4) is comprised of A and T bases. This strand has four TT
steps that are separated by AA steps. The one-electron oxidation
of DNA with this sequence results in detectable strand cleavage
only at the TT steps (see below).


Optically matched samples of DNA(4) and an anthraquinone-
2,6-disulfonate actinometer40 were irradiated at 350 nm for 6 min in
a Rayonet photoreactor. The irradiated DNA samples were treated
with piperidine, to cause strand cleavage, and then subjected
to HPLC analysis to determine the amount of intact A/T
strand remaining. The irradiation reaction was carried out to low
conversion to minimize errors that would result from the damage
to more than one thymine on each DNA molecule. Such over-
irradiation would lead to an underestimation of the quantum
yield. This experiment indicates that for DNA(4), U−DNA = (2.1 ±
0.2)%. This value is similar to that obtained for the AQ-sensitized
oxidation of DNA containing GG steps,48 which shows that the
reaction of thymine radical cations leading to strand cleavage is not
a particularly rare event for DNA oligomers that do not contain
guanines.


Quenching of strand cleavage at thymines by glutathione


The reaction of thymine in these oligomers is initiated by the
one-electron oxidation of a nucleobase to form a radical cation.
The participation of the thymine methyl group in this process
is implied by the result obtained when UUU is substituted for
TTT. Previous reports indicate that the thymidine radical cation
in aqueous solution loses a proton from the methyl group to
form a 5-(2′-deoxyuridinyl)methyl radical, which is trapped by
molecular oxygen in a subsequent step.38,49 The radical formed by
proton loss from the thymine methyl group may also play a role
in its reaction in DNA. We examined the effect of glutathione
(GSH), a tripeptide having a cysteine residue that is known to be a
free radical scavenger,50,51 on the strand cleavage that results from
irradiation of an AQ-linked oligomer.


As previously noted, the [32P]-labeled strand of DNA(2) con-
tains four TTT sequences separated by AA steps and a GG
step following the last TTT sequence. This oligomer was used
to differentiate between possible quenching of a precursor to a
thymine radical by GSH, which would also quench the reaction
at the GG step, and the quenching of a thymine-based radical
itself. In the absence of GSH, irradiation of DNA(2) results in
some strand cleavage at the TTT sequences, but the major reaction
occurs at the GG step; see Fig. 2. Addition of GSH (up to 5 mM)
to solutions of DNA(2) before irradiation results in reduction in
the amount of strand cleavage detected at the thymines without
meaningfully affecting the reaction at the GG step.52 This result
indicates that a thymine radical, not a precursor to the thymine
radical that also results in strand cleavage at the GG step, is
quenched by GSH.


DNA(5) contains four TT steps in the labeled strand. Its irra-
diation and subsequent treatment with Na2IrCl6 and piperidine
results in strand cleavage at each of the TT steps. The addition
of GSH to solutions of DNA(2) before irradiation results in a


systematic reduction in the amount of strand cleavage. These
findings are presented as a histogram of strand cleavage yield
in Fig. 3. It should be noted that inhibition of strand cleavage
by GSH suggests that whatever product is formed in its reaction
with a thymine radical does not result in DNA strand cleavage at
that site upon reaction with hot piperidine even after treatment
with Na2IrCl6. Finally, it should also be noted that control
experiments show that GSH does not itself inhibit piperidine-
induced strand cleavage at damaged thymines. Significantly, a plot
of the reciprocal of total strand cleavage yield at the TT sequences
of DNA(5) against GSH concentration is non-linear. This suggests
that GSH is quenching more than one radical intermediate that
leads, eventually, to strand cleavage at T. These findings support
the reaction mechanism for this process, suggested below.


Fig. 3 Histogram showing the effect of glutathione (GSH) on thymine
damage of DNA(5). The relative amount of strand cleavage (counts per
second, cps) observed by phosphorimagery at the four TT sequences as a
function of glutathione concentration, as is indicated.


The complex effect of UT and TU steps


The experimental examination of the one-electron oxidation of
DNA leading to strand cleavage at thymine described thus far
reveals a process that proceeds through at least two trappable
radical intermediates. To further probe the nature and identity
of these intermediates, we investigated a set of DNA oligomers,
DNA(6) and DNA(7), that contain TT steps with uracils in place
of thymines at strategic locations. The pattern of strand cleavage
that emerges in these experiments reveals important details about
the reactive intermediates and subtle insight into the structural
control of the reaction mechanism.


The [32P]-labeled strand of DNA(5) contains four TT steps each
separated by two adenine nucleobases. For comparison, DNA(6)
is identical with DNA(5) except that the TT steps are replaced
by two sets of alternating TU and UT steps, and DNA(7) has,
starting from the 3′-end, UT, TT, TU and UU steps in place of TT
steps. These oligomers were irradiated, then treated with Na2IrCl6


and piperidine, and subjected to PAGE analysis. The results are
shown in Fig. 4.


As expected, strand cleavage is detected at each of the four TT
steps of DNA(5), and no strand cleavage is observed at the UU
step of DNA(7). But, surprisingly, strand cleavage in DNA(6) and
DNA(7) is strongly dependent on the order of nucleobases in the
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Fig. 4 Autoradiograms of DNA(5–7) showing the complex effect of TU
and UT steps. D and 15 represent 0 and 15 min of irradiation, respectively.
T indicates the thymidine-sequencing lanes. The figure is a composite
formed by editing a larger PAGE gel. All quantitative data were obtained
by phosphorimagery of unedited gels.


UT and TU steps. Both the bases are damaged in a 3′-TU-5′ steps
but neither reacts in 3′-UT-5′ steps. The same pattern is observed in
both oligomers DNA(6) and DNA(7). Evidently, the reactions of
the thymine radical cation that lead, eventually, to strand cleavage
depend not only on the presence of the thymine methyl groups
but also upon the precise placement of those groups. Substitution
of a uracil for the T at 5′-side of a TT step has only a modest
effect on the relative amount of strand cleavage observed, but
replacement of the 3′-T with U nearly completely inhibits reaction
at both bases at that step. This finding indicates that the process
leading to reaction of thymine radical cation and strand cleavage
at TT steps, at least in part, involves two adjacent nucleotides in
the DNA duplex—a process that has been referred to as a tandem
reaction.38,53


Identification of the products formed from the reaction of T radical
cation in duplex DNA


A key to understanding the nature of the reactions of thymine
radical cation in duplex DNA is to identify the products that are
formed in this process. The results reported thus far indicate that at
least one of the reaction products (a damaged nucleobase) initiates
strand cleavage when treated with piperidine. Since it is known that
thymidine glycols and 5-formyl-2′-deoxyuridine are alkali-labile
lesions likely to lead to strand cleavage,53–57 further investigation
was required to identify the precise oxidation products that are
formed. We carried out a series of HPLC–MS/MS experiments to
identify and to quantify the products that result from the one-
electron oxidation of duplex DNA oligomers that contain no
guanine nucleobases.


The AQ-linked strand of DNA(4) contains only A and U
bases, and its complementary strand has four equally spaced TT


steps. Experiments with radiolabeled versions of DNA(4) show, as
expected, that no strand cleavage occurs in the AQ-linked strand
and that the expected strand cleavage, after piperidine treatment,
is seen at the TT steps of the complementary strand. Unlabeled
DNA(4) was irradiated for various times under the standard
conditions; see Fig. 5. Rather than the usual piperidine treatment
after irradiation, these samples were treated with nuclease P1,
phosphodiesterases II and I and alkaline phosphatase, and the
resulting nucleosides were separated by means of HPLC. A
typical HPLC profile is shown in Fig. 6. The four product
peaks were identified mass spectroscopically by comparison with
authentic samples58 to be cis-thymidine glycol (c-ThdGly), trans-
thymidine glycol (t-ThdGly), 5-(hydroxymethyl)-2′-deoxyuridine
(5-HMdUrd) and 5-formyl-2′-deoxyuridine (5-FormdUrd). Sig-
nificantly, only a small amount of 8-oxodAdo is detected in these
experiments (see Fig. 5). This finding confirms the conclusion
drawn from the strand cleavage results that reaction occurs
primarily at T in the A/T base pairs.


Fig. 5 The yield of different thymidine and 2′-deoxyadenosine oxidation
products relative to the amount of unreacted thymidine as a function of
the irradiation time.


The products of thymine oxidation resulting from the one-
electron oxidation of DNA(4) fall clearly into two sets. The first
set, c- and t-ThdGly, results from the oxidation of the thymine 5,6-
double bond, and the two products 5-HMdUrd and 5-FomdUrd,
result from reaction at the thymine methyl group. To distinguish
between primary and eventual secondary oxidation, the yield of
each of these products (relative to thymidine) was determined as
a function of the extent of reaction. The results (Fig. 5) show that
the product ratios are essentially invariant with time and that the
yield of all products extrapolates to zero at zero irradiation time.
This finding shows that these oxidized 2′-deoxyribonucleosides are
primary thymidine oxidation products, each being formed from
reaction originating from either hydration of the thymine radical
cation or addition of molecular oxygen to the related deprotonated
methyl centered radical. The major product is 5-FormdUrd,
which is formed in 63% yield, and the yields of 5-HMdUrd,
cis-ThdGly and trans-ThdGly are 13, 20, and 4%, respectively.
The identification of these products and their quantification in
relative yields help to identify the mechanism for the one-electron
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Fig. 6 HPLC trace and structures of the four thymidine oxidation
products identified by HPLC–MS/MS analysis.


oxidation of thymine in duplex DNA. This topic is discussed in
detail below.


Crosslinking of DNA by reaction of 5-(uracilyl)methyl radical


The formation of 5-FormdUrd and 5-HMdUrd implicates forma-
tion of the thymine methyl radical from the initial deprotonation
reaction of thymine radical cation in duplex DNA.49 It is easily
seen how this radical could react with O2 and lead naturally to
the formation of 5-HMdUrd and 5-FormdUrd.59,60 It has been
reported that a specially formed thymine methyl radical reacts in
DNA with its paired adenine to form a crosslink between the two
DNA strands.61,62 We searched for evidence of crosslinking in the
one-electron oxidation of DNA(5) to gain additional support for
the intermediacy of the thymine methyl radical in this process.


The covalently linked AQ group of DNA(5), which contains
only A/T nucleobases, was irradiated in the usual manner.
However, to preserve crosslinks that might be susceptible to
cleavage, these samples were analyzed both with and without
treatment with Na2IrCl6 and piperidine (see Fig. 7). There is no
evidence of detectable crosslink formation in the electrophoretic


Fig. 7 Autoradiogram showing crosslinking in the UVA-irradiation of
DNA(5) (lanes 1–4) and DNA(8) (lanes 5–8). Samples in lanes 1, 2, 5 and 6
were not treated with Na2IrCl6 or piperidine, while the samples in lanes 3, 4,
7 and 8 have been treated with those reagents. Lanes 2, 4, 6 and 8 have been
irradiated for 20 min and lanes 1, 3, 5 and 7 are the corresponding dark
controls. The figure is a composite formed by editing a larger PAGE gel.
All quantitative data were obtained by phosphorimagery of unedited gels.


gels of samples irradiated for a few min when the autoradiogram is
exposed for the standard amount of time in either samples treated
with Na2IrCl6 and piperidine or in untreated samples. However, for
samples of DNA(5) irradiated for 20 min and with long exposure
of the gel to photographic film, weak crosslink bands are detected
in the samples untreated with Na2IrCl6 and piperidine. Although
precise quantification of the crosslink yield is not possible with
these experiments, it is clearly very low. No crosslinking is visible
with a sequence consisting of only A and U nucleobases on the
labeled strand, DNA (8). These observations assist the creation of
a proposed mechanism for the reaction of thymine radical cation
in DNA.


Distance dependence of thymine damage and strand cleavage


One of the hallmarks of the long-distance oxidation of normal,
guanine-containing DNA is that the amount of strand cleavage at
a particular guanine is sequence dependent and characteristically
decreases exponentially with the distance between the site of
initial oxidation (at the AQ group, for example) and a particular
guanine.6,63 This behavior has been interpreted in terms of the
phonon-assisted polaron-hopping model.1,6,63,64


We investigated three DNA oligomers, DNA(5,9,10), contain-
ing a uniform set of TT steps separated by AA, ATA, or ATATA
sequences, respectively. These experiments reveal a familiar expo-
nential distance dependence for the reaction of thymine radical
cations in duplex DNA. The data from analyses of high resolution
PAGE gels for these experiments are shown in the form of semilog
plots in Fig. 8. These experiments show that as the distance from
the AQ charge injector to the TT increases, the amount of strand
cleavage observed at that step decreases. In each case, the semilog
plot of strand cleavage yield with distance is linear, but the slope
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Fig. 8 Semilog plots of strand cleavage at a particular TT step (TTn)
divided by the total strand cleavage observed at all TT steps (TTt) for
DNA(5), DNA(9) and DNA(10) as a function of the distance of each TT
step from the covalently-linked AQ (assuming 3.4 Å per base pair).


of the plot is dependent upon the sequence of bases separating
the TT steps. The magnitude of the slope in such a plot is linked
to the relative rate constants for radical cation hopping (khop) and
irreversible trapping (ktrap) by its reaction with H2O or O2.64 These
findings reveal that hopping and reaction of the radical cation at
thymine exhibit fundamentally the same pattern as the hopping
and reaction at guanine-containing sites in duplex DNA.


Discussion


The experimental results reported above reveal surprising and
interesting features about the one-electron oxidation of DNA
oligomers that do not contain guanine or whose guanine nucle-
obases are far removed from the site of initial oxidation. First,
reaction occurs at thymine despite the fact that it has the highest
oxidation potential of the four DNA nucleobases. This observation
contradicts the long-held view that one-electron oxidation occurs
at guanine because it is the base with the lowest Eox. Clearly,
other factors are at play in determining the site of reaction, and
these will be considered in detail below. Second, the reaction of
the thymine radical cation in DNA leads to a set of products
that reveal a complex reaction mechanism involving proton loss
from the methyl group of the thymine radical cation, specific
water addition across the thymine radical cation 5,6-double bond
at C6 and a delicately balanced interplay of distance and steric
interactions between adjacent nucleotides. DNA is a complex
molecule, and the reactions of the thymine radical cation in DNA
reflect this complexity. However, the experiments reported here
lead to the proposal of a reaction mechanism that accommodates
the product data, the glutathione quenching results, and the
complex consequences of uracil substitution for thymine in TT
steps. This mechanism has important implications for the oxidative
reactions of genomic DNA.65 Finally, the experiments on the
distance dependence of thymine damage underscore the emergent
nature of long-distance charge transport in DNA.6 In certain
sequences, runs of A/T base pairs are barriers to radical cation
migration. However, in sequences that contain no guanines (which
are low-energy radical cation traps), hopping through these A/T
sequences occurs very efficiently.


The surprising reactions of thymine radical cation in DNA


DNA can be oxidized by ionizing radiation,12 photochemically,11


or chemically with a variety of reagents.66,67 Independent of the
means of introducing a radical cation into DNA, it resides pri-
marily on the nucleobases7 and it is trapped by reaction with H2O
or O2


10,68 at guanines,6 or more often at Gn sites. The reason usually
offered to explain this G-selective reaction based upon relative Eox


seems obvious, but it is incomplete. It is certainly true that guanines
in DNA have the lowest Eox of the four DNA bases, and it seems
certain that the Eox of GG and GGG sequences is somewhat
lower than that of an “isolated” G (one without a neighboring
guanine).69 It is for these reasons that it has been concluded that
radical cations hopping through DNA pause briefly at guanines
where they are more “stable” due to the low Eox, and, consequently,
it is at guanine that they are irreversibly trapped.


In oligomers containing only A/T base pairs the radical cation
must reside primarily on either an adenine or a thymine. The
difference in Eox between A and T measured in acetonitrile solution
is 0.15 V.35 The Eox of these nucleobases will certainly be affected
by their incorporation into DNA and by changes in solvation, but
it seems extraordinarily unlikely that the equilibrium Eox of T will
shift to be less than A. Thus, based simply upon the experimentally
determined Eox of A and T in solution, the population of the
thymine radical cation at equilibrium is expected to be less than
1% of that for the adenine radical cation. Thymine is not the most
stable site for the radical cation, but evidently it is the most reactive.


It has been understood for more than 50 years37 that product
yields are not necessarily correlated with the stability of precursor
reactive intermediates. This fact is enshrined in the Curtin–
Hammett principle, and this principle bears additional discussion
in the context of the reactions of thymine radical cations in
DNA. The Curtin–Hammett principle states that, for reactions
passing rapidly and reversibly through more than one reactive
intermediate each leading to a different product, the ratio of
products depends on the difference in the free energy of the
transition states leading to each product, not specifically on the
relative energies of the intermediates.


The Curtin–Hammett principle was formulated to explain the
reactivity of molecules that exist in two interconverting forms
(conformers), each of which gives a different product.70 In the
current context, the reactive intermediates of the Curtin–Hammett
principle can be considered to be the nucleobase radical cations (or
radical cations delocalized as a polaron over several bases)71 that
hop rapidly and reversibly from site to site in duplex DNA. The
products, of course, are the familiar damaged nucleosides resulting
from trapping of the radical cation; among these are 8-oxo-7,8-
dihydro-2′-deoxyguanosine, 8-oxodAdo, the thymidine oxidation
products identified above, and others.12,70,72 The key concept of the
Curtin–Hammett principle is that the relative abundances of the
intermediates (determined by the relative Eox of the nucleobases
in the current case) cannot be used to predict the ratio of products
formed. The relative yield of products is determined by the
difference in free energies of the transition states (DDG‡) leading
to their formation. In DNA that contains guanine, the energy of
the transition state (DG‡) for its reaction with H2O or O2 evidently
is lower than that for the reaction of any other base radical cation.
For DNA that contains only A/T base pairs, DG‡ for reaction at
the thymine radical cation is lower than DG‡ for reaction at the
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Fig. 9 Possible mechanism for the tandem formation of T-damaged products at the 3′- and 5′-thymines of a TT step starting with the radical cation
localized on the 5′-T.


adenine radical cation. Thus despite the fact that A has a much
lower Eox than T, very little 8-oxodAdo is formed and nearly all of
the products arise from reactions of the thymine radical cation.


At the pH of the experiments reported here, DNA is a
polyanion that exists in a continually fluctuating solvation (H2O)
and counter-ion (Na+) environment. It has been found that the
instantaneous positions of the Na+ ions and solvent molecules
have a very large effect on the energy and the localization of
radical cations in DNA.9 The Curtin–Hammett principle explains
the composition of product mixtures for reactions that proceed
through rapidly equilibrating intermediate conformers. In the
current context, it is the hopping of the radical cation (polaron)
from one site to the next, driven by motions of H2O and Na+


ions, that corresponds to the classical equilibration of conformers.
At equilibrium, the fraction of the radical cation that resides on
thymines must be very small. But it is not the composition of this
equilibrium mixture that determines the product yield, it is DDG‡.
In the case of reaction of the guanine radical cation with H2O in
DNA, it has been found that the DG‡ is controlled by solvation
and counter-ion association, and that the product is stabilized by
transfer of a proton through water by a Grotthaus73 mechanism to


a nearby phosphate group.7 It is likely that similar considerations
apply to the reaction of thymine radical cation in DNA. That is,
there are configurations of solvent and counter-ions that cause the
activation free energy for reaction of the thymine radical cation to
be lower than that for the reaction of the adenine radical cation.
And as a consequence, the vast majority of the products formed
come from reaction of the thymine radical cation.


A mechanism for reaction of the thymine radical cations in DNA


The results reported above show that the one-electron oxidation
of DNA containing only A/T base pairs proceeds through
intermediate free radicals that can be trapped with GSH and
give products resulting from reactions at the methyl group and
the 5,6-double bond of thymine.74 Also, for 3′-TT-5′ segments,
substitution of U for T at one base can affect reaction at the
other, which points to the operation, at least in part, of a tandem
reaction mechanism. Based on these findings, we developed a set of
plausible mechanistic pathways, which are shown in Fig. 9 and 10.
In both cases, the pathways shown commence after the migrating
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Fig. 10 Possible mechanism for the (tandem?) formation of T-damaged products at the 3′- and 5′-thymines of a TT step starting with the radical cation
localized on the 3′-T.


radical cation has been “localized” at a particular thymine by some
configuration of solvent molecules and counter-ions.


Consider first the case of a TT step where the radical cation is
localized on the 5′-T, as in 1 in Fig. 9 with R = CH3. A possible
reaction of this intermediate is the loss of a proton to form a methyl
radical (see 6 in Fig. 10 for a similar structure). Another possibility
is that the 5′-T radical cation is trapped by the reversible addition
of H2O (addition of H2O may be reversible but that of O2 is not)
and O2 across its 5,6-double bond, which will give an intermediate
6-hydroxy-5,6-dihydrothymidine-5-peroxy radical (2 in Fig. 9). In
this case, our findings suggest that addition across the 5,6-double
bond is more likely to lead to strand cleavage than is the loss of a
proton from the methyl group of this thymine radical cation. This
view is supported by the observation that replacement of the 3′-T
by U in TT steps inhibits strand cleavage at both the 3′-U and
at the 5′-T. As shown in Fig. 9, the peroxy radical 2 formed by
addition across the double bond may abstract a hydrogen atom
from the C5-methyl group of the adjacent 3′-T to form a methyl


radical, which is shown as 3 in Fig. 9. Of course, this methyl
radical can be trapped by O2, leading eventually to the formation
of 5-HMdUrd or 5-FormdUrd. The net result of this sequence of
reactions is the conversion of the 5′-T to thymidine glycols and, by
a tandem reaction, the 3′-T is converted to the coupled products
5-HMdUrd or 5-FormdUrd. This sequence of reactions accounts
for the observation that no strand cleavage is observed at either
base when there is a U in place of the 3′-T of a TT step. Clearly,
there is no methyl hydrogen atom on the uracil for the 6-hydroxy-
5,6-dihydrothymidine-5-peroxy radical (2) to abstract. Thus, in
3′-UT-5′ steps, reversibly formed peroxy radical 2 either simply
reverts eventually to the radical cation, where it is annihilated to
reform thymine, or it gives an undetected product that does not
lead to strand cleavage.


To be valid, this sequence of reactions must also account for the
observation that strand cleavage occurs at both U and T when a TT
step is replaced by 3′-TU-5′. Again, we begin by first considering
the case where the radical cation is localized on the 5′-U, (1 in
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Fig. 9 with R = H). Of course, there is no methyl proton to
lose and thus the only likely reaction is addition of H2O/O2 to
form the 6-hydroxy-5,6-dihydrouracil-5-peroxy radical, shown as
2 in Fig. 9 with R = H. The peroxy radical thus formed can
abstract a C5-methyl hydrogen atom from the adjacent 3′-T, and
this tandem reaction will yield 2′-deoxyuridine glycols from the 5′-
U and the coupled products 5-HMdUrd or 5-FormdUrd from the
3′-T. These products are expected to result in strand cleavage upon
hot piperidine treatment at both the nucleobases in the 3′-TU-5′


sequence, as is observed experimentally.
The migrating radical cation may also localize on the 3′-T


of the TT steps; the sequence of reactions we propose must
also fit the experimental observations for this possibility. Just
as in the previous case, the 3′-T radical cation, 5 in Fig. 10,
may react by losing a proton from its methyl group or by the
reversible addition of H2O/O2 across the double bond. The latter
reaction generates a peroxy radical that is related to 2 of Fig. 9.
Molecular modeling studies75 on B-form DNA show that this
peroxy radical generated at the 5′-T is 2.9 Å from the C5-methyl
hydrogen of 3′-T; putting it within reaction distance. However,
these calculations reveal that for the peroxy radical generated
at the 3′-T, the C5-methyl hydrogen of the 5′-T is 4.2 Å away;
a distance sufficiently great to render the hydrogen abstraction
reaction unlikely. Thus in this view, addition across the double
bond of the 3′-T radical cation does not lead to a tandem reaction
or to observable strand cleavage. However, the radical formed by
loss of a proton from the 3′-T radical cation, 6, may react with O2


to form the 5-methylperoxy radical 7 and eventually the coupled
products 5-HMdUrd or 5-FormdUrd, as is shown in Fig. 10. This
analysis indicates that no strand cleavage at either T of the TT
step is expected when the 3′-T is replaced by U and the radical
cation is localized at the 3′-position, because formation of the 5-
methylperoxy radical is not possible. This is consistent with the
experimental observations.


The observation that the central T in 3′-TTT-5′ segments of
DNA(2) are damaged most heavily is consistent with the proposed
mechanism. The radical cation at the central T is expected
to participate in a tandem reaction with the 3′-T to generate
piperidine-labile thymine glycol residues. Also, when the radical
cation is localized at the 5′-T, it may similarly participate in a
tandem reaction generating piperidine-labile 5′-HMdUrd or 5-
FormdUrd, again, at the central T. Thus there are two reaction
routes that lead to strand cleavage at the central T of TTT
segments.


The proposed reaction sequences give two sets of products:
glycols arising from water addition to the thymine 5,6-double
bond, and 5-HMdUrd or 5-FormdUrd that arise from reaction
of molecular oxygen to the 5-(2′-deoxyuridinyl)methyl radical.
The reactions outlined in Fig. 9 produce both sets of products
in a 1 : 1 ratio by a tandem process. The reactions outlined in
Fig. 10 produce only 5-HMdUrd or 5-FormdUrd. Experimentally,
we observe that these two sets are formed in a ca. 5 : 1 ratio in
favor of 5-HMdUrd and 5-FormdUrd. This suggests that proton
loss from the thymine radical cation in DNA leads to observable
products about four times more frequently than does addition to
the 5,6-double bond.


Finally, it has been reported61,62 that interstrand crosslinking
between thymine and its paired adenine is observed when a 5-(2′-
deoxyuridinyl) methyl radical (6 of Fig. 10) is directly generated


in DNA by a photochemical reaction. Crosslinking is observed
from the one-electron oxidation of DNA oligomers comprised
only of A/T bases, which we postulate involves this radical
intermediate.


DNA is a complex molecule, and this complexity is reflected in
the reactions described here. The mechanisms postulated in Fig. 9
and 10 account for the experimental results, but they are certainly
incomplete. For example, the explanation offered for the effect of
substituting U for T of TT steps takes account only of the missing
methyl group. We have recently shown in the reaction of GG steps76


that nucleobase substitution at adjacent locations affects local
solvation and the controlling steric environment, which control
the reaction outcome. These effects may also play a role in the
reactions discussed here. We are continuing to test the mechanistic
hypothesis offered here.


Long-distance radical cation migration in A/T DNA


The mechanism of long-distance charge migration has been under
intensive investigation since the now-discredited claim was made
that DNA is a “molecular wire”.71,77 These studies resulted in the
development of the phonon-assisted polaron hopping model for
long-distance radical cation transport in DNA.71,78 Briefly, radical
cations are localized over a few adjacent bases by small distortions
of the DNA structure and by stabilizing changes to the solvation
environment.7 This self-trapped radical cation is referred to as
a polaron and the magnitude of the stabilization is referred to
as its binding energy.79 The polaron hops from site to site when
thermal motions (phonons) provide sufficient activation energy to
overcome their binding. The primary driver for polaron hopping
is the motions of the Na+ counter-ions.9


In those cases where the DNA has a regularly repeating pattern
of nucleobases, the distance dependence of radical cation reaction
efficiency is controlled by two parameters: khop, and ktrap.64 In
these cases, linear semilog plots of reaction efficiency (strand
cleavage yield) with distance from the site of initial oxidation
are observed, and the slope of that line is determined by kratio,
which is defined as the ratio of khop to ktrap. More generally,
the distance dependence of radical cation reactivity in DNA
with non-repetitive nucleobase sequences can be understood
only by considering the set and sequence of bases in the entire
oligonucleotide. In these cases, linear semilog plots are typically
not observed and the distance dependence of reactivity emerges
by consideration of the interactions of all nucleobases of the DNA
oligomer among themselves.6


The DNA oligomers examined in this work fall into the first
linear distance dependence category. The data, shown in Fig. 8, for
DNA(5,9,10) reveal linear semilog plots for these oligomers where
four TT steps are separated by AA, ATA and ATATA sequences,
respectively. The slopes of the lines for DNA(5,9,10) are −0.009 ±
0.001, −0.02 ± 0.004, and −0.03 ± 0.001 Å−1, and the derived
values for kratio are ca. 20, 10, and 3, respectively. For each of
these oligomers, the rate of hopping is somewhat faster than the
rate of the irreversible trapping reactions. This behavior parallels
precisely that observed for numerous DNA oligomers that contain
regularly spaced guanines, and this fact confirms the central role
played by nucleobase radical cations in the reactions at thymines
that lead to strand cleavage upon hot piperidine treatment.
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Conclusions


The irradiation of AQ-linked DNA oligomers with UVA light
absorbed by the anthraquinone leads to the one-electron oxidation
of DNA with the concomitant formation of a radical cation that
is localized on the nucleobases. The radical cation hops long
distances by the phonon-assisted polaron-hopping mechanism
and it is trapped irreversibly by reaction with H2O and O2 at the
most reactive sites. In oligonucleotides that contain guanine, the
most reactive sites are the guanines or Gn steps. Coincidentally,
guanines (Gn steps) are also the sites having the lowest Eox. In
contrast, for DNA oligomers that are comprised only of A/T
base pairs, the irreversible trapping reactions occur at T, not at
A. Adenine has a much lower Eox than thymine and for that reason
the radical cation is more stable at A than at T, but evidently the T
radical cation is more reactive than the A radical cation and, as is
explained by the Curtin–Hammett principle, the major products
observed are those that come from the most reactive site.


The products formed from the reaction of the thymine radical
cation in DNA fall into two categories: those resulting from
deprotonation of the methyl group, and those resulting from
hydration at the 5,6-double bond. The proposed mechanism for
formation of these products begins from an orientation of solvent
and counter-ions that localizes the radical cation on a particular
thymine and enables its reaction. That thymine radical cation in a
TT step may either lose a proton from its methyl group or H2O/O2


may add across its double bond. In the latter case, this addition
may initiate a tandem reaction that converts both thymines of
the TT step to oxidation products. However, the major products
observed originate with proton loss from the methyl group to form
a methyl radical that is subsequently trapped by reaction with O2.


The findings reported here may have important implications
for the oxidative reactions of genomic DNA where there are long
stretches of base pairs that contain no or few guanines. In these
circumstances, oxidatively induced damage is expected to generate
lesions at thymines.
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The ditopic fluorescent photoinduced electron transfer (PET) amino acid sensory probes 1a and 1c
were designed and synthesized from cholic acid. To confer the probes with specific binding ability, an
amidothiourea moiety and a cyclic diamino-chiral receptive site were introduced on the C17 side chain
and the C7 and C12 hydroxyl pendants, respectively. In acetonitrile, the probes demonstrated
differential binding toward trifunctional amino acids like serine, lysine, threonine and tyrosine against
other simple amino acids. Enantioselectivities (KD/KL) of up to 8.9 and sensitivities in the micromolar
range with the probes were observed for trifunctional amino acids.


Introduction


The design and development of molecule-based fluorescent sens-
ing probes targeted at biologically important substrates such
as amino acids and a-hydroxyacids have been attracting much
research interest recently since it can provide valuable information
for understanding the mechanism of molecular recognition in
biological systems.1 By introducing chirality into the binding site,
the resulting fluorescent host molecule could carry out enantiose-
lective recognition of chiral organic molecules. In connection with
this, a number of fluorescent probes based on azacrown, binaph-
thol, crown ether, cyclodextrin, calixarene, cyclic (thio)urea, cyclo-
phane, 1,8-diacridylnaphthalene, guanidinium salt and terpyridine
macrocycle have been developed for enantiomeric recognition
of amino acids and their derivatives.2 Pioneered by the seminal
works of Davis and others, cholic acid has proven to be a
promising molecular scaffold to prepare supramolecular systems
for molecular recognition.3 Recently, we have discovered for the
first time that the flexible side chain attached to C17 of cholic
acid can be exploited to introduce a ligating group onto the
C24 as an additional binding site for binding multi-functional
small molecules.4 To continue our interests in chemosensor
development, in this study, we have exploited cholic acid as the
chiral molecular framework to prepare fluorescent sensing probes
for the enantioselective detection of trifunctional amino acids.


At the outset of the investigation, to construct cholic acid based
enantioselective amino acid probes, we envisage that two synthetic
strategies ought to be considered: (1) at least two binding sites
must be incorporated into the host to ascertain a sufficiently
strong interaction with guest analytes; and (2) an additional chiral
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moiety must be introduced onto the cholic acid scaffold close to the
binding cavity so as to enhance the enantioselectivity ability of the
probe toward chiral guests. Our previous studies revealed that the
appendage of amidothiourea as a carboxylate binding site and an
anthracene moiety as the fluorescent display unit can be achieved
through the manipulation of the C17 side chain of cholic acid. The
two axial hydroxyl groups at C7 and C12 could be utilized as useful
pendants to append the second binding site and at the same time
an additional chiral moiety could be introduced. To execute this
strategy, chiral trans-1,2-diaminocyclohexane (DACH) would be
a judicious choice to be incorporated onto the cholic acid scaffold
to enhance enantioselectivity of the host. DACH is a widely
used building block in asymmetric organocatalyst development,5


after its appendage onto the backbone of cholic acid, the vicinal
diamino groups could reorganize to provide a semi-rigid enantios-
elective receptive site to bind amino or hydroxyl functionality.


Results and discussion


To execute the aforementioned strategy, starting from methyl 3-
acetoxycholate, ditopic probe 1a (Fig. 1) was constructed via
a 5-step reaction sequence outlined in Scheme 1. The probe
was recently exploited by us as a sensitive chemosensor for the
detection of ATP.6 To fully utilize the chirality inherited from
both cholic acid and trans-1,2,-diaminocyclohexane as viable
enantioselective probes, we envision that 1a would display a
high degree of enantioselectivity toward complementary guest
molecules. The ditopic nature of the host would confer it with
binding affinity to poly-functional guest molecules. For instance,
the flexible C24 side chain bearing an amidothiourea group would
bind strongly with carboxylate while the cyclic vicinal amino
groups attached to the C7 and C12 could work cooperatively to
provide an additional binding site for hydroxyl and amino groups.
We anticipate that a number of trifunctional amino acids such as
serine, threonine, lysine and tyrosine would be good candidates
for the binding study. To shed light on the binding mechanism, the
control compound 1b, lacking the cyclic diamino chiral receptive
site, was synthesized from methyl cholate in a two-step sequence.4


To investigate the binding characteristics and the enantiose-
lectivity of host 1a in molecular recognition, L-serine was first


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 929–934 | 929







Scheme 1 Synthetic route for fluorescent chemosensor 1a.6


Fig. 1 Structures of fluorescent sensors 1a, 1b, 1c.


selected as the guest. To evaluate the binding affinity of the host to
the guest, fluorometric titration experiments were carried out with
the concentration of 1a fixed at 1.0 × 10−6 M in acetonitrile and the
guest concentration (as tetrabutylammonium salt) was varied from
2.0 × 10−7 M to 7.0 × 10−5 M in acetonitrile. When the solution
was excited at 366 nm, 1a gave a characteristic emission spectrum
with a monomeric anthracene maximum at ca. 413 nm. As shown
in Fig. 2a, the fluorescent emission band at 413 nm was quenched
gradually upon the addition of the guest. The complexation of
the carboxylate of serine to the amidothiourea group of the
host can enhance its electron density favoring the photo-induced
electron transfer (PET) to the anthracene moiety. Consequently,
the fluorescence of the probe decreases as the concentration of
serine is increased.4


On the basis of Job’s plot, a 1 : 1 complex between the host and
the guest was confirmed (Fig. 3). When the same experiment was
performed on D-serine, the 1 : 1 stoichiometry of the complex was
maintained, yet a greater extent of quenching was observed.


The emission spectrum of 1a was quenched by as much as 80%
with the addition of 10 equivalents of D-serine (Fig. 2b). On the
basis of the change of fluorescent intensity associated with the
gradual addition of the guest molecule, the association constants
of the two diastereomeric complexes (Kass) were calculated using
nonlinear least-squares curve fitting (entries 1 and 2, Table 1).7


It is apparent that the respective association constant of the
host to L- and D-serine differs by 6.7 fold, indicating the high
enantioselectivity of the host toward the guests.8


On the other hand, the 1H NMR spectroscopic studies were also
employed to evaluate the binding interaction of the host and serine.
The results corroborated with the findings of the fluorometric
experiments (vide infra). To simplify the NMR titration results,
by eliminating the proton signals of the counter-cation (i.e.


tetrabutylammonium), 1a was allowed to titrate directly with
serine in dried CD3CN. As shown in Fig. 4, when the probe was
individually mixed with 1 equivalent of L-serine and D-serine anion
in CD3CN, a substantial upfield shift of the methylene protons
(labeled with �) adjacent to the anthracene moiety was observed.
An upfield shift of anthracenylmethylene protons from d5.51 of
the pure 1a to d5.26 and 4.78 was observed in the corresponding
diastereomeric serine–host complex, respectively (labeled with �
in Fig. 4a, b, c). At the same time, in the presence of chiral 1a,
the a-H of L-serine and D-serine centered at d3.92 underwent
an upfield shift to d3.32 and 3.13, respectively (labeled with �
in Fig. 4b, c, e). Most importantly, when a racemic mixture of
serine was mixed with 1 equivalent of 1a, the a-proton of each
enantiomer of serine centered at d3.90 resolved clearly into two
distinctive multipets at d3.32 and 3.10, respectively. Consistent
with the fluorometric measurements, in contrast to the 1a–L-
serine complex, the stronger binding between host 1a and D-serine
induced a larger upfield shift for both the anthracenylmethylene
protons of the host (0.73 ppm vs. 0.25 ppm) and the a-hydrogen of
serine (0.72 ppm vs. 0.60 ppm). To probe the binding mode of the
host–guest complex, molecular modeling studies were conducted
by using SPARTAN 04. Interestingly, revealed by the modeling,
in the stable conformation of the 1a–D-serine complex, the amino
group of D-serine can form a H-bond with the C12 pendant ester
oxygen atom. On the other hand, in the stable conformation of
the 1a–L-serine complex, the amino group of L-serine oriented
away from the cholic acid core and precluded the formation of
H-bonding (S-Fig. 2, ESI‡). Such a binding mode was further
substantiated by investigating the binding of 1a with the control
compound N-acetyl D-serine. By transforming the amino group
of serine into an N-acetyl group, the possibility of forming an
additional H-bond was eliminated. As expected, the binding
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Fig. 2 (a) Fluorescence spectra of 1a (1.0 lM) upon addition of L-serine
in CH3CN. Excitation wavelength was 366 nm. (b) Fluorescence spectra of
1a (1.0 lM) upon addition of D-serine in CH3CN. Excitation wavelength
was 366 nm. Inset is the titration data point and the nonlinear least-squares
fitting curve.


constant of 1a and N-acetyl D-serine decreased to 2.84 ± 0.38 ×
104, which is very close to the binding constant of 1a and L-serine


Fig. 3 Job’s plot of 1a with L- and D-serine anions in CH3CN.


(i.e. 3.36 ± 0.23 × 104). On the basis of the NMR data and the
molecular modeling, the binding mode of the host and D-serine is
depicted in Fig. 5.


Detailed 1H NMR titration of 1a toward antipodal forms of ser-
ine in CD3CN was undertaken. By monitoring the complexation
induced chemical shift (CIS) of the anthracenylmethylene protons
of the host, the binding constant of 1a and L-serine, D-serine was
found to be (3.18 ± 0.21) × 104, (2.44 ± 0.06) × 105, respectively
(S-Fig. 1 and S-Table 1, ESI‡).9 The binding constants obtained
are in good agreement with those obtained from the fluorescent
titrations (Table 1).


To define the scope of application of the host, we also extended
our study to include the interaction of 1a with other trifunctional
amino acids. As reflected by the observed values of the association
constants of the complexes shown in Table 1, the binding interac-
tion of the host to serine is slightly stronger than that of the host
to threonine, lysine and tyrosine. Apparently, the steric hindrance
of the substituent present in threonine, lysine and tyrosine did
not preclude its strong interaction with the host. Conceivably,
the two proximal amino groups of the host could reorganize in
such a manner to effectively interact with hydroxyl group, amino


Table 1 Association constants Kass (M−1) and relative coefficients (R) of sensors 1a, 1b and 1c with various amino acids (as their tetrabutylammonium
salts) in CH3CN


Host 1a Host 1b Host 1c


Guests Kass
a Ra KD/KL Kass


a Ra Kass
a Ra KL/KD


L-serine (3.36 ± 0.23) × 104 0.9951 (1.75 ± 0.16) × 103 0.9942 (1.97 ± 0.12) × 105 0.9935 6.2
D-serine (2.26 ± 0.17) × 105 0.9966 6.7 (1.77 ± 0.17) × 103 0.9944 (3.18 ± 0.19) × 104 0.9971
L-threonine (2.05 ± 0.03) × 104 0.9985 (1.37 ± 0.09) × 103 0.9951 (1.54 ± 0.09) × 105 0.9977 8.1
D-threonine (1.82 ± 0.14) × 105 0.9954 8.9 (1.36 ± 0.09) × 103 0.9953 (1.90 ± 0.13) × 104 0.9963
L-lysine (1.70 ± 0.12) × 104 0.9933 (1.28 ± 0.11) × 103 0.9970 (0.98 ± 0.16) × 105 0.9948 7.4
D-lysine (1.37 ± 0.11) × 105 0.9970 8.1 (1.25 ± 0.12) × 103 0.9967 (1.31 ± 0.08) × 104 0.9925
GABA (1.22 ± 0.09) × 104 0.9968 (1.05 ± 0.07) × 103 0.9971 (1.21 ± 0.09) × 104 0.9946
L-tyrosine (2.57 ± 0.18) × 104 0.9981 (1.52 ± 0.12) × 103 0.9962 (1.77 ± 0.05) × 105 0.9913 7.2
D-tyrosine (1.94 ± 0.09) × 105 0.9936 7.5 (1.53 ± 0.13) × 103 0.9959 (2.44 ± 0.16) × 104 0.9930
L-cysteine (1.22 ± 0.11) × 103 0.9962 982 ± 12 0.9928 (4.36 ± 0.12) × 103 0.9918
L-glycine 863 ± 29 0.9947 827 ± 14 0.9948 (2.19 ± 0.05) × 103 0.9944
L-alanine 525 ± 17 0.9978 503 ± 10 0.9956 (1.27 ± 0.11) × 103 0.9939
L-valine —b —b —b —b —b —b


L-phenylalanine —b —b —b —b —b —b


a The values were calculated from the change in the fluorescence spectra. b The value is too small to be calculated.
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Fig. 4 Partial 1H NMR spectra for (a) probe (free), (b) probe + L-serine (1 equiv.), (c) probe + D-serine (1 equiv.), (d) probe + racemic serine (1 equiv.),
(e) serine in CD3CN. [probe] = [serine] = 2 × 10−2 M.


group or phenolic group via hydrogen bonding. Furthermore, the
importance of this hydrogen bonding in the host–guest interaction


Fig. 5 Proposed binding mode of host 1a with D-serine.


is evident by comparing the complex between the host and serine
to that between the host and cysteine. The inability of the thiol
group to form a strong hydrogen bond with the chiral receptor
reduced the corresponding association constant by a factor of
25 fold. Among the four pairs of enantiomeric amino acids,
the host showed a consistent bias for the D-amino acids with
high KD/KL values from 6.7 to 8.9. The relative free energy
differences of the four pairs of diastereomeric complexes of 1a
and trifunctional amino acids were found to be fairly substantial
values ranging from 1.11 to 1.27 kcal mol−1 (S-Table 2, ESI‡). To
provide more insight into the host–guest interaction, fluorescent
titration experiments of the control compound 1b and various
amino acids were carried out. By removal of the receptive site
located in the core of the host, the association constants of
host 1b and each of the trifunctional amino acid guests are
110 to 130 times lower than that of the ditopic probe 1a and
the respective guest. Interestingly, host 1b failed to impart any
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chiral discrimination ability toward the D- and L-series of serine,
threonine and lysine. Evidently, the semi-rigid chiral receptive
site of 1a conferred by trans-1,2-diaminocyclohexane not only
provided an additional binding site for binding guests but also
played a crucial role in manifesting the enantioselective properties
of the host. Furthermore, in contrast to our reported cholic acid
based dicarboxylate chemosensor, the more rigid chiral receptor
stretching out from the C7 and C12 hydroxyl pendants must be
responsible for the high enantioselectivity exhibited by the present
probe.10 With regard to the size of the binding cavity, a much
longer chain length between the terminal amino and carboxylate
group of lysine and GABA did not preclude their strong binding
with host 1a. Apparently, the flexible C24 side chain possessing a
carboxylate receptive site could accommodate guests of different
chain length equally well. It is noteworthy that simple steric free
a-amino acids like glycine and alanine bind only marginally with
both host 1a and the control compound 1b with an association
constant of similar value. Presumably, the molecular length defined
by the amino and carboxylate group of these compounds is not
long enough to reach the minimum distance separating the two
receptors of host 1a. The results strongly suggested that only the
C24 amidothiourea receptive site of both hosts can interact with
the carboxylate group of glycine and alanine. By increasing the
bulkiness of the a substituent of the amino acids, as exemplified by
valine and phenylalanine, no host–guest interaction was observed
between both hosts 1a and 1b and the amino acid guests. To
address the “match/mismatch” effect on enantioselective recogni-
tion, using the same synthetic protocol described in Scheme 1,
the corresponding diastereomeric sensor 1c was assembled by
attachment of the (S,S)-1,2-diaminocyclohexane moiety onto the
C7 and C12 pendant groups of cholic acid. Subsequently, the
binding interaction of host 1c with the same series of amino
acids (as tetrabutylammonium salt) was investigated by fluorescent
titrations. The association constants of each of the complexes are
compiled in Table 1. Interestingly, in contrast to host 1a, opposite
enantioselectivity toward serine, threonine, lysine and tyrosine was
displayed by host 1c. The extent of enantioselectivity exhibited by
the two diastereomeric hosts is comparable with each other. This
implies that the chiral discrimination power of hosts 1a and 1c
may be due to the 1,2-diaminocyclohexane moiety.


To demonstrate the enantioselectivity of sensors 1a and 1c,
sample solutions of serine with various enantiomeric compositions
were prepared and their interaction with 1a and 1c was studied
separately. As shown in Fig. 6, an excellent linear relationship
between the fluorescence response of each host and the enan-
tiomeric compositions of serine was found. The graph can be used
to determine the enantiomeric excess (ee) of a mixture of D- and
L-serine.


To explore the potential of using 1a as a sensing probe applicable
to aqueous solution,11 fluorescent titration experiments of 1a with
D-serine and L-serine were carried out in various compositions of
aqueous acetonitrile solutions. With increasing content of water,
the corresponding binding constants were reduced accordingly.
When 1 : 1 aqueous acetonitrile was used, the binding constants
of 1a and D, L-serine were determined to be (3.57 ± 0.26) ×
104, (8.71 ± 0.42) × 103, respectively. Even under such a highly
competing solvent system, the enantioselectivity displayed by 1a
towards the antipodal forms of serine was quite respectable (i.e.
KD/KL = 4.1) (S-Table3, ESI‡).


Fig. 6 Fluorescence response of 1a (1.0 lM) (line 1, slope = −0.462)
and 1c (1.0 lM) (line 2, slope = 0.407) with serine (50 equiv.) at various
D-composition in CH3CN. Excitation wavelength was 366 nm.


Conclusion


In summary, the chiral fluorescent probes 1a and 1c, readily
accessible from cholic acid, were found to be highly sensitive,
chemoselective and enantioselective to amino acids. The two
receptive binding sites of the sensors could provide multi-point
interactions through hydrogen bonding with trifunctional amino
acids such as serine, lysine, threonine and tyrosine. The coop-
erative influence of the chirality of cholic acid and 1,2-trans-
diaminocyclohexane renders the sensor highly enantioselective.
The results should assist further development and application of
enantioselective chemical sensing.


Experimental


1 General methods


The melting point was determined with a MEL-TEMPII melting
point apparatus (uncorrected). 1H and 13C NMR spectra were
recorded on a JOEL AL 270 spectrometer (at 270 and 67.8 MHz,
respectively) or VARIAN INOVA 400 spectrometer (at 400
and 100 MHz, respectively) in CDCl3. High resolution mass
spectra were recorded on a Bruker Autoflex mass spectrometer
(MALDI-TOF) or electrospray ionization high-resolution mass
spectra on an API Qstar Pulsari mass spectrometer. Fluorescent
emission spectra were collected on a PTI luminescence lifetime
spectrometer. Unless specified, all fine chemicals were used as
received.


2 Synthesis of probes 1a and 1c


2.1 Synthesis of probe 1a. The preparation of probe 1a was
reported in full elsewhere.6


2.2 Synthesis of probe 1c. This diastereomer of sensor 1a
was obtained using the same procedure described elsewhere6


by substituting (R,R)-1,2-diammoniumcyclohexane mono-(+)-
tartrate salt with (S,S)-1,2-diammoniumcyclohexane mono-(−)-
tartrate salt in step two. Sensor 1c was obtained as a pale yellow
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solid. Mp: 173–175 ◦C, [a]26
D = 42.4◦ (c = 1, CH2Cl2), 1H NMR


(400 MHz, CDCl3): d 0.72 (s, 3H), 0.83 (d, 3H, J = 6.2 Hz),
0.94 (s, 3H), 3.20–3.32 (m, 2H), 3.63 (s, 1H), 3.74–3.78 (m, 2H),
5.09 (s, 1H), 5.28 (s, 1H), 5.64 (s, 2H), 7.27 (s, 1H), 7.41–7.50
(m, 4H), 7.94 (d, 2H, J = 8.1 Hz), 8.24 (d, 2H, J = 8.1 Hz),
8.37 (s, 1H); 13C NMR (100 MHz, CDCl3): d 12.38, 17.72, 22.73,
24.04, 24.07, 24.14, 25.06, 27.36, 27.36, 29.19, 30.96, 31.38, 31.42,
34.42, 34.81, 35.23, 38.50, 39.46, 41.24, 41.33, 45.24, 45.51, 47.56,
50.41, 51.37, 51.66, 62.75, 64.23, 71.04, 72.33, 76.49, 124.45,
125.46, 126.85, 127.39, 129.21, 130.67, 131.64, 134.22, 169.85,
170.26, 174.59. MALDI TOF HRMS: calcd for C50H67N5O6SNa,
888.4816; found, 888.4828.
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The reaction of phosphorothioates in DNA with 2-bromoethylammonium bromide results in
S-2-aminoethyl phosphorothioates, which can rearrange to N-(2-mercaptoethyl)phosphoramidates
providing a facile method for the generation of site-specific thiol labeling of DNA sequences. The
applicability of this method was demonstrated by conjugation of the thiolated DNA sequence with
Na-(3-maleimidylpropionyl) biocytin and Alexa Fluor 546 C5-maleimide.


Introduction


A number of strategies have been explored for the chemical
functionalization of oligodeoxynucleotides with reactive func-
tional groups. These have been applied to preparing DNA
conjugates with fluorescent dyes, biochemical markers and linkers,
peptides, nanoparticles and a variety of organic molecules.1–4 In
addition to amines, thiols have been extensively utilized for site-
specific conjugation since they are excellent soft nucleophiles for
aliphatic nucleophilic substitution or conjugate addition.3 DNA
has been labeled with thiols by both phosphoramidite5 and H-
phosphonate6 reagents. Commercial reagents7 are utilized for
introducing a 3′- or 5′- thiol functionality to oligonucleotides via
automated phosphoramidite oligonucleotide synthesis.8,9 How-
ever, such methods are generally expensive and often place the
conjugate group at some distance from the DNA sequence.
Introduction of an internal thiol modification can be performed
by using phosphoramidite nucleosides modified with a disulfide
spacer at the nucleobase10 or by post-synthetic modification of
internally amine-modified oligonucleotides.11–13 Alternatively, the
thiol modification can be introduced at the phosphate backbone
by the hydrogen phosphonate approach via a phosphoramidate
analog.14–17 The introduction not only allows the post-synthetic
attachment of thiol-specific conjugate groups, but also provides
modified DNA with better stability compared to the phospho-
rothioate triester DNA derivatives.18


Here we describe a new method for post-synthetically intro-
ducing a thiol modification at the DNA backbone by using a
simple phosphorothioate oligonucleotide as the starting material.
DNA sequences containing phosphorothioate diesters in specific
positions are easily prepared during automated DNA synthesis
by substitution of the I2–pyridine oxidation reagents with a
sulfurizing agent,9 and it is used as an inexpensive standard modi-
fication in automated phosphoramidite oligonucleotide synthesis.
Such internal phosphorothioate diesters provide nucleophilic
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sites available for reaction with appropriate alkylating agents as
described by McLaughlin and Fidanza19 (Scheme 1a). One major
disadvantage of alkylated phosphorothioate triesters is lability
towards basic hydrolysis. The labeled materials are relatively stable
near neutral pH but undergo significant hydrolysis in solutions
of increasing pH20 (Scheme 1a). We have recently described that
the reactivity of trialkyl phosphorothioates can be exploited for
an intramolecular S,N rearrangement.21 It was found that S-
2-aminoethyl diethyl phosphorothioate 1 rapidly rearranges to
diethyl N-(2-mercaptoethyl)phosphoramidate 2 (Scheme 1b). The
reaction proceeds smoothly at room temperature under basic
conditions.


Scheme 1 (a) Alkylation of phosphorothioate triesters and basic hydrol-
ysis, R, R′ = alkyl group, X = Br, I. (b) Rearrangement of S-2-aminoethyl
phosphorothioate 1 to N-(2-mercaptoethyl)phosphoramidate 2.


Results and discussion


The S,N rearrangement at phosphorus described above is ap-
plied here to oligonucleotides containing a phosphorothioate
modification (Scheme 2). A 20-mer DNA sequence 3 with one
phosphorothioate modification between the 10th and 11th bases
(labeled as p), was alkylated to form the phosphorothioate triester
DNA analog.


Alkylation of the phosphorothioate labeled DNA sequence
3 was tested with both 2-bromoethylammonium bromide (4)
and 2-Fmoc-amino ethyl iodide (not shown). It turned out that
alkylation with 4 was more efficient, which is probably due to
the better solubility of 4 in H2O and probably also because the
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Scheme 2 Alkylation of phosphorothioate labeled oligonucleotide 3 and subsequent rearrangement into the corresponding N-(2-mercaptoethyl)-
phosphoramidate 6.


positive charge on 4 attracts it to the negatively charged DNA
backbone. Alkylation of the DNA sequence with 4 in DMF–
H2O = 1 : 9, 20 mM HEPES, pH 6.5 was performed by incubation
at 45 ◦C for 24 h to give a 78% yield of DNA–NH2 5 as
verified by HPLC. Minor amounts of non-specifically alkylated
DNA may be found in other fractions. However, an attempt to
alkylate a DNA sequence without the phosphorothioate under
similar conditions resulted in less than 10% of products. Since
the phosphorothioate is chiral and the phosphorothioate-labeled
DNA is a mixture of two diastereomers (non-distinguishable in
HPLC), the alkylation also results in two diastereomers (Rp
and Sp,) which in this case results in two different peaks in the
HPLC chromatogram (Table 1). The faster and slower eluting
diastereomers are denoted as diastereomers A and B, respectively.
The identity of the alkylated product 5 was confirmed by MALDI-
TOF MS (Table 1).


The rearrangement was carried out by incubating the oligonu-
cleotides DNA–NH2 5 (diastereomers A and B) in 2 M DBU in
H2O. After 20 min 5 disappeared, and DNA–SH 6 was obtained in
40% yield. The presence of the thiol in the rearrangement product
was verified by Ellman’s test.22 Due to the low hydrolysis stability
of phosphorothioate triesters at elevated pH, it is not surprising
that the hydrolysis product DNA–OH 7 (identical to the native
DNA sequence) came out as the main by-product.


To favor the rearrangement over hydrolysis, the reaction was
attempted in an organic solvent by preparing the cetyltrimethy-
lammonium bromide (CTAB) salt of the DNA sequence.23–25 After
adding CTAB in an aqueous solution, the CTAB salt of DNA–
NH2 5 was precipitated, dried thoroughly and redissolved in dry


DMF in the presence of molecular sieves. After treating with DBU,
the rearrangement product 6 was obtained in 61% yield.


To investigate the usefulness of this new three-step label-
ing procedure, it was applied to the conjugation of Na-(3-
maleimidylpropionyl) biocytin (SMB) and Alexa Fluor 546 C5-
maleimide (SMF) to DNA (Scheme 3). The CTAB salt of DNA–
NH2 5 (diastereomers A and B) was prepared and subsequently
treated with 2 M DBU in DMF, at room temperature for 20 min.
Then 50% acetic acid in DMF was added slowly to adjust the pH
to 7.0–7.5. Then excess of SMB or SMF was added and the sample


Scheme 3 Labeling of oligonucleotide 5 with Na-(3-maleimidylpropionyl)
biocytin (SMB) or Alexa Fluor 546 C5-maleimide (SMF).


Table 1 MALDI-TOF MS data and HPLC retention time for modified oligonucleotides


Oligonucleotide Mass calculated Mass measured HPLC retention time/min


3 6132.0 6132.0 10.7a


DNA–NH2 5 6176.1 6175.7 10.2a (A), 10.4a (B)
DNA–SH 6 6176.1 6176.1 11.3a (A), 11.7a (B)
DNA–SMB 8 6699.7 6699.9 12.6a (A), 13.7a (B)
DNA–SMF 9 7184.2 7183.4 13.0b (A), 13.4b (B)
DNA–OH 7 6116.0 6115.2 10.3a, 9.7b


a Method a: HPLC linear gradient using 10–12% acetonitrile–TEAA 100 mM, pH 7.0 (16 min). b Method b: HPLC linear gradient using 0–65%
acetonitrile–TEAA 100 mM, pH 7.0 (20 min).


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 908–911 | 909







was incubated at room temperature overnight. The crude labeled
products DNA–SMB 8 and DNA–SMF 9 were purified by HPLC
and identified by MALDI-TOF MS (Table 1 and Fig. 1). Both of
the labeled products were obtained as mixtures of diastereomers
A and B with 60% yield. The ratio of the two diastereomers is
surprisingly 9 : 1. However, when labeling another oligonucleotide
sequence in the same manner, a 1 : 1 ratio of the two diastereomers
was obtained. Thus the ratio between the two diastereomers shows
that the stereoselectivity of the rearrangement is highly dependent
on the secondary structure of the oligonucleotide.


Fig. 1 (a) HPLC chromatogram of the reaction leading to DNA–SMB 8
(260 nm) and to DNA–SMF 9 (260 and 550 nm), (b) UV–vis spectra of
DNA–SMB 8 and DNA–SMF 9.


All the resulting phosphoramidate DNA conjugates are stable
under slightly acidic and under basic conditions. As reported,
hydrolysis of the phosphoramidate linkage to the phosphate
diester linkage requires harsh conditions such as 85% formic
acid at 95 ◦C.26 Thus, these phosphoramidate conjugates are
significantly more stable than phosphorothioate conjugates.


The introduction of the modifications at the phosphate back-
bone described above may have structural implications and
could possibly alter the stability of the DNA duplex. There-
fore melting temperatures (Tm) of the labeled phosphoramidate
oligonucleotides 8 and 9 (diastereomer mixtures) were measured
to investigate their thermal stability (Table 2). Gratifyingly, the
labeling of a single phosphorothioate diester according to this
new rearrangement method did not alter dramatically the stability
and specificity of a 20 bp duplex. Attachment of SMB to the


Table 2 Melting temperatures for labeled oligonucleotides


Complexa Tm/◦ C DTm/◦C


Unlabeled DNA 3 and c3 66.1 —
SMB labeled DNA 8 and c3 65.3 −0.8b


SMF labeled DNA 9 and c3 63.1 −3.0b


Unlabeled DNA 3 and m3 61.1 −5.0c


SMB labeled DNA 8 and m3 60.0 −5.3c


SMF labeled DNA 9 and m3 59.0 −4.1c


a c3 (5′-CGTGAACCTACTGATGCTGA) is the sequence fully comple-
mentary to 3, while m3 (5′-CGTGAACCTAATGATGCTGA) contains a
single-base A–G base mismatch. b Compared to Tm of the unlabeled DNA
3 and c3. c Compared to Tm of the same sequence paired with c3.


phosphorus residue has less influence on the melting temperature
(DTm ∼ 1 ◦C) than labeling with SMF (DTm ∼ 2–3 ◦C). This
may be due to the smaller size and the longer linker of SMB
compared to SMF. The DTmbetween the fully matched and the
A–G mismatched duplexes is 5 ◦C for unlabelled 3 and 4–5 ◦C for
8 and 9.


Conclusions


In conclusion, we have developed a new strategy for the labeling
of DNA via an inexpensive phosphorothioate modification. This
procedure involved alkylation of the phosphorothioate with 2-
bromoethylammonium bromide (4). By adding a base, the phos-
phorothioate rearranged to the phosphoramidate DNA derivative
containing a free thiol functional group. The rearrangement is
accompanied by some degree of hydrolysis, however by performing
the reaction in an organic solvent a yield of 61% was obtained.
The usefulness of this strategy for conjugation of important
functionalities to DNA was demonstrated by the successful
labeling with biocytin and a fluorophore.


Experimental


HPLC was performed on a Hewlett Packard Agilent instrument
with an autosampler and fraction collector on an XTerra C18
column (Waters #186000602) using acetonitrile–TEAA 100 mM,
pH 7.0 mixtures as eluent. Oligonucleotides were analyzed by
MALDI-TOF mass spectrometry on a Bruker AutoFlex in-
strument in a 3-hydroxypicolinic acid (HPA)–ammonium citrate
matrix using the negative ion reflector mode on an AnchorPlate
target. Oligonucleotides in the aqueous solution were precipitated
by NH4OAc–EtOH according to the precipitation protocol of
Maniatis et al.27 Tm values were obtained in 10 mM sodium
phosphate (pH 7.0) and 500 mM sodium chloride at duplex
concentrations of 1.0 lM. Absorbance values were measured with
a Cary 100 Bio UV–visible spectrophotometer equipped with a
Cary temperature controller attached to a Cary 1 thermostattable
multicell block. The solution temperatures were measured directly
with a thermistor probe (Cary thermometer probe series II).
Absorbance and temperature data were collected after analog to
digital conversion (Cary thermal analysis software28). Tm values
were determined from first- and second-order derivatives of the
absorbance vs. temperature plots.


DNA–NH2 (5)


2-Bromoethylammonium bromide (4) (0.4 mg, 0.02 mmol) in 2 lL
DMF was added to DNA 3 (10 nmol) in 18 lL H2O, 20 mM
HEPES, pH 6.5 in an Eppendorf tube at 45 ◦C and the reaction
was incubated for 24 h. After ethanol precipitation, DNA–NH2


5 was purified in 78% yield (48.1 lg) by reversed-phase HPLC
[linear gradient using 10–12% acetonitrile–TEAA 100 mM, pH 7.0
(16 min), XTerra C18 column, 0.5 mL min−1, 260 nm]. MALDI-
TOF MS: calcd for 5, 6176.1 [M − H]−; found, 6175.7 [M − H]−.


DNA–SH (6)


Method A. A solution of 2 M DBU in 20 lL H2O was added
to dry DNA–NH2 5 (5 nmol) in an Eppendorf tube and incubated
at room temperature for 20 min. Then it was precipitated with
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ethanol and redissolved in H2O. The thiol-tethered DNA–SH
6 was purified in 40% yield (12.3 lg) by reversed-phase HPLC
[linear gradient using 10–12% acetonitrile–TEAA 100 mM, pH 7.0
(16 min), XTerra C18 column, 0.5 mL min−1, 260 nm]. MALDI-
TOF MS: calcd for 6, 6176.1 [M − H]−; found, 6176.1 [M − H]−.


Method B. To DNA–NH2 5 (5 nmol in 10 lL H2O) was added
5 lL 8% CTAB aqueous solution, and the supernatant removed.
The resulting CTAB salt of DNA–NH2 5 was thoroughly dried and
treated with 2 M DBU in dry DMF (10 lL) at room temperature
in the presence of 4 Å molecular sieves for 20 min. After LiClO4


precipitation, it was redissolved in H2O and precipitated again
in ethanol. The thiol-tethered DNA–SH 6 was purified in 61%
yield (19.2 lg) by reversed-phase HPLC [linear gradient using 10–
12% acetonitrile–TEAA 100 mM, pH 7.0 (16 min), XTerra C18
column, 0.5 mL min−1, 260 nm]. MALDI-TOF MS: calcd for 6,
6176.1 [M − H]−; found, 6176.1 [M − H]−.


Biocytin labeled DNA–SMB (8)


The CTAB salt of DNA–NH2 5 (2 nmol) was thoroughly dried
and dissolved in a solution of 2 M DBU in dry DMF (10 lL) at
room temperature in the presence of 4 Å molecular sieves. After
20 min, 50% acetic acid was added slowly to the reaction solution
to adjust the pH to 7.0–7.5. The Na-(3-maleimidylpropionyl)
biocytin, SMB (1.0 mg, 0.02 mmol) in DMF (1 lL) was added
to the reaction solution which was incubated at room temperature
overnight. After precipitation with LiClO4 it was redissolved in
H2O and precipitated again in ethanol. Finally it was redissolved
in H2O, TEAA 100 mM, pH 7.0, and purified in 60% yield
(8.0 lg) by reversed-phase HPLC [linear gradient using 10–
12% acetonitrile–TEAA 100 mM, pH 7.0 (16 min), XTerra C18
column, 0.5 mL min−1, 260 nm]. MALDI-TOF MS: calcd for
DNA–SMB 8, 6699.7 [M − H]−; found, 6699.9 [M − H]−.


Alexa Fluor 546 labeled DNA–SMF (9)


The CTAB salt of DNA–NH2 5 (2 nmol) was thoroughly dried
and dissolved in a solution of 2 M DBU in dry DMF (10 lL)
at room temperature in the presence of 4 Å molecular sieves.
After 20 min, 50% acetic acid was added slowly to the reaction
solution to adjust the pH to 7.0–7.5. Then Alexa Fluor 546 C5
maleimide, SMF (2.0 mg, 0.02 mmol) in DMF was added to
the reaction solution which was incubated at room temperature
overnight. After precipitation with LiClO4 it was redissolved in
H2O and precipitated again in ethanol. Finally it was redissolved
in H2O, TEAA 100 mM, pH 7.0, and purified in 60% yield
(8.6 lg) by reversed-phase HPLC [linear gradient using 0–65%
acetonitrile–TEAA 100 mM, pH 7.0 (20 min), XTerra C18


column, 0.5 mL min−1, 260 nm]. MALDI-TOF MS: calcd for
DNA–SMF 9, 7184.2 [M − H]−; found, 7183.4 [M − H]−.
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Cholesterol (Ch) is a major target for oxidative degradation in cell membranes, a process which can
occur by two mechanisms: Type I (via free radicals) and Type II (mediated by 1O2). In the present work,
several dyads have been synthesized from b- and a-Ch and ketoprofen (KP) or tiaprofenic acid (TPA).
Upon irradiation under anaerobic conditions, KP–a-Ch dyads were efficiently photolyzed, via
intramolecular hydrogen abstraction from C-7. By contrast, KP–b-Ch, TPA–a-Ch, and TPA–b-Ch
remained unchanged after prolonged irradiation. The transient absorption spectra of KP–a-Ch were
assigned to the short-lived biradicals resulting from intramolecular hydrogen abstraction. Interestingly,
the spectra and lifetimes obtained for the TPA-derived dyads were very similar to those of the TPA
triplet excited state. For the KP–a-Ch dyads, generation of singlet oxygen was expectedly negligible.
Conversely, for TPA–a-Ch a UD value as high as 0.5 was determined. Thus, KP-based dyads are
appropriate models for clean type I Ch oxidation, whereas the TPA derivatives are suitable systems for
investigation of the purely type II process.


Introduction


It is well established that cholesterol (cholest-5-en-3b-ol, Ch), one
of the most important structural components of cell membranes,
is a major target for oxidative degradation, a process which can
result in potentially pathological consequences.1 Two mechanisms
have been considered for Ch oxidation: Type I (via free radicals)
and Type II (mediated by 1O2). The former involves hydrogen
abstraction from Ch and could be promoted, in principle, by UVA-
irradiation in combination with photosensitizing agents.1,2


Ketoprofen (KP) has been recognized to be the strongest
photosensitizer among non-steroidal anti-inflammatory drugs
(NSAID).3–5 This property is attributable to the benzophenone
chromophore, whose lowest-lying triplet state is n,p* in nature;6


accordingly, KP is a typical Type I photosensitizer7 and is
known to induce photoperoxidation of polyunsaturated fatty
acids. In the course of model studies, we have found a significant
stereodifferentiation in the intramolecular hydrogen abstraction
from enantiomerically pure 1,4-cyclohexadienes (as simple sources
of double allylic hydrogens) by (S)-KP, where chiral discrimination
was demonstrated by measurement of the very short triplet
lifetimes of the benzophenone chromophore (18–31 ns).8,9


Tiaprofenic acid (TPA) is also a benzophenone-derived NSAID
with proven photosensitizing potential,4,10,11 which contains the
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2-benzoylthiophene chromophore. In contrast to KP, TPA has a
p,p* lowest triplet excited-state,6,12 and thereby the contribution
of type II oxidation mechanism is enhanced.


In a preliminary communication we have reported the efficient
and selective photogeneration of 7-allyl Ch radicals by intramolec-
ular hydrogen abstraction in (S)- and (R)-KP–a-Ch model dyads.13


Such dyads are reminiscent of Breslow’s biomimetic systems
constructed by esterification of cholestanol, androstanol and
related compounds with achiral benzophenone derived carboxylic
acids,14 which were designed to study the remote photooxidation
of steroids. This type of system was selected as a mimic of the
cytochrome P-450 enzyme to achieve a selectivity dominated by
the geometry of the catalyst–substrate complex. In this process,
benzophenone removes the C-14 hydrogen, giving rise to an olefin
and a mixture of cyclic products in the C or D rings. However,
none of the employed systems contained a double bond in ring B
(as Ch).14 On the other hand, isolation and structural elucidation
of the photoproducts was not attempted, and laser flash photolysis
studies to investigate transient species such as triplets and biradi-
cals were not performed. In the present work, we have completed
these studies and extended them to the analogous excited state
interactions between Ch and TPA. For this purpose, several
ketoprofen–cholesterol (KP–Ch) and tiaprofenic acid–cholesterol
(TPA–Ch) dyads have been synthesized through conjugation of b-
and a-Ch with the corresponding NSAID (Scheme 1). Inclusion of
KP–b-Ch and TPA–b-Ch in the series was done for comparison,
as these dyads should not be reactive in the intramolecular process
due to the extended relationship between the two active moieties,
which prevents their close approach. Interestingly, singlet oxygen
measurements by time-resolved near infrared emission have shown
that the KP-based dyads are appropriate models for clean type I
Ch oxidation, whereas the TPA-derivatives are suitable systems
for the investigation of purely type II process.
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Scheme 1 Structures of dyads 1–6.


Results and discussion


Synthesis of the dyads


The employed (S)-KP was commercially available, and its (R)
enantiomer was obtained in two ways: i) for preparation of small
amounts of compound suitable for photophysical and photochem-
ical studies in the early stages, it was separated by chiral HPLC
from the racemic mixture and ii) in order to obtain larger amounts
of the compound for further studies, an asymmetric synthesis was
carried out starting from racemic ketoprofen, using (R)-3-hydroxy-
4,4-dimethyl-1-phenyl-2-pyrrolidinone as a chiral auxiliary;15 this
led to the corresponding ester 7 with high diastereoselectivity.
Subsequent acidic hydrolysis under controlled conditions afforded
(R)-KP with high enantioselectivity (Scheme 2). The (R) and (S)
enantiomers of TPA were separated by chiral HPLC from the
racemic mixture.


For the preparation of (S)-KP–a-Ch and (R)-KP–a-Ch as
well as (R)-TPA–a-Ch and (S)-TPA–a-Ch inversion of the b-
cholesterol configuration was accomplished by a Mitsunobu
reaction (Scheme 3).16


Scheme 2 Synthesis of (R)-KP: a) PCl5, CCl4; b) AcOH, HCl 2 N.


Scheme 3 Synthesis of a-Ch: a) PPh3, ClCH2CO2H, diisopropyl azodi-
carboxylate (DIAD), THF; b) MeOH, K2CO3.


Dyads of interest (1–6) were synthesized by esterification of a- or
b-Ch with the appropriate arylpropionic acid following standard
procedures.8 All new compounds were fully characterized by NMR
and MS data.


The esterification reaction between racemic TPA and a-Ch
afforded the expected diastereomeric mixture; however, when
crystallization from hexane–ethyl acetate was attempted only
one of the stereoisomers precipitated (4). On the other hand,
elimination of the solvent from the filtered solution gave rise to a
viscous oil; its spectroscopic properties were identical to those of
5 obtained by direct esterification of (S)-TPA and a-Ch.


Steady-state photolysis under anaerobic conditions


Irradiations were performed with monochromatic light at kmax =
266 nm in CH2Cl2 (ca. 10−5 M solutions), under inert atmosphere,
and monitored by UV-spectrophotometry, following the decrease
in the absorption at 266 nm. The irradiation wavelength was
selected because it corresponded to the intersection of the UV-
spectra of KP- and TPA-derived dyads at the same concentration
(see, for example, Fig. 1A); in other words, the molar absorption
coefficient of all dyads was the same at 266 nm. The results of the
irradiations are shown in Fig. 1B.


In agreement with their different abilities to adopt a folded
conformation allowing a close approach between the active
moieties, dyads 1 and 2 were efficiently photolyzed while 3
remained almost unchanged after prolonged irradiation.13 On the
other hand, as shown in Fig. 1B, the KP-based dyads 1 and 2
were clearly more photoreactive than their TPA analogs 4 and
5. Moreover, in the case of the photoreactive dyads 1 and 2 it
can be observed that (R)-KP–a-Ch (2) was significantly more
photoreactive than its (S)-stereoisomer 1. Hence, as a general
observation, the photoreactivity of the dyads was markedly
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Fig. 1 A) UV-spectra of dyads 1 and 5 in CH2Cl2 (10−5 M solutions).
B) Degradation of dyads (1–6) as a function of the irradiation time at
266 nm.


dependent on the electronic nature of the excited states (n,p* vs.
p,p*) and on the configuration of the asymmetric carbons.


Photoproduct formation was investigated by steady-state ir-
radiation of more concentrated (ca. 10−2 M) dichloromethane
solutions under nitrogen, through Pyrex, with a 400 W medium
pressure mercury lamp. Dyads 4 and 5 were markedly unreactive
and did not give rise to any isolable photoproduct. This was
in agreement with the lack of reactivity observed in the kinetic
photodegradation experiments shown in Fig. 1B. Conversely,
dyads 1 and 2 progressively disappeared upon irradiation, af-
fording well-defined photoproducts. Their photomixtures were
submitted to silica gel column chromatography, using hexane–
ethyl acetate–dichloromethane (70 : 20 : 10 v/v/v) as eluent.
Spectral analysis of the separated fractions revealed the formation
of two diastereomeric compounds 8 and 9 from (S)-KP–a-Ch (1),
while in the case of (R)-KP–a-Ch (2) only one photoproduct (10)
was obtained (Scheme 4).13


Compounds 8–10 are the result of intramolecular hydrogen
abstraction from the C-7 position of Ch and subsequent C–C
coupling of the generated biradicals. It is interesting to note that
this photocyclization occurs at the activated allylic position of the
B ring, but not at the 4 allylic position of the A ring, obviously
due to steric hindrance. The nonactivated C and D rings (where
reaction was reported to occur in saturated benzophenone–steroid
systems) remained unaffected.14


Scheme 4 Formation of products 8–10 upon photolysis of dyads 1 and 2.


The structures of the photoproducts were unambiguously
assigned on the basis of their NMR spectroscopic data (1H,
13C, DEPT, COSY 45, HMQC, NOEDIFF). Mass spectrometry
(including high resolution measurements) supported the assign-
ments. Due to the rigidity of the polycyclic skeletons, NOE
experiments were essential to assign the stereochemistry of the
new asymmetric carbons, generated upon C–C coupling of the two
radical termini. The most significant interactions were observed
between the ortho-protons of the phenyl group and the allylic
protons at C-7.13


In view of the existing literature precedents on related steroid–
benzophenone systems,14 it appeared interesting to compare the
circular dichroism (CD) spectra of the KP-derived dyads with
those of the pure (S)- and (R)-KP enantiomers. In principle, the
relative photoreactivities could be correlated with CD changes
associated with ground state conformational differences.14 Unfor-
tunately, although clear CD spectra were obtained in all cases,
no significant differences were found between the dyads (see
supporting information).
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Table 1 Photophysical parameters of dyads 1, 2, 4 and 5


Parameter
(S)-KP–a-Ch
(1)


(R)-KP–a-Ch
(2)


(R)- or (S)-TPA–a-Ch
(4, 5)


sT/ls 0.010 ± 0.002 0.012 ± 0.002 5.500 ± 0.100
kiq/s−1 1.0 × 108 1.2 × 108 1.0 × 104


kH/s−1 0.8 × 108 1.0 × 108 <1.0 × 104


kp/s−1 0.2 × 108 0.2 × 108 <1.0 × 104


Uketyl radical 0.80 ± 0.02 0.80 ± 0.02 <0.01
sbiradical/ls 0.28 ± 0.01 0.22 ± 0.01 —


Transient spectroscopic studies


The transient absorption spectra obtained upon 355 nm excitation
of (S)-KP–a-Ch (1) and (R)-KP–a-Ch (2), 20 ns after the laser
pulse, were very similar; they did not correspond to their triplet
excited states but to the corresponding biradicals.13 This is shown
in the insets in Fig. 2 for the case of (S)-KP–a-Ch (top) and
(R)-KP–a-Ch (bottom). The assignment was based on the typical
bands with maxima at ca. 340 nm and 545 nm (relative intensities
ca. 5 : 1).4,17,18 Interestingly, the lifetimes of the diastereomeric
biradicals were significantly different, namely 280 ns for (S)-KP–a-
Ch vs. 220 ns for (R)-KP–a-Ch (see Table 1). They were unaffected
by the temperature and were quenched by oxygen (see Fig. 2) with
kq ca. 3.6 × 109 M−1 s−1.


Fig. 2 Decays of the biradicals generated from dichloromethane solutions
of dyads 1 (top) and 2 (bottom), upon laser flash photolysis under different
conditions, monitored at 545 nm. The insets show the transient absorption
spectra of the biradicals.


In view of the difficulty to achieve direct observation of the
short-lived triplet excited states, another set of experiments were
performed to obtain accurate values for the triplet lifetimes of
(S)-KP–a-Ch and (R)-KP–a-Ch by the well-established energy
transfer method, using naphthalene (NP) as acceptor.8,19 Thus,
laser flash photolysis of dyads 1 and 2 was performed at the
excitation wavelength of 355 nm in the presence of increasing
amounts of NP, and the triplet–triplet absorption of NP was
observed and monitored at 415 nm.


When the reciprocal transient absorbance at 415 nm was plotted
against the reciprocal of concentration of NP two straight lines
were obtained [see Fig. 3 and eqn (1)].


1/A415 = a + a/(kq × sT × [NP]) (1)


A415 is the absorbance of the triplet of NP at 415 nm, before
significant decay takes place, kq is the bimolecular rate constant
for triplet quenching by NP, sT is the triplet lifetime of 1 or 2
in the absence of NP, and a is a constant. The Stern–Volmer
parameters (kq × sT) were obtained from the intercept-to-slope
ratios [Fig. 3 and eqn (1)]. They were found to be 79 M−1 for
1 and 94 M−1 for 2. On the other hand, the intermolecular kq


determined in dichloromethane for (S)-KP was 8 × 109 M−1 s−1,
which was assumed to be the same for the dyads. With these data,
the values calculated for the triplet lifetimes of (S)-KP–a-Ch and
(R)-KP–a-Ch were 10 ns and 12 ns respectively.


Fig. 3 Double reciprocal plot for quenching of dyads (S)-KP–a-Ch and
(R)-KP–a-Ch triplet excited state by NP in CH2Cl2.


The intramolecular quenching rate constants (kiq) were deter-
mined by using eqn (2), where si are the lifetimes of the ketone
triplets in compounds (S)-KP–a-Ch, (R)-KP–a-Ch and (S)-KP–
b-Ch, while s0 is the (S)-KP triplet lifetime. The obtained values
were used to calculate the rate constants for hydrogen abstraction
(kH) and for physical quenching by the p system (kp), (see Table 1)
using eqn (3) and (4).


kiq = 1/si − 1/s0 (2)


kH = kiqUketyl radical (3)


kiq = kH + kp (4)


By contrast, the triplet excited state of the extended diastereoiso-
meric form 3 (Fig. 4A) was much longer-lived, so it was possible


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 860–867 | 863







Fig. 4 A) Transient absorption spectrum for dyad 3, 0.5 ls after the laser
pulse (kexc = 355). B) Decays of the triplets generated from (S)-KP and
dyad 3 monitored at 520 nm.


to record its absorption spectrum, which showed the typical T–T
benzophenone bands with maxima at ca. 330 nm and 525 nm.4,17,18


Direct determination of its lifetime (1.69 ls) showed that it was
essentially coincident with that obtained for (S)-KP under the
same conditions (1.70 ls, see Fig. 4B).


In this context, the transient absorption spectra obtained by
laser flash photolysis experiments from all the tiaprofenic acid-
derived dyads, (S)-TPA–a-Ch, (R)-TPA–a-Ch and TPA–b-Ch,
were very similar to that described for the tiaprofenic acid triplet
excited state (typical bands with maxima at ca. 360 nm and 600 nm
and relative intensities of ca. 2 : 1).4,12 For example, Fig. 5A shows
the T–T absorption spectrum of TPA–b-Ch. In addition, from the
decay traces of the triplets generated upon laser flash photolysis
of 4 and 5 (Fig. 5B), it was observed that the triplet excited state
lifetimes of the two dyads (ca. 5.5 ls) were also very close to each
other.


Singlet oxygen quantum yields


Time-resolved near infrared emission studies were carried out on
the dyads, in order to assess their ability to photosensitize the
production of excited singlet molecular oxygen (1O2 or 1Dg). For-
mation of this species was detected by time-resolved measurements
of the luminescence at 1270 nm, in dichloromethane, using an
appropriate diode as detector. Fig. 6 shows that, while dyads 1
and 2 produced negligible luminescence, the b isomer 3 gave rise


Fig. 5 A) Transient spectrum for dyad 6, 1 ls after the laser pulse (kexc =
355 nm). B) Decays of the triplets generated from dyads 4 and 5, monitored
at 600 nm.


Fig. 6 Time-resolved emission at 1270 nm upon 308 nm excitation of
dyads 1–6, using perinaphthenone as standard for comparison.


to singlet oxygen with a quantum yield (UD) of 0.2, in the range
of the values described for ketoprofen (KP) in organic solvents.20


These results can be understood on the basis of the very fast
intramolecular hydrogen abstraction process occurring in dyads
1 and 2, which is not possible in 3. On the other hand, the UD


for dyads 4–6 was ca. 0.5 in all cases, close to that described for
tiaprofenic acid (TPA).20
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As regards the singlet oxygen lifetime in dichloromethane, it was
measured using perinaphthenone as standard and was 76 ls, in
reasonable agreement with the literature.21,22 Likewise, the lifetime
obtained in the presence of dyads 4–6 was ca. 64 ls, reasonably
close to the expected value.


Type I vs. Type II photooxidation mechanisms


The nature of the involved excited triplet states showed a dramatic
influence on the photobehavior. Thus, when cholesterol was
attached to KP (an np* diaryl ketone) the photoreactivity under
anaerobic conditions was remarkable. This was clearly evident
from the steady-state studies, where a-dyads 1 and 2 were efficiently
photodegraded. Accordingly, in the laser flash photolysis experi-
ments a very short triplet lifetime was estimated for the a-dyads
1 and 2 due to efficient photogeneration of 7-allyl Ch biradicals
by intramolecular H abstraction. Thus, product studies as well as
biradical detection support the high np* photoreactivity. By con-
trast, a quite different situation was observed for the photostable
dyads derived from TPA, a diaryl ketone with pp* character.


Likewise, the electronic configuration of the excited triplet
state has a strong influence on the photooxidation mechanism.
This can be conveniently discussed on the basis of Scheme 5,
which summarizes all the relevant steps involved in the overall
process. Thus, the Type I mechanism would involve intramolecular
hydrogen abstraction (ii), followed by oxygen quenching of the
resulting biradicals (iv). As stated above, the rate constants
determined for step ii are ca. 108 s−1 for the KP–a-Ch dyads (np*)
and lower than 104 s−1 for the TPA–a-Ch analogs (pp*). Step (iv)
was also very fast in the KP derivatives; its rate constant was nearly
diffusion-controlled (kq(iv) = 3.6 × 109 M−1 s−1).


Scheme 5 Cholesterol oxidation mechanisms intramolecularly photosen-
sitized by diaryl ketones.


Alternatively, the Type II mechanism would occur following
steps (v) and (vi), becoming the only significant pathway in the
case of TPA–a-Ch dyads. The rate constant for triplet quenching
by oxygen was kq(v) = 0.7 × 109 M−1 s−1 for 3 and 0.6 × 109 M−1 s−1


for dyads 4–6. As a result of such quenching, 1O2 was actually
produced with UD = 0.5; its reaction with the dyads is shown in
step vi.


Conclusions


The present work has demonstrated the different behavior between
the a-dyads derived from KP (an np* diaryl ketone) and those de-
rived from TPA (a heterocyclic analog with pp* character). Thus,
KP–a-Ch dyads are appropriate systems to generate biradicals by
intramolecular hydrogen abstraction from the 7-allyl Ch position;
in addition, in these dyads the generation of singlet oxygen is
expectedly negligible. By contrast, the corresponding TPA–a-Ch
dyads are unreactive via intramolecular hydrogen abstraction, but
1O2 is produced with UD = 0.5. Therefore, KP-based dyads are
appropriate models for clean type I Ch oxidation, whereas the
TPA-derivatives are suitable systems for investigation of the purely
type II process.


Experimental


General


(S)-Ketoprofen [(S)-2-(3-benzoylphenyl)propionic acid, (S)-KP]
and b-cholesterol [cholest-5-en-3b-ol, Ch] were commercially
available. The preparation of (R)-ketoprofen and a-cholesterol is
detailed in the Supporting Information. The two enantiomers of
tiaprofenic acid [(R)-and (S)-2-(5-benzoylthiophen-2-yl)propionic
acid, TPA) were obtained by chiral HPLC separation of the
racemic mixture, using hexane–methyl tert-butyl ether–acetic acid
(70 : 30 : 0.1 v/v/v) as the mobile phase; flow-rate 2 mL min−1.
Chromatographic HPLC separation was performed coupled with
a chiral detector. Samples were injected onto a semipreparative
column (Kromasil CHI-TBB). Irradiations with 266 nm light
were carried out with the Xe lamp of a Photon Technology
spectrofluorometer, equipped with a monochromator. The 1H
NMR and 13C NMR spectra were recorded in CDCl3 as solvent at
300 or 500 and 75 MHz, respectively; chemical shifts are reported
in ppm downfield from an internal solvent peak. Exact mass
was obtained by fast atom bombardment (FAB) recorded in a
VG Autospec high-resolution mass spectrometer (HRMS). All
reactions were monitored by analytical TLC with silica gel 60
F254 (Merck) revealed with cerium ammonium sulfate–ammonium
molybdate reagent. The residues were purified through silica gel
60 (0.063–0.2 mm).


Laser flash photolysis measurements


A pulsed Nd:YAG laser (SL404G-10 Spectrum Laser Systems)
was used for the excitation at 355 nm. The single pulses were ∼10 ns
duration and the energy was from 10 to 1 mJ per pulse. The laser
flash photolysis apparatus consisted of the pulsed laser, the Xe
lamp, a monochromator and a photomultiplier made up of a tube,
housing and power supply. The output signal from the oscilloscope
was transferred to a personal computer. All experiments were
carried out at room temperature. The samples were dissolved
in dichloromethane to have an absorbance ca. 0.05 at 355 nm.
Solutions were deaerated by bubbling nitrogen (when specified).
As naphthalene (NP) does not absorb at 355 nm, under these
conditions more than 99% of the light was always absorbed by
the dyads. The rate constants of triplet excited state quenching by
oxygen, NP and cholesterol Ch were determined by the Stern–
Volmer equation (1/s = 1/s0 + k[Quencher]). Concentrations
between 0.5 and 20 mM were used for NP, from 1 to 50 mM for Ch
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and 1.27 mM and 0.27 mM for oxygen (concentrations of pure O2


gas and air at room temperature, respectively). An energy transfer
reaction from (R or S)-KP–a-Ch to NP was used to calculate
the triplet state lifetimes of these dyads. These experiments were
carried out using dichloromethane solutions of the (R or S)-KP–
a-Ch dyads (0.5 mM and 2 mM–20 mm).


Singlet oxygen measurements


The luminescence (1270 nm) from singlet oxygen was detected by
means of an Oriel 71614 germanium photodiode (5 mm2) coupled
to the laser photolysis cell in right-angle geometry. An excimer
laser (LEXTRA50 Lambda Physik) was used for the excitation at
308 nm (laser excitation at 5 low-pulse energies for each molecule).
A 5 mm thick (5 cm diameter) 1050 nm cut-off silicon filter and a
1270 nm interference filter were placed between the diode and the
cell. The photodiode output current was amplified and fed into
a TDS-640A Tektronix oscilloscope via a Co-linear 150 MHz,
20 dB amplifier. The output signal from the oscilloscope was
transferred to a personal computer for study. Thus, the singlet
oxygen quantum yield (UD) of the dyads was determined in
dichloromethane solutions using the same absorbance value (0.30)
at 308 nm for each compound. A singlet oxygen quantum yield
(UD) of 0.95 for perinaphthenone in dichloromethane was used as
standard.23


Synthesis of the dyads 4 and 5


To a cold solution of racemic 2-(5-benzoylthiophen-2-yl)-
propanoic acid (100 mg, 0.38 mmol) in CH2Cl2 (1.5 mL),
dicyclohexylcarbodiimide (DCC, 136 mg, 0.66 mmol) was added
portionwise, and the mixture was stirred at 0 ◦C for 30 min.
Then, a solution of a-cholesterol (131 mg, 0.34 mmol) and 4-
dimethylaminopyridine (DMAP, 4 mg, 0.033 mmol) in CH2Cl2


(1.2 mL) was added, and stirring was continued for 8 h at the same
temperature. The reaction mixture was filtered through a pad of
Celite R©, brine (5 mL) added to the filtrate, and the mixture was
extracted with CH2Cl2 (3 × 5 mL). The combined organic layers
were washed with water, the organic phase was dried over Na2SO4


and evaporated and further purified by column chromatography
(eluent: hexane–dichloromethane–ethyl acetate 90 : 5 : 5 v/v/v) to
yield a diastereomeric mixture of the corresponding esters. After
crystallization of the above mixture from hexane–ethyl acetate
(1 : 1 v/v), one of the stereoisomers precipitated as a white solid
(88 mg, 0,14 mmol, 41%, 4); the other isomer was obtained by
elimination of the solvent from the filtered solutions as a colorless
oil (79 mg, 0,12 mmol, 37%, 5). Alternative synthesis of the
corresponding ester from enantiomerically pure (S)-TPA obtained
by chiral HPLC separation of the racemic mixture was used for
stereochemical assignment.


Data for (R)-TPA–a-Ch (4) and (S)-TPA–a-Ch (5)


Compound 4. 1H NMR (300 MHz, CDCl3) d = 0.64 (s, 3H),
0.86 (d, J = 6.5 Hz, 6H), 0.88 (d, J = 6.5 Hz, 3H), 0.97 (s, 3H),
1.61 (d, J = 7.2 Hz, 3H), 0.90–1.99 (complex signal, 26 H), 2.20
(broad d, J = 15.0 Hz, 1H), 2.45 (broad d, J = 15.0 Hz, 1H), 3.99
(q, J = 7.2 Hz, 1H), 4.97 (m, 1H), 5.19 (broad d, J = 5.1 Hz,
1H), 7.00 (d, J = 3.9 Hz, 1H), 7.48–7.58 (m, 4H), 7.84 (d, J =
7.2 Hz, 2H); 13C NMR (75 MHz, CDCl3) d = 11.8, 18.7, 18.8,


19.0, 20.7, 22.6, 22.8, 23.8, 24.2, 26.0, 28.0, 28.2, 31.7, 31.8, 33.6,
35.7, 36.0, 36.1, 36.9, 39.5, 39.6, 42.0, 42.2, 50.0, 56.0, 56.5, 71.9,
122.5, 126.0, 128.3, 129.1, 132.1, 134.6, 137.7, 138.0, 142.0, 153.1,
171.7, 187.7. HRMS (FAB) C41H56O3S m/z calcd: 628.39502 [M+];
found 628.39624.


Compound 5. 1H NMR (300 MHz, CDCl3) d = 0.64 (s, 3H),
0.86 (d, J = 6.5 Hz, 6H), 0.88 (d, J = 6.5 Hz, 3H), 0.96 (s, 3H),
1.60 (d, J = 7.2 Hz, 3H), 0.90–2.02 (complex signal, 26 H), 2.15
(broad d, J = 15.0 Hz, 1H), 2.40 (broad d, J = 15.0 Hz, 1H), 3.99
(q, J = 7.2 Hz, 1H), 4.97 (m, 1H), 5.08 (broad d, J = 4.8 Hz,
1H), 7.00 (d, J = 3.6 Hz, 1H), 7.47–7.57 (m, 4H), 7.84 (d, J =
6.9 Hz, 2H); 13C NMR (75 MHz, CDCl3) d = 11.8, 18.6, 18.7,
18.8, 20.7, 22.5, 22.8, 23.7, 24.1, 26.1, 28.0, 28.1, 31.6, 31.8, 33.6,
35.7, 36.0, 36.1, 36.8, 39.5, 39.6, 41.8, 42.2, 50.0, 56.0, 56.5, 71.8,
122.5, 125.9, 128.3, 129.0, 132.1, 134.5, 137.7, 138.0, 142.0, 153.1,
171.6, 187.6. HRMS (FAB) C41H56O3S m/z calcd: 628.39502 [M+];
found 628.39381.


3b-Cholesteryl 2-(5-benzoylthienyl)propanoate (TPA–b-Ch, 6)


To a solution of racemic 2-(5-benzoylthien-2-yl)propanoyl chlo-
ride (ca. 100 mg, 0.36 mmol) in CH2Cl2 (15 mL), b-cholesterol
(150 mg, 0.39 mmol) in CH2Cl2 (3 mL) was added dropwise, and
the mixture was heated under reflux for 7 h. The reaction mixture
was cooled to room temperature and then it was washed with
water (3 × 10 mol) and brine (10 mol). The organic phase was dried
over Na2SO4, evaporated and purified by column chromatography
(eluent: hexane–dichloromethane–ethyl acetate 90 : 5 : 5 v/v/v) to
give the corresponding ester TPA–b-Ch (189 mg, 0.30 mmol, 83%).
1H NMR (300 MHz, CDCl3) d = 0.67 (s, 3H), 0.84 (d, J = 6.6 Hz,
6H), 0.90 (d, J = 6.6 Hz, 3H), 1.01 (s, 3H), 1.60 (d, J = 7.2 Hz,
3H), 0.90–2.05 (complex signal, 26 H), 2.32 (m, 2H), 3.99 (q, J =
7.2 Hz, 1H), 4.66 (m, 1H), 5.37 (m, 1H), 7.02 (d, J = 3.9 Hz, 1H),
7.45–7.57 (m, 4H), 7.83 (d, J = 6.9 Hz, 2H); 13C NMR (75 MHz,
CDCl3) d = 11.7, 18.7, 19.2, 19.3, 21.0, 22.5, 22.8, 23.8, 24.3, 28.0,
28.2, 31.8, 31.9, 35.8, 36.2, 36.6, 36.9, 37.8, 38.0, 39.5, 39.7, 41.9,
42.3, 50.0, 56.1, 56.7, 75.1, 122.8, 125.8, 128.3, 129.1, 132.1, 134.8,
138.0, 139.3, 142.2, 152.9, 171.8, 188.0. HRMS (FAB) C41H56O3S
m/z calcd: 628.39502 [M+]; found 628.39293.


Steady-state photolysis of the dyads 1, 2, 4 and 5


Deaerated dichloromethane (20 mL) solutions of (S)- or (R)-KP–
a-Ch dyads and (S)- or (R)-TPA–a-Ch dyads (100 mg, 0.16 mmol)
were irradiated through Pyrex with a 400 W medium pressure
mercury lamp. Reactions were monitored by TLC and NMR, and
only KP derived dyads (1 and 2) were found to be reactive. After
4 hours, the reaction mixtures were concentrated under reduced
pressure and submitted to silica gel column chromatography, using
hexane–ethyl acetate–dichloromethane (eluent: 70 : 20 : 10 v/v/v).
This afforded the pure photoproducts 8–10.13
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Recently, PET has been paid a great deal of attention as a non-invasive imaging method. In this review,
the recent advances of PET using biomolecules, such as peptides, monoclonal antibodies, proteins,
oligonucleotides, and glycoproteins will be described. So far, PET of biomolecules has been mainly used
for diagnosis of cancers. The biomolecules have been conjugated with the DOTA ligand, labeled with
radiometals as the b+ emitter, and targeted to specific tumors, where they have enabled visualization of
even small metastatic lesions, due to the high sensitivity of the PET scanners. Some of the biomolecules
have been used not only for PET diagnosis, but also for radiotherapeutic treatments by simply changing
the radiometals to b− emitters. Collaborative work between chemists, biologists, and physicians will be
important for the future of biomolecule-based targeting and diagnosis.


1. Introduction


Positron emission tomography (PET) is an emerging non-invasive
method which quantitatively visualizes the locations and levels of
radiotracer accumulation with a high imaging contrast.1 While
c-camera-based scintigraphy such as SPECT (single-photon emis-
sion computerized tomography) is limited to a spatial resolution
of 12–15 mm, the resolution of current clinical PET scanners
is 4–6 mm. In addition, PET is about ten times more sensitive
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than single-photon based methodologies, thus providing more
accurate information on radiotracers accumulated at low levels in
tissues. In order to optimize PET tracers in small animal models
in advance of clinical applications, the microPET technique has
also been developed, and currently gives a volumetric resolution
of (1.8 mm)3. Corrected data from full three-dimensional emission
is combined with an algebraic reconstruction technique, leading
to high-definition images of the whole bodies of animals. The
increasing availability and lower cost of PET scanners, together
with the availability of radiopharmaceuticals, make PET a routine
technique for cancer diagnosis even in the clinical field, as well as an
important tool in developing new molecular imaging probes that
can target specific tissues and in elucidating unexplored biological
pathways.
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18F-FDG (2-deoxy-2-[18F]fluoro-D-glucose, Fig. 1) is a Food
and Drug Administration-approved radiopharmaceutical, and
has become an important PET tracer in detecting primary
and metastatic breast, lung and colorectal tumors, melanoma,
and lymphoma, as well as monitoring responses to treatment,
recurrence, and general prognosis. 18F-FDG is internalized by
cells and phosphorylated by hexokinase; due to its highly polar
nature, the phosphorylated product cannot diffuse out of cells
unless it is dephosphorylated by glucose-6-phosphatase (usually
a slow process). Therefore, cancer cells, which generally have an
accelerated glycolysis rate and a decreased ability to make energy
aerobically, exhibit elevated uptake and retention of 18F-FDG
tracer, thus creating a contrast between the tumor-positive tissues
and tumor-negative tissues. However, 18F-FDG PET can often be
confounded by benign disease as well as by active inflammation,
which also exhibits elevated uptake of this tracer, leading to
ambiguous conclusions. In order to circumvent such problems
of 18F-FDG, a variety of new small-molecule PET probes have
been developed.2–5


Fig. 1 18F-FDG and radiometal–DOTA conjugate as a biomolecule-
based tracer.


Another interesting possibility for cancer diagnosis is to
use biomolecules as molecular imaging probes,1 since we can
easily choose or design desired peptides, proteins, antibodies,
and oligonucleotides that exhibit high binding affinity to the
target receptors, antigens, and nucleic acids being specifically
overexpressed in or on tumor cells. Alternatively, PET imaging
of biomolecules can visualize their unknown in vivo kinetics where
an important biological pathway is involved, which might lead to
the discovery of promising biomolecule-based drug candidates. In
this review, we would like to survey the recent advances and future
perspectives for PET imaging using biomolecules, and discuss
the importance of collaborations between chemists, biologists,
and physicians for future advances in diagnostic applications and
exploration of in vivo dynamics.


So far, PET of biomolecules has mainly been used for diagnosis
of cancers; therefore, in this review we will focus primarily on
these investigations. The best PET tracers for cancer diagnosis
must show high and specific affinity to the target receptors which
are overexpressed on the tumor cells. These compounds must also


be efficiently internalized by tumor cells in order to achieve rapid
tumor accumulation at high concentrations, as well as undergoing
slow washout in vivo. Furthermore, tracers should be rapidly
cleared from the blood and exhibit low uptake in the liver and
kidney. Co-infusion of L-lysine and/or arginine has been applied
to prevent renal accumulation of radioactivity. Stability in the
blood is also a very important factor for good tracers; on the
other hand, a prolonged biological half-life places the patients
in contact with radioactivity for a long time. This is especially
true when considering the case of whole antibodies. Therefore, the
corresponding small and active portion of an antibody, termed
“minibody” has been used as an alternative tracer, and will be
discussed in section 4. PET experiments using biomolecules to
target specific tumor tissues generally proceed as follows:


(1) The biomolecules, either synthesized, engineered, or isolated
from natural sources, are labeled with radiometal ligands. The la-
beling chemistry is fully optimized in order to efficiently introduce
the ligand to the biomolecules, either during solid-phase synthesis
of the peptides or by direct labeling of proteins (see section 2).
It is very important to attach ligands to biomolecules without
inhibiting their activity. DOTA (1,4,7,10-tetraazacyclodecane-
1,4,7,10-tetraacetic acid, Fig. 1) is used as the most favorable
ligand for biomolecular PET, due to its compatibility with a variety
of radiometals and its extremely high stability,6–11 as well as the
favorable clearance properties of the metal complexes in vivo.12


The kinetics and thermodynamic stability of DOTA complexes
with a variety of metals, in comparison with other ligands such
as EDTA (ethylenediaminetetraacetic acid) or DTPA (diethylen-
etriaminepentaacetic acid), have been well documented.12,13 The
stability constant for all metals, including the radiometals used
for PET imaging, generally follows the order DOTA > DTPA >


EDTA, although the metal complexation of DOTA with some
lanthanide series metals, such as La3+ or Lu3+, is slightly slower
than that of EDTA.12 Although a number of radiometal ligands
for imaging, including DTPA, have been reported, this review only
focuses on the DOTA ligand, which in our opinion is best suited
for PET imaging purposes.


(2) DOTA–biomolecule conjugates are labeled with a variety
of radiometals, and their binding affinity to target receptors,
antigens, or complementary oligonucleotides are first examined
in vitro. Tumor cell internalization/externalization is also tested in
cell-based assays. The typical radiometals cited in this review are
summarized in Table 1. Generally, radiometals with c-emission
are used for SPECT, while b+ emitters can be used for PET
diagnosis. On the other hand, b− emitters can be specifically used
for radiotherapeutic treatments. Some of the radiometals listed in
Table 1 are used for both diagnosis and therapeutics. For example,
67Ga has not only been used for SPECT but also for radiotherapy
due to its emission of Auger electrons (0.1–8 keV) and conversion
electrons (80–90 keV); likewise, 68Ga can be used both for PET and
radiotherapy.14 Since the radiometals introduced into the DOTA
ligand show profound effects on the bioproperties of the tracers,
the choice of radiometals is critical. Once a DOTA–biomolecule
conjugate with a suitable radiometal has been determined in vitro,
the same metal but with a different atomic weight can be directly
used for PET imaging and radiotherapeutic treatments so that the
properties of the tracers can be retained. For examples, 67Ga (long
half-life = 78 h) is well suited for binding affinity tests in vitro, while
the corresponding 68Ga can be used for examining biodistribution
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Table 1 Half-life and applied method of radionuclides in this review


Radiometal Half-life (t1/2) Method and emitter used in this review


66Ga 9.5 h PET b+


67Ga 78 h SPECT c
68Ga 68 min PET b+


64Cu 13 h PET b+


67Cu 62 h Radionuclide therapy b−
86Y 15 h PET b+


90Y 64 h Radionuclide therapy b−
111In 68 h SPECT c
177Lu 161 h Radionuclide therapy b−
18F 110 min PET b+


by PET due to its short half-life (68 min); thus, the patients do not
suffer from long periods of radiation exposure.


(3) When suitable radiometal–DOTA–biomolecules have been
determined, the tracers are examined for microPET imaging using
small animal models, such as rats, implanted with tumor cells.
The PET biodistribution data are compared with those obtained
by other methods, such as SPECT (c-scintigraphy imaging) and
autoradiography, and the tracers are then evaluated for further
optimization. The same DOTA bioconjugate can be used even for
MR imaging (magnetic resonance) by incorporating paramagnetic
metals, such as Gd3+. Recent trends also utilize DOTA–lanthanide
complexes for fluorescence microscopy (either utilizing Tb or Eu)
and NIR (near infrared, by metalation with Yb or Er). The
principle for these imaging probes is based on the energy transfer
from the neighboring chromophores (donors) to the DOTA–
lanthanide complexes (acceptors), and has been gradually applied
to the current bioimaging purposes.15,16 Finally, the tracers with
good properties can be subjected to clinical applications, namely,
PET diagnosis and/or radionuclide therapy for the patients.


The following are recent and representative examples of
biomolecule-based PET, mostly directed to cancer diagnosis.


2. Labeling methods of biomolecules with DOTA
ligand


Two methods have been widely used for the conjugation of DOTA
or its derivatives to peptides, oligonucleotides, antibodies, and
proteins (Scheme 1, route 1 and 2). In one method, for the
labeling of synthetic peptides, the commercially available tris-
t-butyl-DOTA17 is introduced during Fmoc-based solid-phase
synthesis [Route 1 (i)]. The t-butyl protecting groups of DOTA
and other acid-sensitive amino acid side-chain protecting groups
are concomitantly removed at the end of peptide synthesis,
followed by cleavage of peptides from the resin by treatment with
neat TFA (trifluoroacetic acid) or TFA with radical scavengers.
However, in some cases, t-butyl group deprotection is incomplete,
or the DOTA–peptide conjugates decompose under the prolonged
acid treatment. Recently, tris-allyl-DOTA was introduced and
successfully applied to the DOTA–peptide synthesis.18 The allyl
groups in DOTA were quantitatively removed on the solid phase
by treatment with Pd(PPh3)4–morpholine in dichloromethane,
followed by cleavage from the resin to provide the desired DOTA-
labeled peptides at a purity sufficient for PET experiments. As
a more direct method, DOTA-labeled Fmoc-protected lysine has
also been developed [Route 1 (ii)], and applied to the Fmoc-based
solid-phase synthesis of DOTA-labeled peptides.17,19,20


Secondly, especially for the labeling of proteins or anti-
bodies, DOTA is introduced to the e-amino group of lysine
or the N-terminus of a protein by reaction with DOTA-O-
succinimidyl ester (DOTA-OSu); the reaction is more favor-
able with DOTA-O-sulfosuccinimidyl ester (DOTA-OSSu), due
to the better solubility of this compound in buffer solutions
(Route 2). Thus, DOTA-OSSu prepared in situ from DOTA,
EDC; N-(3-dimethylaminopropyl)-N ′-ethylcarbodiimide, and N-
hydroxysulfosuccinimide (SNHS), is directly reacted with the
biomolecules, usually at room temperature overnight, to give the
desired DOTA conjugates. This conventional method, using the
activated succinimidyl ester of DOTA, was further improved by
optimizing the reaction conditions, both for preparation of the
activated DOTA-OSSu and for conjugation. The best conditions
for conjugation to biomolecules (in this case, an antibody) involved
incubation of the antibody with DOTA-OSSu in 0.1 M sodium
phosphate buffer (pH = 7.5) at 4 ◦C for 24 h. By this method,
the number of DOTA molecules introduced to the antibody
was increased six-fold, while unfavorable antibody dimerization
mediated by the active ester was significantly reduced.21 This direct
labeling method has also been used for conjugation with peptides
and oligonucleotides, although the latter requires synthetically
introduced amino linkers. The detailed conditions for labeling by
DOTA succinimidyl ester, as well as labeling by the other methods
that utilize the p-nitrophenyl ester or isothiocyanate,22,23 will be
discussed in the following sections.


Although the direct labeling of biomolecules by DOTA (such
as using an activated DOTA ester) is quite useful, the reactions
usually proceed slowly and require as much as a few milligrams of
sample in order to keep reaction concentrations high. Since PET
experiments require only small amounts of tracers, and important
biomolecules are sometimes obtained in only small amounts, a
submicrogram-scale conjugation methodology would greatly ex-
pand the applicability towards PET imaging. To address this issue,
a submicrogram-scale labeling of lysine residues was developed
via a rapid 6p-azaelectrocyclization (Route 3).24 The authors have
discovered that unsaturated (E)-ester aldehyde derivatives quanti-
tatively react with primary amines, including lysine, within 5 min
in solution at a wide range of pH, providing 1,2-dihydropyridines
as irreversible products.25–28 This reaction proceeds via smooth aza-
electrocyclization of the intermediary Schiff bases (1-azatrienes),
which is strongly accelerated due to the efficient HOMO–LUMO
interactions within the 1-azatriene systems in the presence of
C4-electron withdrawing and C6-conjugated substituents.26 Not
only DOTA, but also other groups used in imaging (such as
fluorescent groups), were efficiently and selectively introduced to
lysines on a picomole scale, even at 10−7–10−8 M concentration of
peptides, proteins, and monoclonal antibodies, after an incubation
of 5–30 min at room temperature. It is also noteworthy that
various metals, such as paramagnetic Gd3+, can be chelated in
the DOTA unit of the ester aldehyde probe, prior to the labeling
of the peptide (Route 3). Therefore, this new process would allow
for the efficient labeling of valuable and/or unstable materials.


3. Peptide-based PET


Cyclic RGD derivatives as aVb3-integrin agonists


aV-Integrins, cell adhesion molecules that are highly expressed
on tumor cells, present attractive targets for tumor imaging. The
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Scheme 1 Conjugation methods with biomolecules.


microPET imaging of a strong aVb3-integrin agonist, c(RGDyK)
1 and its derivatives 2–6 (Fig. 2) have been investigated for
breast, brain and lung cancer models. The amino groups of
these c(RGDyK) peptides in Fig. 2 were labeled with DOTA
with ∼60–70% yield, by reaction with DOTA-OSSu, prepared
from DOTA, EDC, and N-hydroxysulfosuccinimide (SNHS), at
4 ◦C, pH 8.5 in H2O overnight. After the introduction of 64Cu,
their in vivo kinetics and tumor-to-organ ratios were examined
based on microPET imaging and whole-body autoradiography.
The radiolabeled peptides 1–6 (Fig. 2) were found to accumulate


in tumor cells in a receptor-specific manner, since the accumulation
was effectively blocked by non-labeled c(RGDyK).


The 64Cu–DOTA conjugate of c(RGDyK) 1 showed prolonged
tumor retention in the orthotopic MDA-MB-435 breast cancer
model, compared with the [18F]-benzoate derivative (see structure
in Fig. 2), which showed fast tumor washout rate and unfavor-
able hepatobiliary excretion, resulting in significant radioactivity
accumulation in the gall bladder and intestines.29 These results
indicate that the overall charge of the molecule introduced by
the DOTA moiety has profound effects on tumor accumulation
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Fig. 2 Cyclic 64Cu-DOTA-RGD derivatives as aVb3-integrin agonists.


and in vivo kinetics. In order to further reduce the persistent
uptake of 1 in the liver and kidney, the dimeric peptides 64Cu-
DOTA-E[c(RGDyK)]2 3 and 64Cu-DOTA-E[c(RGDfK)]2 4 were
investigated.30 The dimeric peptide 3 showed high and specific
tumor uptake, and better tumor retention than monomeric deriva-
tive 1, presumably due to the bivalency and increase in molecular
size. Interestingly, 64Cu-DOTA-E[c(RGDyK)]2 3 showed better
in vivo kinetics than the phenylalanine derivative, 64Cu-DOTA-
E[c(RGDfK)]2 4, presumably due to the increased hydrophilicity.


64Cu-DOTA-PEG-c(RGDyK) 2 was designed to improve the
in vivo kinetics of 1 by introducing the polyethyleneglycol linker
(PEG; MW = 3400) between the peptide and DOTA, and was
applied to microPET imaging of both orthotopic and subcuta-
neous brain tumor models.31 The properties of PEG derivative 2
were preferable to those of 1: rapid and high tumor accumulation,
rapid blood clearance, significantly reduced liver uptake, and
rapid clearance of renal accumulation. Consequently, this tracer
achieved high tumor-to-organ ratios. Similarly, the PEG derivative
of the dimeric peptide 3, 64Cu-DOTA-PEG-E[c(RGDyK)]2 5
showed better properties than dimeric peptide 3, and was used for
lung cancer imaging.32 The minimum accumulation of non-specific
radioactivity in the normal lung tissue and heart led to PET images
of high quality for orthotopic lung cancer tumors, both for primary
tumors and small metastatic lesions. In contrast, conventional 18F-
FDG could only image the primary tumor, whereas metastatic
lesions were masked by intense cardiac uptake and high lung
background. The only drawback of the two PEG derivatives 2 and
5 is their relatively low receptor binding affinity to aVb3-integrin.


Significantly increased receptor binding affinity, in comparison
with monomeric and dimeric peptides 1 and 3, was realized by
tetrameric 64Cu-DOTA-E{E[c(RGDfK)]2}2 6 by taking advantage


of polyvalency effects.33 Tetrameric peptide 6 also showed excellent
in vivo properties in female athymic nude mice bearing subcuta-
neous UG87MG glioma xenografts. Rapid blood clearance and
predominant renal excretion, together with the expected rapid and
high tumor uptake and slow washout from cancer cells, make the
probe a very promising PET tracer for integrin receptor-targeted
tumor diagnosis.


Somatostatin derivatives for diagnosis of somatostatin
receptor-expressing tumors


Somatostatin-based PET imaging and radiotherapy is of great
interest, since somatostatin receptors (SSTRs) are overexpressed
in neuroendocrine tumors, i.e., gastroenteropancreatic, small cell
lung, breast, and sometimes tumors in the nervous system.14


Somatostatin is known to be easily degraded in vivo, and metabol-
ically stable DOTA–octreotide derivatives have been developed.
Out of many analogs prepared so far, [DOTA-D-Phe1,Tyr3]-
octreotide (DOTA-TOC, 7, Fig. 3) exhibited the highest affinity
to the somatostatin receptor subtype 2 (SSTR2), which can be
found in primary tumors as well as metastases; therefore, this
probe has been useful for imaging of tumor-bearing mice, non-
human primates, and human patients.34 DOTA-TOC 7, usually
prepared by solid-phase synthesis (Scheme 1, Route 1) was labeled
with 111In, 90Y, or 67Ga; binding affinity to SSTR2, internal-
ization/externalization in SSTR2-expressing AR4-2J pancreatic
tumor cells, stability in serum, and biodistribution were studied in
nude mice implanted with AR4-2J tumor cells.35,36 67Ga-DOTA-
TOC showed much higher SSTR2 affinity than the corresponding
111In and 90Y congeners and was found to be efficiently inter-
nalized by AR4-2J cells. Furthermore, 67Ga-DOTA-TOC was
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Fig. 3 Somatostatin and octreotide derivatives.


rapidly removed from non-target organs including the kidney,
resulting in excellent tumor-to-non-target tissue uptake ratios. The
observed metal ion dependence was explained by the differences
in the DOTA–metal coordination structures, based on X-ray
crystallographic analysis of simplified complex models. Ga3+


is hexacoordinated by the four macrocyclic nitrogens and two
carboxylates, while one carboxylate group and the amide oxygen
are not involved in the metal coordination. This free carboxylate
group may contribute to the efficient kidney clearance, while
the structure of 67Ga-DOTA-TOC, where the pharmacophoric
peptide moiety was sufficiently separated by the free amide linker,
resulted in improved receptor binding and hence high tumor
uptake.35,36 On the other hand, the octacoordinated structure
of Y3+-DOTA, in which the metal occupies all carboxylates,
nitrogens, and amide linker groups, might induce congestion on
the probe structure, leading to lower receptor binding affinity.


In order to examine the importance of a chelate–peptide
linker for receptor binding, Ga- and In-incorporated NOTA-
TOC derivative 8 (Fig. 3), bearing a non-coordinative ethylene
spacer and metabolically stable NOTA (1,4,7-triazacyclononane-
1,4,7-triacetic acid), was prepared and investigated in the same
AR4-2J tumor model.37 An improved binding affinity to SSTR2
and SSTR5 was observed for both the 67Ga- and 111In-derivatives,
thus proving the favorable effects of the non-coordinating ethylene
spacer on receptor binding, as well as different metal complex
formations with triamine- and tricarboxylic acid-based ligands.


DOTA-TOC 7, labeled with the positron-emitting radionuclide
66Ga (t1/2 = 9.5 h) was investigated in AR4-2J-implanted mice by
PET,38,39 and excellent tumor-to-organ ratios could be achieved
due to its high receptor affinity. PET imaging of 86Y congener
(t1/2 = 15 h) in non-human primates (baboons, Papio hamadryas)
has been reported as well.40 However, these two reports note
relatively high uptake in the kidney, which still remains to be
improved.


The first PET studies of DOTA-TOC 7 in human patients was
reported using 68Ga (t1/2 = 68 min).41–45 Meningiomas were selected


as the target tumor because SSTR2 is overexpressed in these
cancers. 68Ga-DOTA-TOC was injected into patients suffering
from meningiomas (tumor size of 7 to 25 mm diameter), and the
results were compared with those obtained by SPECT (single-
photon emission computerized tomography), MRI (magnetic
resonance imaging), as well as 18F-FDG PET. 68Ga-DOTA-TOC
was rapidly excreted from the blood, immediately accumulated
in the meningiomas after the injection, and even the smallest
tumors of 7 to 8 mm diameter could be clearly visualized. The
68Ga-DOTA-TOC tracer also detected the extent of meningiomas
located beneath osseous structures, such as at the base of the
skull. It is worthwhile mentioning that no radioactivity could be
observed in normal brain tissues. On the other hand, SPECT and
MRI have a sensitivity drawback in detecting small meningiomas,
i.e., the methods failed in visualizing tumors at the base of the skull.
Furthermore, the use of the conventional 18F-FDG PET tracer
resulted in lower meningioma-to-background ratios. Therefore,
the 68Ga-DOTA-TOC probe is a very promising candidate not
only as a PET tracer of SSTR-positive tumors but also for
radiotherapeutic applications, when suitable radiometals, such
as 67Ga, 90Y, or even 67Cu are used. DOTA-TOC 7 could be
applied not only to PET, but also to diagnosis by SPECT
of patients with differentiated thyroid cancer (DTC), which
is difficult to accomplish by conventional measurements of
serum thyroglobulin (Tg) levels and 131I whole-body scintigraphy
(131I-WBS).46


Finally, in order to circumvent the unfavorable kidney accu-
mulation of the radiometal-DOTA-TOC tracer 7 during clinical
treatments, amino acid co-infusion has been examined.47,48 86Y-
DOTA-TOC was administered to 24 patients with metastatic, non-
resectable, neuroendocrine tumors, and the effects of co-infusion
were monitored by PET. Renal uptake of 86Y-DOTA-TOC could
be reduced by infusion of a mixture of L-lysine and L-arginine, and
more efficiently by the dipeptide Lys-Arg, without affecting tumor
uptake. Although such a co-infusion of amino acids allows the
patients to receive a higher dose of the tracers to be accumulated
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in the target tumors, the side effects of nausea and vomiting should
be taken into consideration.


As described above, somatostatin itself was believed to be
extremely unstable in vivo (stability in rat serum for just 5 min),
and the previous imaging studies of somatostatin receptors were
in all cases effected using metabolically stable octreotide analogs.
However, a recent study on microPET imaging of 68Ga-DOTA-
somatostatin 9 (Fig. 3), prepared by selective labeling of a single
lysine that is not responsible for receptor binding (Scheme 1,
Route 3), successfully visualized the tracer accumulated in the
pancreas of rabbit 2–4 h after injection (Fig. 4).24 Given this new
evidence of somatostatin stability in rabbit, as well as its clear accu-
mulation in the pancreas (somatostatin receptors are expressed on
the pancreas and kidney, as well as the gastrointestinal tract),14 this
study might provide an intriguing opportunity to use somatostatin
itself as a diagnostic tracer of endocrine tumors.


Fig. 4 PET imaging of 68Ga-DOTA-somatostatin 9 in rabbit (axial view,
overlapped with CT). The images represent time-dependent changes of
accumulation in liver (large arrow), kidney (small arrow) and pancreas
(arrowhead) after injection of 68Ga-DOTA-somatostatin.


Bombesin derivatives for imaging of human prostate cancer


Bombesin, a peptide of 14 amino acids, shows high affinity to
the human gastrin-releasing peptide receptor (GRPR), which is
overexpressed on cancer tissues such as breast, gastrointestinal,
prostate, and small cell lung cancers. 64Cu-DOTA-[Lys3]bombesin
10 (Fig. 5) has been extensively investigated for imaging of the over-
expression of GRPR in both androgen-dependent and androgen-
independent human neoplastic prostate tissues.49 The lysine e-
amino group in [Lys3]bombesin was labeled with DOTA in 75%
yield, by reaction with DOTA-OSSu at 4 ◦C, pH 8.5–9.0 in H2O
overnight. The biodistribution, whole-body autoradiographic
imaging, and microPET of 10 in PC-3 (androgen-independent)
and CWR22 (androgen-dependent) prostate cancer tumor models
achieved strong tumor-to-background contrast for both cancer
models, although the radiotracer uptake was higher in the
androgen-independent PC-3 tumor than the androgen-dependent
CWR22 tumor. A receptor blocking study using co-injection with
cold [Lys3]bombesin concluded that the radioactivity accumula-
tion in the PC-3 tumor was receptor-specific, whereas the accu-
mulation in CWR22 tumor was attributed to non-specific uptake.


A truncated bombesin(7–14) analog of 10, 64Cu-DOTA-Aca-
bombesin(7–14) 11 (Aca: e-aminocaproic acid) has also been
studied in the same human prostate adenocarcinoma models.
This analog was found to be unstable—11 decomposed 30 min
after the injection—as also supported by the stability studies in


Fig. 5 64Cu- and 68Ga-DOTA-bombesin derivatives.


blood, urine, tumor, liver, and kidney by HPLC.50,51 Taking into
consideration that 10 shows higher GRPR affinity than 11 (IC50 =
18.4 ± 0.2 nM for 11 and 2.2 ± 0.5 nM for 10), 64Cu-DOTA-
[Lys3]bombesin 10 has a greater potential for clinical applications.


On the other hand, another truncated analog, 68Ga-DOTA-
bombesin(6–14) 12 showed high affinity to the GRPR receptor
as well as rapid internalization and dose-dependent uptake in
AR4-2J tumor cells.52 Furthermore, a prolonged tumor residence
time and rapid clearance from GRPR-negative tissues in AR4-2J
tumor-implanted mice (pancreas carcinoma xenograft), resulted in
favorable tumor-to-organ ratios as early as 1 h after the injection;
the results make this tracer a promising candidate for diagnostic
applications.


a-Melanocyte stimulating hormone (a-MSH) analogs for detection
of malignant melanoma


Since the receptor of a-melanocyte stimulating hormone
(melanocortin type 1 receptor; MC1R) is overexpressed in both
melanotic and amelanotic melanoma tissues, sensitive and high
resolution PET imaging with a-MSH-based tracers (Fig. 6) has
great potential for early detection of malignant melanoma. This
is especially important because the prognosis of patients with
metastatic melanoma is currently very poor. Furthermore, 18F-
FDG is a notoriously inaccurate tracer, particularly for detection
of small foci, due to its significant background signals.


DOTA-[Lys11]NAPamide 13 (NAPamide: [Nle4,Asp5,D-Phe7]-
a-MSH(4–11)) was synthesized in 15% overall yield from the
NAPamide peptide, by the reaction of the Lys11 e-amino group
with tris-t-Bu-DOTA in the presence of HATU; 1-[bis(dimethyl-
amino)methylene]-1H-1,2,3-triazolo(4,5-b)pyridinium 3-oxide
hexafluorophosphate, N,N ′-diisopropylethylamine in DMF,
followed by the deprotection of t-butyl groups with TFA.53


After the incorporation of 111In, 67Ga, or 68Ga as a short-lived
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Fig. 6 DOTA-a-melanocyte stimulating hormone (a-MSH) derivatives.


positron emitter for PET, the compound’s in vivo properties
were evaluated in the mouse tumor model implanted with
B16/F1 murine melanoma. Both 111In-DOTA- and 67Ga-DOTA-
[Lys11]NAPamides showed high tumor and low kidney uptakes
resulting in excellent tumor-to-kidney ratios. The uptake of
67Ga-DOTA-[Lys11]NAPamide in the liver could be further
reduced by co-infusion of L-lysine, without affecting tumor
uptake. The autoradiographs of the 67Ga congener successfully
detected the primary melanoma in the skin, as well as metastatic
melanoma in the lung and liver. The microPET also visualized
the high and selective tumor uptake that makes the 68Ga-
DOTA-[Lys11]NAPamide tracer a promising tracer for melanoma
diagnosis.


MicroPET imaging of 64Cu or 86Y congeners of DOTA-
ReCCMSH(Arg11) (14, Re = rhenium), another cyclic analog
of a-MSH, has also been studied in mice bearing B16/F1
murine melanoma tumors.54,55 The microPET visualized the tumor
within 30 min after the injection, in good agreement with the
biodistribution data obtained by the other methods. The profound
effects of radiometals on the in vivo kinetics, similar to those
observed in the case of octreotides (see above), can also be seen
here; non-target organ uptake was considerably lower for the 86Y
congener, except in the kidney.


Human epidermal growth factor (hEGF) for diagnosis of
malignant tumors


Overexpression of epidermal growth factor receptor (EGFR) in
many carcinomas provides a unique opportunity to apply EGF


derivatives as peptide-based PET tracers. DOTA-hEGF (human
epidermal growth factor), as a mixture of mono-, bis-, and tri-
DOTA derivatives, was prepared by the treatment of hEGF with
DOTA-OSu at pH 9.0 in borate buffer at room temperature
overnight.56 High affinity for the EGFR, receptor-specific uptake,
rapid internalization, and good retention of the radioactivity in
tumor cells were observed when the 64Cu congener was investigated
in vitro with U343 glioma cells and A431 cervical carcinoma
cells; these were chosen because both cell lines overexpress
EGFR. MicroPET of the same tracer, namely, 64Cu-DOTA-
hEGF in BALB/c nu/nu mice implanted with A431 carcinoma
xenografts, quickly visualized the radioactivity accumulation both
in xenografts and in EGFR-expressing organs.


4. Antibody-based PET diagnosis


The specific localization of radiometal-labeled antibodies to target
tumors is a promising approach for PET diagnosis.57 However, the
use of whole antibodies suffers from their unfavorable properties
in vivo, such as prolonged biological half-lives and slow blood
clearance, which result in low tumor-to-background ratios. On the
other hand, the enzymatically generated antibody fragments, such
as F(ab′)2 or Fab′ (termed “minibodies”), show more favorable
tumor targeting and clearance kinetics than the corresponding
whole antibodies. In this section, a few prominent examples of
minibody-based PET will be described. Furthermore, the concept
of “pretargeted” immunodiagnosis using a whole antibody will
also be discussed.


Anti-HER2 protein antibody, herceptin


HER-2 (c-erbB2 or Her-2/neu) is a protooncogene, which encodes
the 185-kDa transmembrane protein, human epidermal growth
factor receptor 2 (HER2 protein). HER2 protein is overexpressed
particularly in primary breast cancers as well as in other malig-
nancies, whereas it is expressed at low levels in normal tissues.
Therefore, herceptin (trastuzumab), a clinically applied anti-
HER2 protein antibody, is a very attractive PET tracer for tumor
imaging. Although herceptin itself shows good in vivo distribution
and pharmacokinetics for PET study, the frequent injection of the
whole antibody is not possible due to its long half-life, especially
in clinical applications in live human patients. On the other hand,
the F(ab′)2 fragment of herceptin has a much shorter half-life, and
is therefore suited for diagnostic purposes.58


The F(ab′)2 fragment of herceptin, which was obtained by pepsin
digestion of herceptin, was conjugated with DOTA by treatment
with DOTA-OSu at pH 7.3 in water.59,60 Characterization of
the biodistribution, including microPET studies, were performed
in mice bearing BT474 breast tumor xenografts, by using
the 111In and 68Ga congeners, respectively. 111In-DOTA-F(ab′)2-
herceptin significantly accumulated in the HER2-overexpressed
BT474 xenograft, whereas little accumulation was observed in
MDA-MB-468 xenografts with high levels of EGFR (epidermal
growth factor receptor) expression; thus, the tracer achieved
good tumor selectivity. Subsequently, microPET of 68Ga-DOTA-
F(ab′)2-herceptin in a mouse cancer model was also examined in
response to treatment with a Hsp-90 inhibitor, 17-allylamino-17-
demethoxygeldanamycin (17AAG). Hsp90 (heat shock protein 90)
is a molecular chaperone which plays important roles in the folding
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and stabilizing of oncoproteins; PET of 68Ga-DOTA-F(ab′)2-
herceptin could follow the tumor expression and reduction, thus
evaluating the drug pharmacodynamics of 17AAG. A significant
decrease in HER2 protein was successfully visualized by this
68Ga tracer after treatment with 17AAG. In contrast, PET signals
from the conventional 18F-FDG tracer, which only measures the
glycolysis inside the cells (an independent consequence of the
HER2 downregulation), were unchanged.


Anti-carcinoembryonic antigen (CEA) antibody, cT84.66


MicroPET imaging of the truncated fragment of anti-
carcinoembryonic antigen (CEA) antibody, cT84.66, was in-
vestigated in athymic mice bearing paired xenografts LS174T
human colon carcinoma (CEA positive), and C6 rat glioma (CEA
negative). An SCFV-CH3 fragment of cT84.66 was used (Fig. 7),
taking advantage of the rapid accumulation and high retention of
the minibody in the tumor tissue, together with its rapid blood
clearance.61 The SCFV-CH3 minibody was conjugated with DOTA
by reaction with DOTA-OSSu at 4 ◦C for 18–24 h in water under
neutral conditions (minibody : DOTA ratios = 1 : 5–1 : 6).62


MicroPET images of the 64Cu-labeled minibody detected much
higher uptake in CEA-positive LS174T human colon carcinoma
than in CEA negative C6 rat glioma tumor. Low uptake was
observed in most other organs except in the liver, making this
engineered minibody a new class of the “minibody”-based PET
tracer of tumors.


Fig. 7 Anti-CEA antibody, cT84.66 and truncated minibody.


Although PET imaging of whole anti-CEA antibody (cT84.66)
has not been performed, an efficient DOTA conjugation method
to this antibody has been reported, as described in section 2.21


Anti-cell adhesion molecule (CAM) antibodies


Cell adhesion molecules (CAM) are usually highly expressed
in cancer cells. For example, L1 cell adhesion molecule (L1-
CAM) is overexpressed in renal, ovarian, and endometrial
carcinomas. Therefore, anti-L1-CAM antibody-based imaging,
directed towards radioimmunotherapy (RIT), has been investi-
gated in nude mice bearing SK-N-BE2c xenografts. The divalent
chCE7F(ab′)2, a truncated fragment of a whole anti-L1-CAM
antibody (chCE7a), shows improved clearance and in vivo biodis-
tribution properties.63 The truncated form was efficiently prepared
in HEK-293 cells and conjugated with two different kinds of
DOTA derivatives, NCS-DOTA 15 and tri-glycyl NCS-DOTA 16


(Fig. 8) by reaction in 0.1 M sodium phosphate buffer (pH = 9–
10) at 4 ◦C for 16 h (DOTA : minibody ratios = ca. 2 : 1, NCS =
isothiocyanate). A tri-glycyl linker was introduced in order to pre-
vent unfavorable kidney accumulation of the radiometal-labeled
metabolites, often observed following minibody degradation in
serum. After labeling with 64Cu as a positron emitter for PET
and 177Lu and 67Cu as b− emitters for other biodistribution studies
as well as for radioimmunotherapeutic purposes, the kinetics of
uptake in tumor xenografts were evaluated in mice. NanoPET
successfully visualized efficient accumulation in xenografts and
peritoneal metastases, which is in good agreement with results
obtained in other biodistribution studies. These studies con-
cluded that among the tracers studied, 64/67Cu-triglycyl-DOTA-
chCE7F(ab′)2 is superior for both PET and radioimmunotherapy
due to the favorable tumor-to-organ ratios, especially the tumor-
to-kidney ratio. Nevertheless, these 64/67Cu-based tracers still
exhibit high kidney uptake, which remains to be improved for
further applications in patients.


Fig. 8 Reactive DOTA-NCS (isothiocyanate) reagents.


A very interesting “pretargeted” PET strategy using an anti-
Ep-CAM antibody (NR-LU-10) (Fig. 9) was reported in a
xenograft-implanted mouse model of the human colorectal cancer,
SW1222.64 For this protocol, the monoclonal antibody NR-LU-
10 was first conjugated with streptavidin and injected into the
xenograft-bearing mouse, prior to treatment with 64Cu-DOTA-
biotin 17 (thereby called a “pretargeted” strategy). The stability,
clearance, biodistribution, and tumor targeting properties of


Fig. 9 “Pretargeted” strategy of PET diagnosis.
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64Cu-DOTA-biotin 17 in the “pretargeted” xenograft have been
compared with those of the conventional antibody-based PET
targeting by 64Cu-DOTA-NR-LU-10, which is prepared via direct
labeling of the antibody with DOTA-OSSu. As expected, the
small effector molecule of 64Cu-DOTA-biotin 17 exhibited more
rapid tumor uptake, substantially faster blood clearance and renal
excretion, therefore resulting in superior tumor-to-normal tissue
ratios. “Pretargeted” PET is thus a new and promising strategy for
future antibody-based diagnosis.65,66


Anti-CD90.2 (Thy1.2) antibody for tumor-specific T-cell
trafficking behavior


It is of great clinical interest to image the trafficking behavior
of tumor-specific CD8+ T-cells by PET. Mice (BALB/c-Thy1.1)
bearing the CMS5 tumor were treated with in vitro-stimulated
DUC18 T-cells, and their distribution was investigated by a T-
cell specific antibody tracer.67 Anti-CD90.2 (Thy1.2) antibody
was used for this purpose, and the antibody was labeled with
64Cu-DOTA via the DOTA-OSSu method. MicroPET visualized
the DUC18 T-cells as they were transferred to all the major
secondary lymphoid organs, including small lymph nodes, as well
as to tumors. Thus, tumor-specific T-cells do not preferentially
accumulate in tumors, but they also stay in the lymphoid
organs; this lymphoid localization did not change during or after
elimination of the tumors.


5. Miscellaneous (albumins, oligonucleotides, and
oligosaccharides)


Serum albumins as PET blood-pool markers


Since the growth of tumors depends on sufficient blood supply,
radiolabeled serum albumins are useful for blood-pool imaging of
angiogenic tumors, as well as for myocardial perfusion imaging.
124I-labeled albumin might be a candidate for this strategy,
but its long half-life (t1/2 = 101 h) exposes the patients and
their environment to radiation for an unacceptably long time.
The 68Ga–DOTA conjugate of rat serum albumin (RSA) as an
alternative PET blood-pool marker, i.e., a tracer of blood volume,
has therefore been investigated in male ACI rats bearing the
subcutaneous Morris heptama, MH3924A.68 Prior to application
to blood-pool imaging, labeling conditions have been thoroughly
examined by using a variety of DOTA active esters (Fig. 10).69


The labeling was efficiently performed by reaction with the 4-
nitrophenyl ester of DOTA in 0.1 M phosphate buffer (pH = 8.0)
at room temperature overnight, resulting in two DOTA molecules
attached per RSA. It is important to limit the number of labeling
molecules to two, in order to prevent the sequestration of the
modified RSA in tumor cells by the monocyte/phagocyte system.
The time-dependent biodistribution study of 67Ga-DOTA-RSA
in a xenograft-bearing rat, used as a clinically applicable 68Ga
congener, showed slow plasma clearance and good metabolic
stability in vivo. The HPLC analysis detected a single metabolite in
urine, 67Ga-DOTA, likely formed by enzymatic amide hydrolysis.
Successful microPET images of the small blood pool around the
tumors, as well as the favorable biokinetics, indicate that the
compound is well suited for use as a new PET blood-pool tracer.
These findings will be further extended to clinical applications by
use of 68Ga-DOTA-human serum albumin (HSA).


Fig. 10 Reactive DOTA reagents with various electron-deficient phenyl
esters.


The PET-based blood-pool method described above, using
68Ga-DOTA-albumins, has been applied to the mechanistic inves-
tigation of the inhibition of malignant tumor growth by human
angiotensin (hANG).70 hANG is one of the most potent inhibitors
of endothelial cell proliferation, angiogenesis, and tumor growth
in vivo. Changes in tumor perfusion and blood volume during the
angiogenic process in the presence of overexpressed hANG were
evaluated by PET, in ACI or RNU nude rats bearing subcutaneous
MH3924A. While 68Ga-DOTA-albumin was applied as a blood-
volume tracer in the intravascular space of the tumor tissues,
H2


15O was also used as an inert and freely diffusible tracer
for tissue perfusion. MicroPET of these tracers showed that
tumor perfusion and blood volume was enhanced in hANG-
overexpressed MH3924A compared with the wild-type MH3924A
tumor, corresponding to both increased microvessel density and
decreased necrosis. It is hypothesized that the improvement of
perfusion in response to hANG treatment might correlate with
the decrease in interstitial fluid pressure and the normalization of
tumor vasculature, leading to diminished hypoxia, i.e., the more
efficient exchange of oxygen and nutrients as well as an improved
removal of toxic metabolites from tumor tissues.


In a similar way, the tumor inhibition process by human
tropinin I (TnI), another potent inhibitor of angiogenesis, was also
studied in the same ACI nude mice, this time bearing MH3924A
overexpressing TnI.71 In contrast to the hANG case, decreased
tumor perfusion and vascularization were observed, but blood
volume was unchanged, presumably due to a different mechanism
of angiogenesis inhibition. Thus, 68Ga-DOTA-albumin can be
used as a sensitive PET tracer for characterizing the angiogenesis
process in response to inhibitors.


Oligonucleotides and peptide nucleic acids (PNA) for tumor
imaging


Antisense-based cancer PET imaging is a newly emerging
area of non-invasive diagnosis technique. Since ras oncogene
point mutations are found in a variety of human tumors but
not in normal tissues (e.g., they are expressed in an extremely
high ratio in pancreatic carcinomas), the ras messenger RNA
(mRNA) is an attractive target for gene-based diagnosis. 17-Mer
oligonucleotides consisting of a base sequence of 5′-CTACGC-
CACTAGCTCCA-3′ with three metabolically stable backbones,
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namely, 2′-deoxyphosphodiester (PO, 18), 2′-deoxyphosphoro-
thioate (PS, 19), and 2′-O-methyl phosphodiester (OMe, 20) have
been designed to target the codon 12 point mutation of human
K-ras oncogene (Fig. 11).72,73 After labeling by 64Cu-DOTA at the
5′-aminohexyl moiety of the oligonucleotides via the DOTA-OSSu
method, their biokinetics, biodistribution, and microPET were
examined in athymic rats, bearing either a tumor of A549 cells
with K-ras point mutation in codon 12, or a tumor of BxPC-3
cells with wild-type K-rasA.74


Fig. 11 64Cu-DOTA-oligonucleotide-based PET tracers.


Better localization images were obtained from microPET of
A549 cells when using PS 19 and OMe 20 than when using
PO 18, while a slightly better uptake of PS 19 was observed in
A549 cells than in BxPC-3 cells with wild-type K-rasA. However,
the nuclease-mediated rapid degradation of OMe 20 and the
low tumor selectivity, as well as non-specific accumulation of
PS 19 in the kidney, require further improvements of these
tracers: metabolic stability, hybridization ability, cell permeability,
and binding specificity must all be addressed. In addition, the
effects of the oligonucleotide length on biodistribution should be
investigated in detail for future applications.


In order to circumvent the metabolic instability of the oligonu-
cleotides, the application of peptide nucleic acid (PNA) congeners
to gene-based PET have also been reported.75 PNA is resistant
to endo- and exonuclease degradation, and is known to exhibit
high and specific binding to complementary DNA and RNA. The
fact that PNA does not activate RNAse H for degradation of the
target mRNA also makes PNA tracers a promising candidate.
The antisense hybrid PNA, DOTA-Y-PNA50-K4 21 (Fig. 12)
was synthesized for targeting the unr mRNA that is highly
expressed in a breast cancer cell line (MCF-7). This tracer has
the sequence TGGTGTGCTTTGTGGATG, complementary to
the unr mRNA, and four lysines at the C-terminus to allow for cell
permeation.


A biodistribution study showed low uptake and efficient clear-
ance of the 64Cu congener in blood and muscle, but high uptake
and long retention in the kidney, when administered intravenously
or intraperitoneally in normal BALB/c mice. MicroPET in CB-
17SCID mice implanted with MCF-7 tumors showed reproducible
tumor-to-muscle ratios, thus achieving the best tumor imaging
quality among the oligonucleotide-based PET tracers so far
reported. Nonetheless, the tumor-to-muscle ratio of 64Cu-21 was
only four times higher than that of the corresponding sense PNA


Fig. 12 64Cu-DOTA-PNA-based PET tracer.


tracer used as a control; therefore, further improvements of the
PNA-based tracers are still required.


Visualization of sialic acid-dependent circulatory residence of
glycoproteins by PET


Although FDG is widely used as a monosaccharide PET tracer
for cancer diagnosis, PET of oligosaccharides and glycoproteins is
a totally unexplored field. Very recently, the first microPET of the
glycoproteins orosomucoid and asialoorosomucoid was reported
in order to investigate the effects of N- and/or O-glycans on
the metabolic stability of the proteins.24 Based on the smooth
electrocyclization protocol (Scheme 1, Route 3), glycoproteins
available in only small amounts (62 lg of orosomucoid and
asialoorosomucoid) were labeled successfully with the incorpo-
ration of ∼2–3 units of DOTA by incubating the respective
protein with 10 equivalents of aldehyde probe 22 for 30 min,
followed by purification by quick size-partitioning gel-filtration
(Scheme 2). The DOTA-labeled glycoproteins were subsequently


Scheme 2 Labeling of glycoproteins by DOTA.
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radiometalated with 68Ga and their in vivo kinetics were analyzed in
rabbit by means of PET. 68Ga-DOTA-orosomucoid and asialooro-
somucoid adducts successfully visualized the asialoglycoprotein
being cleared through the kidney faster than the orosomucoid
(Fig. 13), thus achieving the first imaging of sialic acid-dependent
circulatory residence of glycoproteins. The results are in good
agreement with well-known hypotheses of the clearance of the
proteins through the asialoglycoprotein receptor in the liver:76


namely, the sialic acid residue on the non-reducing end of the
oligosaccharides contributes to the stability of glycoproteins in
the blood, while the sialidase-mediated production of asialogly-
coproteins, bearing the galactose residue at the non-reducing end
of the oligosaccharides, is responsible for the metabolic pathway.
These promising PET images of glycoproteins suggest future
uses for the glycoproteins in pharmacological and/or clinical
applications.


Fig. 13 Dynamic microPET images of 68Ga-DOTA-glycoproteins in
rabbits. Time course of accumulation of 68Ga-DOTA-orosomucoid (left)
and 68Ga-DOTA-asialoorosomucoid (right) in some peripheral organs
(axial views). These PET images were fused to anatomical images obtained
by using CT.


6. Future perspective


As is clear from the selected examples cited in this review,
PET imaging of biomolecules has recently become one of
the most promising strategies for tumor diagnosis, due to the
close collaboration between chemists, biologists, and physicians.


Specifically, the chemists efficiently synthesize the peptides or the
oligonucleotide sequences, and label them with the radiometal-
DOTA complexes, while the molecular biologists provide the
monoclonal antibodies (or preferably the engineered minibodies).
These candidates are first examined in vitro; binding affinity to
the target receptors, cell internalization, and retention in the
tumor cells are all characterized at this stage. The biologists and
physicians then characterize the compounds’ biodistribution in
search for the most favorable kinetics, such as tumor uptake, blood
clearance, or tumor-to-organ ratios; at this stage, researchers use
small animal models and make measurements on the basis of
SPECT, autoradiography, and microPET. The data obtained here
feed back to the chemists and the biologists who then strive to
improve the tracers, which will ultimately be used for clinical
applications.


From a chemistry point of view, if the labeled biomolecules
could be more easily accessed, one could more rapidly discover
favorable PET tracers, thus greatly expanding the biomolecule-
based PET strategy. Although PET experiments require only a
few nanograms to micrograms of the tracers, under the current
labeling protocols, as much as 5–20 mg of the engineered mAbs
must be used. Once more rapid and efficient labeling chemistry is
developed, we can find a new way to utilize unstable, important,
and precious materials for diagnosis. Once promising candidates
for peptide- or oligosaccharide-based tracers are determined,
modular approaches to the chemistry will facilitate the optimiza-
tion of the best tracer from combinatorial libraries. We will then
be able to use PET not only for diagnosis and clinical applications
but also for elucidating a new signaling pathway stemming from
the selected tracers; hence, the development of such bioconjugate
chemistry is necessary.


The investigation of dual detection probes, e.g., probes that
are detectable both by PET and fluorescence, will also become
more important. A new molecular imaging probe has now been
developed by taking advantage of the unique energy transfer
of the lanthanide–DOTA complexes, which has led to the
emerging field of fluorescence techniques. Such a new design of
the probes will greatly facilitate biomolecule-based PET, where
the stability of the tracers can be simultaneously detected by
HPLC.


Following peptides, antibodies, proteins and oligonucleotides
as mainly described in this review, the authors strongly be-
lieve that oligosaccharide-based tracers are the next candidates
to be developed. Surprisingly, to the best of our knowledge,
oligosaccharide-based PET has not been reported, except in the
case of the 18F-FDG tracer (technically a monosaccharide) and
very limited examples of glycoproteins. This is due to the difficulty
in obtaining structurally pure oligosaccharides from nature, and
also because synthetic methods for complex oligosaccharides
still have not been fully established. In addition, the biological
activity of oligosaccharides is closely related to their heterogeneous
environment, i.e., on the proteins (O- or N-linked glycans) and on
the cell surfaces (such as ceramides), which are usually composed
of clusters of mixed oligosaccharides. When such complex and
structurally pure oligosaccharide molecules are easily accessible
by chemical synthesis, and when the heterogeneous environment
of oligosaccharides can be mimicked, it may be possible to target
either tumors or inflammation more efficiently than by peptide-
or antibody-based tracers.
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A panel of 198 P4-diversified aldehyde (reversible) and vinyl
sulfone (irreversible) inhibitors is successfully synthesized via
an efficient “click chemistry” platform and directly screened
against caspase-3 and -7 for inhibition.


Caspases belong to a class of cysteine proteases which play
important roles in the regulation of apoptotic cell death and
inflammatory responses.1 Potent and selective caspase inhibitors
may therefore be used to cure major human diseases such as
Alzheimer’s disease, cancer and arthritis. Over the past decade,
a variety of reversible and irreversible inhibitors targeting vari-
ous classes of cysteine proteases, including caspases, have been
developed.2 These inhibitors, both peptide- and non-peptide-
based, usually contain an electrophilic ‘warhead’ derived from
aldehydes, ketones, vinyl sulfones and heterocycles, which reacts
with the catalytic cysteine residue present in all caspases. Amongst
the different types of warheads, those that make use of aldehydes
and vinyl sulfones (VS), as reversible and irreversible caspase
inhibitors respectively, have been well documented (Fig. 1a, top).2


Caspases exclusively recognize and cleave substrates that possess
an aspartic acid residue at the P1 position. In addition, the P4


position is often the key determinant that confers both strong
binding and selectivity among different caspases. The P2 and P3


positions in a caspase substrate, on the other hand, are known to
play a less significant part in binding to the enzyme. Consequently,
most peptide-based, caspase inhibitors contain a tetrapeptide se-
quence, P4-P3-P2-Asp, coupled to a suitable warhead.3 By varying
primarily the P4 residue, potent and selective inhibitors may be
developed that target only a subset of caspases. Non-peptide-
based small molecule caspase inhibitors, on the other hand, are
better therapeutic agents, due to their desirable pharmacokinetic
properties. In a recent example by Choong and co-workers,
a series of non-peptidic inhibitors of caspase-3 was identified
using a fragment-based ligand discovery technology known as
“extended tethering”.4 Using this method, the authors were able
to discover highly potent, non-peptide-based caspase inhibitors by
“tethering” together two weakly binding fragments via a suitable
linker (Fig. 1a, bottom). This strategy was reminiscent of the
better-known fragment-based assembly approach which typically
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relies on advanced NMR techniques.5 In this case, weak binders
of the enzyme were rapidly identified using state-of-the-art mass
spectrometric techniques.4 Subsequent optimizations of the initial
“hits” gave rise to A (Fig. 1a, bottom). With an aspartic acid-
containing aldehyde warhead at the P1 position, a pyrimidine
linker occupying the P2 and P3 positions, and a salicylic acid
sulfonamide at the P4 position, this non-peptide inhibitor was
found to display a high inhibitory potency against caspase-3 (ki =
0.02 lM). Inspired by this work, we aim to develop a simpler,
more efficient, miniaturized strategy, aided by click chemistry, for
high-throughput synthesis of caspase inhibitors containing such
novel, small-molecule pharmacophores.


Fig. 1 (a) Structure of peptide- and non-peptide-based caspase inhibitors;
(b) “Click” synthesis of a panel of 198 small molecule caspase inhibitors.


Click chemistry is a concept coined by Sharpless et al.6 It refers
to several classes of chemical transformations which enable the
modular and highly efficient assembly of building blocks under
mild, assay-ready, aqueous conditions. The Cu(I)-catalyzed, 1,3-
dipolar cycloaddition between an azide and an alkyne is one of
the best studied click chemistry reactions,7 and has thus far been
adopted by various research groups for high-throughput discovery
of enzyme inhibitors against HIV-1 protease, SARS 3CL protease,
a-fucosidase, transferases, protein tyrosine phosphatases (PTPs),
matrix metalloproteases (MMPs) and others.8 Herein, we report
the first “click” library of inhibitors for caspases. As shown in
Fig. 1b, a panel of P4-diversified caspase inhibitors containing


844 | Org. Biomol. Chem., 2008, 6, 844–847 This journal is © The Royal Society of Chemistry 2008







Scheme 1 Synthesis of aspartic acid-containing alkyne warheads.


Scheme 2 Model reaction for click chemistry optimization.


either aldehyde (reversible) or VS (irreversible) warheads were
readily synthesized in 384-well microplates, and directly screened
against caspase-3 and -7. Our inhibitor design encompasses the
following features: (1) the absolute requirement of an aspartic
acid residue at the P1 position, (2) a benzyl or pentyl group at
the P1


′ position of the VS inhibitors. These groups were previously
shown to improve inhibitor potency towards caspase-3 and -7,9 (3)
a triazole linker (product of click chemistry) occupying the P2 and
P3 position, and (4) a diverse library of aromatic amide and sulfon-
amide building blocks at the P4 position. Aromatic/hydrophobic
groups are known to preferably occupy the S4 pockets of caspase-
3 and -7.4 The application of click chemistry in our approach is
essential due to several reasons. First, the mild nature of click
chemistry excludes the need for any base or nucleophile, making
it ideal for the assembly of electrophilic/reactive aldehyde and
vinyl sulfone warheads.2,9 Second, since the P2 and P3 positions
play a less significant role to the overall potency and selectivity
of caspase inhibitors,1 replacing them with a heterocyclic triazole
linker (which resembles the pyrimidine linker in A4) may impart
potential H-bond interactions with the enzyme.10 Last, the use of
“click” assembly allows the facile installation of a variety of diverse
P4 groups onto the warheads using readily available azide building
blocks in a miniaturized and parallel fashion (e.g. 384-well plates).


The detailed synthesis of the aspartic acid-containing alkyne
warheads is shown in Scheme 1. Starting from a Fmoc-protected
aspartic acid, the corresponding aldehyde 3a was obtained from
a two-step reduction followed by Swern oxidation as reported.11


After protection of the aldehyde using trimethyl orthoformate and
deprotection of Fmoc, the alkyne handle was installed using DCC
coupling with propiolic acid. Removal of protecting groups in the
last step afforded the aspartic-containing alkyne aldehyde warhead
5 in good yields. The synthesis of the irreversible VS warheads was
carried out using a similar aldehyde intermediate 3b except that


the protecting group was changed to a trityl group. We took into
consideration that the VS scaffold was sensitive to nucleophiles
such as piperidine.9a Hence, the use of an acid-labile trityl group
instead of Fmoc avoided potential problems. This trityl-protected
aldehyde was then reacted with the respective benzyl and pentyl
sulfones 8 through Horner–Wadsworth–Emmons condensation to
form the VS scaffold 9.9a Subsequently, the final VS warheads
10 were obtained with the attachment of propiolic acid and
deprotection of the tert-butyl ester.


Initial attempts to investigate the applicability of click chemistry
on our inhibitor library were carried out in model studies using
the VS benzyl warhead 10a and azide 13 (Scheme 2). A variety
of click chemistry conditions were investigated (Table 1). It
appeared that the triazole formation between alkyne warhead
10a and azide 13 was highly sensitive to the catalyst, additives
and solvents used. The reaction efficiency varied greatly across
different conditions. For instance, the use of CuBr and Cu/C
catalyst (entries 8 and 9) showed no product formation even
after 4 days, while the use of CuI catalyst (entries 4–7) showed a
complete reaction in 2 days. However, the need for a nucleophilic
base under these conditions might have also resulted in the
formation of by-products (presumably due to reaction with the
electrophilic VS warhead9a), hence giving rise to the observed
poor purities. Fortunately, entry 2 (with CuSO4 and sodium
ascorbate as catalysts and DCM–H2O as cosolvent) gave rise to
the desired product with excellent yield and purity (in most cases
the reaction was complete in 1 day and only the desired product
was observed; see ESI). Therefore, we used these conditions as our
general optimized procedure for all subsequent “click” assembly
of inhibitors.


Next, we synthesized the 198 caspase inhibitors (66 azides × 3
alkynes) in a 384-well plate. Common laboratory apparatus (multi-
channel pipettes and a bench-top shaker) was all that was needed
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Table 1 Optimization conditions of click chemistry


Entry Catalyst Base/additive Solvent Time % Yielda % Puritya


1 CuSO4·5H2O Na Asc tBuOH : H2O >4 d 50 50
(0.05 eq.) (0.2 eq.) 1 : 1


2 CuSO4·5H2O Na Asc DCM : H2O 1 d >95 >95
(0.05 eq.) (0.2 eq.) 1 : 1


3 CuSO4·5H2O Na Asc DMSO : H2O >2 d 60 60
(0.05 eq.) (0.2 eq.) 1 : 1


4 CuI DIPEA tBuOH : H2O 2 d >95 90
(1 eq.) (2 eq.) 1 : 1


5 CuI DIPEA DMSO : H2O 2 d >95 60
(1 eq.) (2 eq.) 1 : 1


6 CuI DIPEA Toluene 2 d >95 40
(1 eq.) (2 eq.)


7 CuI DIPEA MeOH 2 d >95 50
(1 eq.) (2 eq.)


8 CuBr DBU Toluene >4 d — —
(0.2 eq.) (3 eq.)


9 Cu/C TEA Dioxane >4 d — —
(0.05 eq.) (1.5 eq.)


a Estimated from LC-MS profiles. See ESI.


Fig. 2 Structures of initial potent hits.


to assemble all the inhibitors in a matter of 1–2 days. LC-MS
characterizations of the inhibitors showed that, in almost all cases,
the limiting alkyne warheads were completely consumed and the
desired triazole products were quantitatively formed.12 Thus, we
concluded that the “clicked” caspase library was sufficiently pure
and may be used directly for subsequent biological screenings. The
inhibitory potency of the 198-member library against caspase-
3 and -7 was determined using a standard fluorescence-based
microplate assay. First, the so-called inhibitor fingerprint of the
enzymes against the panel of inhibitors was obtained (see Fig. S5 in
ESI), from which selected “hits” were identified and followed up
by quantitative determination of their IC50 against the enzymes
(Fig. 2 and Table 2). Significantly, the most potent reversible
inhibitor, Ald-SC2, showed modest IC50 values of 4.67 lM and
7.7 lM against caspase-3 and -7, respectively. The most potent
irreversible VS inhibitor, VSB-C11, on the other hand, showed an
IC50 of 5.0 lM against caspase-7.


A number of interesting observations arose from our screening
results. First, the aldehyde-containing inhibitors were in general
more potent than the VS inhibitors (see ESI). This is expected, as
aldehydes are amongst the most potent inhibitors known against


Table 2 IC50s of selected “hits” from fingerprint experiments


IC50/lM


Inhibitor ID Inhibitor Caspase-3 Caspase-7


137 Ald-A5 23.0 —
172 Ald-D4 12.7 —
197 Ald-SC2 4.67 7.7
035 VSB-C11 — 5.0


cysteine proteases. Second, the most potent reversible inhibitor
identified, Ald-SC2, contains a salicylic acid sulfonamide at the
P4 position, which coincides with the best inhibitor previously
discovered by Choong and co-workers from the “extended teth-
ering” approach.4 This again validates the use of click chemistry
as a valuable tool in drug discovery, and the triazole linker as a
potential “druggable” linker. Finally, the most potent (irreversible)
inhibitor identified from the VS library was VSB-C11, which has a
substituted aromatic amide, rather than salicylic acid sulfonamide
(as in the case of Ald-SC2) at the P4 position. This underlines one of
the main challenges facing current drug discovery—subtle changes
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in an inhibitor scaffold (from an aldehyde to a VS warhead in our
case) may impart unpredictable effects on the overall inhibitor
potency. To better understand how the inhibitors interact with the
enzymes, Ald-SC2 and VSB-C11 were docked against caspase-3
and caspase-7 active sites, respectively, using the Sybyl software
(see ESI). Besides the expected interactions of the salicylic acid
group in Ald-SC2 with residues in the S4 pocket, nitrogen atoms
in the triazole linker were also shown to form hydrogen bonds with
Ser205 located within the active site of caspase-3. In the case of
VSB-C11, it was found that the long aliphatic chain in the inhibitor
fits nicely into the narrow S4 subsite of caspase-7.


In conclusion, we have developed an efficient strategy for the
facile assembly of reversible (aldehyde) and irreversible (vinyl
sulfone) caspase inhibitors using “click chemistry”. From the
hits identified, we have shown that the triazole heterocycle is
indeed a suitable neutral alternative to the P2-P3 residues, thus
making this strategy a good fragment-based approach for the
high-throughput synthesis of caspase inhibitors having diverse
P4 groups. We anticipate this method will be useful to develop
inhibitors against other cysteine proteases as well. Our present
approach thus provides a useful chemical tool in the emerging
field of “catalomics”.13


Funding support was provided by the National University of
Singapore (NUS) and the Agency for Science, Technology and
Research (A*STAR) of Singapore. We thank J. J. Gnanakkan for
help with docking experiments.
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Pseudohalogens based on iodine (‘I–X’) can be used to regiospecifically introduce chlorine atoms or
acetoxy groups onto the b-positions of meso-tetraphenylporphyrins (TPPs). TPPs and a quinoxaline
derivative were reacted with iodine monochloride to give mono- or di-chlorinated porphyrins, such that
when two chlorine atoms were added they were placed antipodally on the porphyrin ring. Reaction of
the porphyrins with a mixture of iodine and silver acetate gave the corresponding mono- and
di-acetoxylated porphyrins. The acetoxylated porphyrins could be simply transformed to the
corresponding hydroxyporphyrins with subsequent oxidation with the Dess–Martin periodinane, giving
a simple new route to chlorin-a-diones and bacteriochlorin-tetraones. From the products of the
reactions and a UV–visible spectroscopic study, it is proposed that the reactions proceed via a single
electron transfer mechanism through a porphyrin cation radical intermediate.


Introduction


The ability to functionalise the porphyrin outer periphery at
specific positions under mild conditions is a continuing challenge.
Porphyrins have been reported to undergo nucleophilic and
electrophilic substitution, as well as radical reactions.1–4 To get the
required control over the porphyrin reactivity it is often necessary
to use a metal chelated porphyrin.1,4 The disadvantage of this is
that the final product may be required to have no metal or a
different metal chelated. The conditions required to remove the
chelated metal have to be compatible with the functionality on the
porphyrin outer periphery and this can limit the range of groups
that can be introduced. Therefore, methods that can be used to
attach functional groups onto the outer periphery of a free-base
porphyrin have an advantage as the required metal can be chelated
at a later stage of the synthesis. While many of the products isolated
from the reactions used to introduce functionality onto the por-
phyrin outer periphery fit the standard mechanistic rationale, there
are the occasional reports where an unusual substitution process
occurs. For example, treatment of a 5,15-diphenyl substituted free-
base porphyrin with N-iodosuccinimide leads to the ‘expected’
meso-iodinated product, arguably by electrophilic substitution,
but reaction with iodine monochloride leads to the meso-chloro
substituted product.5 This latter product clearly cannot occur via
a simple substitution reaction. We were therefore interested to
understand how this product was formed and to determine if the
reaction was specific for meso positions, and whether similar reac-
tions could be used for the introduction of other functional groups.


Results and discussion


The first part of our investigation was to determine whether the
chlorination was specific for the meso positions and for this we
chose 5,10,15,20-tetrakis(3′,5′-di-t-butylphenyl)quinoxalino[2,3-
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b]porphyrin 1 as the substrate.1 1 was chosen as the substrate as the
3,5-di-t-butylphenyl groups provide good solubility and protect
the meso positions from reaction, and the quinoxalino group can
direct reaction at the 12- and/or 13-b-pyrrolic positions thus mak-
ing analysis of the products from the reaction simpler. When 1 was
reacted with 2.4 equivalents of iodine monochloride in chloroform
heated at reflux (Scheme 1) for four hours, 12-chloro-5,10,15,20-
tetrakis(3′,5′-di-t-butylphenyl)quinoxalino[2,3-b]porphyrin 2 was
isolated in an excellent yield of 75%. These results show that when
the meso positions are blocked chlorination can take place on the
b-pyrrolic positions. To investigate the generality of the reaction we
treated 5,10,15,20-tetrakis(3′,5′-di-t-butylphenyl)porphyrin 4 with
five equivalents of iodine monochloride in chloroform heated at
reflux and this gave 2,12/13-dichloro-5,10,15,20-tetrakis(3′,5′-di-
t-butylphenyl)porphyrin 5 in 58% yield with 11% of the starting
material recovered. That is, the method can be used to introduce
more than one chlorine atom onto the porphyrin periphery. Impor-
tantly both chlorine atoms are attached to the b-pyrrolic positions
and the addition of the first chloro group directs the addition
of the second antipodally. To determine whether the reaction
was specific to the bulky meso-3,5-di-t-butylphenyl substituted
porphyrins we also carried out the dichlorination reaction with the
simple, less sterically hindered 5,10,15,20-tetraphenylporphyrin 6.
The reaction was carried out under similar conditions to those
used for the formation of 5 and the corresponding 2,12/13-
dichloro-5,10,15,20-tetraphenylporphyrin 7 was isolated in a 46%
yield with, in this case, a 23% yield of the starting porphyrin
recovered. Therefore this methodology can be used to simply
and mildly introduce chloro groups onto the periphery of meso-
tetraphenylporphyrins, opening the avenue for the introduction of
new functionalities by nucleophilic substitution reactions.1 While
the mechanism of the chlorination reaction will be discussed in
more detail later, it is important to note that chlorination of
relatively easily oxidised aromatics has been reported to occur
via a radical cation intermediate to which either a chloride anion
or iodine radical can add and it is likely a similar mechanism is at
play here.6,7 In these simple aromatic systems it has been shown
that solvent and steric hindrance can play important roles in the
product outcome of the reaction.6 In the work here, utilising the
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Scheme 1 (i) ICl, CHCl3, reflux; (ii) I2, AgOAc, CHCl3; (iii) ICl, CHCl3–CH2Cl2, reflux.


relatively non-polar chloroform and having the meso substituents
(phenyl and 3,5-di-t-butylphenyl) ensures that the less sterically
demanding and more polar chloride anion adds preferentially
over the iodine atom. The fact that only the 12-chloro regioisomer
is isolated from the reaction of 1 is similar to that observed in
other electrophilic or radical reactions of chlorins. In the past
this has been simply attributed to the fact that the 18-p electron
aromatic pathway imparts alkenyl-like character to the double
bond antipodally to the chlorin moiety.1,8 However, this is not in
accord with molecular orbital calculations, which show that the
highest occupied molecular orbital density is not preferentially
located on the 12- and 13-positions.9,10 It may be that once the
porphyrin is oxidised, the stability of the radical cation is greatest
when the 18-p electron aromatic pathway is present, that is, the
reaction is under kinetic control. A similar argument could explain
the selectivity of the antipodal nature of the addition of the two
chloro groups on 4 and 6.


The in situ formation of a porphyrin radical cation intermediate
and subsequent nucleophilic attack is not dissimilar to early work
on porphyrin substitution reactions where a radical cation was
formed ex situ and then reacted with a range of nucleophiles.11


In these earlier studies a zinc chelated meso-tetraphenylporphyrin
was oxidised and then reacted with a range of anions including
nitrite, thiocyanate, pyridine and triphenylphosphine to form
the corresponding 2-substituted porphyrins. Interestingly the
reaction with the oxygen nucleophiles, methanol and water, caused
substitution on the meso position in spite of it being sterically
encumbered. In a similar vein it was later reported that a nitro
group could be introduced onto the b-pyrrolic position of a copper
chelated porphyrin by reaction with a mixture of iodine and silver
nitrite.12 Although the mechanism of this latter reaction was not
discussed in any detail it was assumed that the reaction occurred
via an in situ oxidation by iodine and subsequent ‘substitution
reaction’ with the nitrite anion. However, it is interesting to note


that the iodine–silver nitrite mixture is known to give iodine
nitrite.13 It is therefore possible that the nitration using the
iodine–silver nitrite mixture also occurs via a similar mechanism
to the iodine monochloride reaction. That is, there is a single
electron transfer from the porphyrin to iodine nitrite to form
a charge transfer complex comprised of the porphyrin radical
cation, the iodine atom, and the nitrite ion followed by, under the
relatively non-polar solvent conditions, nucleophilic attack of the
nitrite ion.


Given that iodine monochloride and iodine–silver nitrite are
effectively pseudohalogen ‘I–X’ reagents we were interested to see
whether the methodology could be used to introduce an acetoxy
group as the reaction of iodine with silver acetate gives iodine
acetate.14 Simple deprotection could give hydroxyporphyrins, with
subsequent oxidation leading to chlorin-a-diones that have been
used to build porphyrin arrays.15–18 We first reacted 1 (Scheme 1)
with a mixture of 2.5 equivalents of iodine and 3.8 equivalents of
silver acetate in chloroform at room temperature for 1.5 hours.
Acetoxylation occurred in the 12-position to give 3 in a 32%
yield with 44% of 1 being recovered. In addition, 5% of 12-
iodo-5,10,15,20-tetrakis(3′,5′-di-t-butylphenyl)quinoxalino-[2,3-
b]porphyrin was also isolated. The fact that both the acetoxy and
iodo products were isolated lends strength to the argument that the
mechanism involving a porphyrin radical cation is at play. Unlike
the iodine monochloride reaction, in this case the acetoxy group
and iodine atom are both large and hence there is a reduction in the
steric discrimination, with some of the iodo product being formed.


We then extended the methodology to the reaction of the sim-
ple free-base porphyrin 5,10,15,20-tetrakis(3′,5′-di-t-butylphenyl)-
porphyrin 4 with the iodine–silver acetate (1.9 and 2.9 equiva-
lents respectively) mixture (Scheme 2). After 90 minutes at
room temperature 2-acetoxy-5,10,15,20-tetrakis(3′,5′-di-t-butyl-
phenyl)porphyrin 8 was obtained in a yield of 37%. Again
the starting porphyrin 4 (36%) was recovered and there was
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Scheme 2 (i) I2, AgOAc, chloroform; (ii) a. K2CO3, CH2Cl2–MeOH; b. DMP, CH2Cl2; (iii) I2, AgOAc, CHCl3–CH3COOH.


a small amount (6%) of 2-iodo-5,10,15,20-tetrakis(3′,5′-di-t-
butylphenyl)porphyrin 9. In addition, 5% of 2,12/13-bisacetoxy-
5,10,15,20-tetrakis(3′,5′-di-t-butylphenyl)porphyrin 10 was also
formed. It is interesting to note that, unlike the case of the dichlo-
rination, the second acetoxy group is not exclusively attached
antipodally to the first. Nevertheless it was fairly straightforward
to separate 10 from 4, 8 and 9, as well as the other bis-acetoxylated
materials. In an effort to increase the yield of 8 we added a second
aliquot of the iodine–silver acetate mixture (to give a total of
4.2 and 6.4 equivalents of each reagent respectively) and this
improved the yield of 8 to 47%, with starting material 4 (17%),
iodo 9 (7%), and diacetoxy 10 (11%) also being isolated. We found
that adding a third aliquot of reagents did result in all the starting
material being consumed but this was at the cost of the reduction
in yield of the desired 8 to 14% without the concomitant increase
in the amount of 10, which was isolated in a 13% yield. It is
noteworthy that, while the acetoxylation occurs predominantly
on the b-pyrrolic positions, it is likely that the decomposition
pathway involves acetyloxylation of the meso carbons.11 As in the
case of the reaction with iodine monochloride, we were interested
to see whether the difference in steric bulk between the phenyl
and 3,5-di-t-butylphenyl meso substituents made a significant
difference to the product distribution. We reacted the simple meso-
tetraphenylporphyrin 6 with a similar ratio of iodine and silver
acetate (2.5 equivalents and 3.8 equivalents respectively), as in
the first reaction of 4, and the corresponding iodo 12, starting
material 6, and acetoxyporphyrin 11 were isolated in 5%, 43%,
and 32% respectively. This result again shows that the reaction is
more general for meso-phenyl substituted porphyrin derivatives.


With our interest of using porphyrin-a-diones as building blocks
for porphyrin arrays we investigated the conversion of the mono-
and di-acetates, 8 and 10 respectively to the chlorin-a-dione 13


and bacteriochlorin-tetraone 15. Porphyrin acetate 8 was depro-
tected with methanolic potassium carbonate to give 2-hydroxy-
5,10,15,20-tetrakis(3′,5′-di-t-butylphenyl)porphyrin, which was
then oxidized to the chlorin-a-dione 13 (Scheme 2) using the Dess–
Martin periodinane (DMP),19 giving a 72% yield for the two steps.
Using the optimised conditions for the formation of 8 (a yield of
47%), this process gives an overall yield of the chlorin-a-dione 13
of 34% (41% conversion) in three simple steps from 4 rather than
the five or six step processes that are normally used. In a similar
process the diacetate 10 could be deprotected and oxidised with
DMP to give the bacteriochlorin-tetraone in 47% yield, giving an
overall three-step conversion of 4 to 15 of 6%. This again is a
much more straightforward process than has been reported in the
past for the synthesis of 15 and occurs with comparable yields.20,21


Interestingly the same overall yield of 15 from 4 can be achieved by
reacting chlorin-a-dione 13 with the iodine–silver acetate mixture
with subsequent deprotection and DMP oxidation. Chlorin-a-
dione 13 was converted to the corresponding acetoxychlorin-a-
dione 14 in 46% yield using acidified chloroform with the subse-
quent deprotection and oxidation to bacteriochlorin-tetraone 15
(Scheme 2) occurring in 41% yield. The bacteriochlorin-tetraone
15 was therefore synthesised in a 6% yield for the six steps from 4.


While the chlorination and acetoxylation reactions of the
porphyrin outer periphery seem to be reasonably general, it is
interesting to consider in more detail how the reactions proceed.
Electrophilic substitution can be discounted, as it would be the
iodine that would add in each case, as chlorine and oxygen are
more electronegative than iodine. Clearly it cannot be simple
nucleophilic substitution as there is there no leaving group on
the porphyrin ring and no activating chelating metal. As has
been stated earlier the chlorination, as opposed to iodination, of
relatively easily oxidised aromatic rings by iodine monochloride
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can occur via a single electron transfer pathway.6,7 That is, in the
first step the iodine monochloride forms a p- or encounter complex
with the aromatic ring, and then an electron is transferred from
the aromatic ring (oxidation) to the iodine monochloride to give
an intermediate charge transfer complex comprised of the radical
cation of the aromatic ring, the chloride anion, and the iodine
atom. This intermediate complex can then collapse by one of two
pathways. The first pathway involves the iodine atom adding to
the radical cation to form the iodo-substituted aromatic cation.
Subsequent loss of the proton forms the neutral iodo-substituted
aromatic ring with hydrogen chloride as the by-product. In the sec-
ond pathway the chloride anion adds giving the chloro-substituted
aromatic radical, which is oxidised by a second equivalent of iodine
monochloride to the corresponding cation. Loss of a proton leads
to the chloro-substituted ring and iodine and hydrogen chloride
are the initial by-products. We have illustrated the equivalent
pathway for a porphyrin substrate in Fig. 1 and, based on the
observed product outcomes, believe that this is the most likely
mechanism for the formation of the chlorinated porphyrins.


Fig. 1 Possible mechanism for the formation of the chlorinated product
from the reaction of the porphyrins with ICl.


In an effort to gather further evidence that this is the mechanistic
pathway, we first attempted to follow the chlorination of 4 spectro-
scopically with the reaction carried out in situ in chloroform under
the normal conditions, to see whether the absorption spectrum
of the radical cation could be observed. However, in common
with other reactive aromatic substrates, the reaction at room
temperature was too fast to allow observation of the absorption
spectrum of the intermediate radical cation and all that was seen
was the absorption spectrum of a protonated porphyrin. Analysis
of the solution by thin layer chromatography (TLC) showed that
a chlorinated product had formed. In one study on the reaction of
iodine monochloride with aromatic substrates it was reported that
1,1,1,3,3,3-hexafluoropropan-2-ol (HFP) could be used to stabilise
the radical intermediate in an iodine monochloride reaction.22


We therefore carried out the reaction of porphyrin 4 with iodine
monochloride in HFP. The absorption spectra at the different
stages are shown in Fig. 2. However, interpretation of the results
was not straightforward as the porphyrin and HFP have similar
pKas of around 9.3.23 This meant that when porphyrin 4 was
dissolved in HFP it was protonated and the solution turned green
[(i) in Fig. 2]. On addition of the iodine monochloride the colour
of the solution changed to red and two new peaks were observed
in the absorption spectrum at 549 nm and 715 nm [(ii) in Fig. 2].
The spectrum did not change appreciably over a period of a couple
of hours, but on heating the peak at 549 nm disappeared while the
longer wavelength peak remained [(iii) in Fig. 2] and the solution
turned green. The peak at 715 nm is close to that observed for por-
phyrin 4 dissolved in HFP and treated with hydrogen chloride (679
nm) and so is probably associated with a protonated product. TLC
analysis of the heated solution showed that a chlorinated product
was present. That is, the peak at 715 nm in (ii) of Fig. 2 may just
arise from product formation on the initial addition of the iodine
monochloride. The fact that the peak at 549 nm disappears during
product formation may imply that it is the signature of an inter-
mediate, which we propose could be the porphyrin radical cation.


Fig. 2 UV–visible spectra of 4: (i) in HFP, (ii) 2.5 h after addition of ICl,
and (iii) after heating. The spectra have been normalised for clarity.


If the chlorination and acetoxylation go via a similar mech-
anism then we might expect to see a similar absorption for the
intermediate in the latter reaction. We therefore carried out a
spectroscopic study of 4 with the iodine–silver acetate mixture,
and the absorption spectra for the sequence of steps is shown in
Fig. 3. This work was complicated by the fact that iodine is not
soluble in HFP. Indeed, addition of iodine to HFP caused no
change in the absorption spectrum of the protonated porphyrin
(not shown). However, on addition of silver acetate the spectrum of
the solution changed and there was a peak at 530 nm [(ii) in Fig. 3],
which is very close to the new peak observed during the iodination
reaction. In this case there was no absorption at longer wavelength
and even heating the reaction resulted in no acetoxylated product
being observed, even though a new absorption due to protonated
porphyrin 4 was seen [(iii) in Fig. 3]. The fact that no reaction
was observed is perhaps not surprising as it known that HFP
reduces the reactivity of nucleophiles (it is how the radical cation
is ‘stabilised’) and the acetate is a relatively poor nucleophile.
Therefore, since the reactions of 4 with iodine monochloride and
iodine and silver acetate lead to the chlorinated and acetoxylated
materials as the main products, and the intermediates that are
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Fig. 3 UV–visible spectra of 4: (i) in HFP, (ii) 1.5 h after addition of
I2–AgOAc, (iii) after heating, and (iv) 2.5 h after addition of ICl for
comparison. The spectra have been normalised for clarity.


formed on the addition of the reagents have absorptions in the UV–
visible spectra at similar wavelengths, this strongly suggests that
these reactions proceed via a single electron transfer mechanism
through a porphyrin radical cation intermediate.


Experimental
1H NMR spectra of new compounds were recorded on Brüker
DPX-400 (400 MHz), Brüker DQX-400 (400 MHz), or Brüker
AMX-500 (500 MHz) spectrometers. Chemical shifts (d) are
reported in parts per million (ppm) and are referenced to the
residual solvent peak. Multiplicities are reported as broad (br),
singlet (s), doublet (d), doublet of doublets (dd), or multiplet
(m) and coupling constants are reported to the nearest half
Hz. Infrared spectra were recorded using a KBr disc using a
Perkin-Elmer Paragon 1000 IR spectrometer or a Brüker Tensor
27 FT-IR spectrometer. Values of the absorption maxima are
recorded in wavenumbers (cm−1). UV–vis spectra were measured in
spectrophotometric grade dichloromethane with a Perkin-Elmer
Lambda 14P UV–vis spectrometer. The absorption peaks are re-
ported with ‘sh’ indicating a shoulder. Mass spectra were recorded
on a Micromass Platform for ESI, or a Walters LCT Premier
ESI-ToF mass spectrometer. Accurate masses were measured on
a Brüker MicroToF or a Micromass LCT spectrometer. Values
for m/z are quoted in Daltons. Melting points were measured
using a Gallenkamp melting point apparatus and are uncorrected.
Microanalyses were performed by Mr Stephen Boyer in SACS,
London Metropolitan University.


Petroleum spirit with a boiling point range of 40 to 60 ◦C
is referred to as light petroleum. Chloroform required for the
halogenation reactions was filtered through a short column of
neutral alumina (Brockmann activity 1; 150 mesh) purchased
from Aldrich. Chloroform required for the acetoxylation reac-
tions was filtered through a short column of acidic alumina
(Brockmann activity 1; 0.05–0.15 mm) purchased from Fluka.
All other reagents were purchased from commercial sources and
used without further purification. Where solvent mixtures are
used, the proportions are given in terms of volume. Thin layer
chromatography was performed with Merck aluminium plates
coated with silica gel F254. Column chromatography was performed
using the flash chromatography technique, with ACROS Organics
silica gel 0.035–0.07 mm.


12-Chloro-5,10,15,20-tetrakis(3′,5′-di-tert-
butylphenyl)quinoxalino[2,3-b]porphyrin 2


A solution of iodine monochloride in chloroform (0.02 M, 2.5 cm3,
0.050 mmol) was added to a refluxing solution of 5,10,15,20-
tetrakis(3′,5′-di-tert-butylphenyl)quinoxalino[2,3-b]porphyrin 1
(45 mg, 0.039 mmol) in chloroform (10 cm3). After 2 h a further
aliquot of iodine monochloride in chloroform (0.02 M, 2.5 cm3,
0.050 mmol) was added. The reaction mixture was heated at reflux
for a further 2 h and then allowed to cool to room temperature.
Saturated aqueous sodium thiosulfate solution (100 cm3) was
added and the organic layer was separated. The organic layer
was washed with saturated sodium thiosulfate solution (100 cm3),
dried over sodium sulfate, filtered and the solvent was removed.
The crude product was purified by column chromatography over
silica using a dichloromethane :light petroleum (1 : 8) mixture as
eluent to give 2 (35 mg, 75%) as a dark purple solid, mp >280 ◦C;
found: C, 82.1%; H, 8.0%; N, 6.9%; C82H95ClN6 requires C, 82.1%;
H, 8.0%; N, 7.0%; kmax (CH2Cl2)/nm (log(e/dm−3 mol−1 cm−1))
299 (4.44), 337sh (4.54), 357 (4.61), 409sh (5.17), 435 (5.47), 530
(4.45), 568sh (3.75), 599 (4.16), 653 (3.00); 1H NMR (400.1 MHz;
CDCl3) d: −2.72 and −2.59 (2 × 1H, br s, NH), 1.480, 1.485, 1.51,
and 1.53 (72H, 4 × s, t-butyl H), 7.73–7.77 (2H, m, quinoxalino
H), 7.79 (1H, dd J2′ ,4′ = J6′ ,4′ = 2 Hz, C(4′)H), 7.80–7.84 (3H, m,
quinoxalino H and C(4′)H), 7.83 (1H, dd J2′ ,4′ = J6′ ,4′ = 2 Hz,
C(4′)H), 7.93 (2H, dd J2′ ,4′ = J6′ ,4′ = 1.5 Hz, C(4′)H), 7.95 (2H,
d, J4′ ,2′ = J4′ ,6′ = 2 Hz, C(2′)H and C(6′)H), 7.96–7.97 (4H, m,
C(2′)H and C(6′)H), 8.05 (2H, d, J4′ ,2′ = J4′ ,6′ = 1.5 Hz, C(2′)H and
C(6′)H), 8.68 (1H, s, C(13)H), 8.91 (1H, dd, Jb,b = 5 Hz, JNH,b =
1.5 Hz, b-pyrrolic H), 8.93 (1H, dd, Jb,b = 5 Hz, JNH,b = 1.5 Hz,
b-pyrrolic H), 9.03 (1H, dd, Jb,b = 5 Hz, JNH,b = 1.5 Hz, b-pyrrolic
H), 9.05 (1H, dd, Jb,b = 5 Hz, JNH,b = 1 Hz, b-pyrrolic H); m/z
(ESI-TOF) 1199.6 (MH+, 100%); C82H95ClN6H+ requires 1199.7
(MH+); Rf (light petroleum–dichloromethane; 5 : 1) = 0.30.


2,12/13-Dichloro-5,10,15,20-tetrakis(3′,5′-di-tert-
butylphenyl)porphyrin 5


A solution of iodine monochloride in dichloromethane solution
(1 M, 0.72 cm3, 0.72 mmol) was added to a refluxing solution of
5,10,15,20-tetrakis(3′,5′-di-tert-butylphenyl)porphyrin 4 (310 mg,
0.29 mmol) in chloroform (30 cm3). After 2 h a further aliquot
of iodine monochloride in dichloromethane (1 M, 0.72 cm3,
0.72 mmol) was added. The reaction mixture was heated at
reflux for a further 2 h and was then allowed to cool to room
temperature. Saturated aqueous sodium thiosulfate (100 cm3) was
added and the organic layer was separated. The organic layer
was washed with saturated aqueous sodium thiosulfate solution
(100 cm3), dried over anhydrous sodium sulfate, filtered, and
the solvent was removed. The residue was purified by column
chromatography over silica using a dichloromethane : light
petroleum mixture (1 : 6) as eluent to give 5 (190 mg, 58%) and
4 (35 mg, 11%). 5: purple solid, mp >280 ◦C; found: C, 80.7%;
H, 8.25%; N, 4.9%; C76H92Cl2N4 requires C, 80.6%; H, 8.2%; N,
4.95%; kmax (CH2Cl2)/nm (log(e/dm−3 mol−1 cm−1)) 424 (5.56),
490sh (3.60), 520 (4.00), 556 (3.72), 595 (3.71), 651 (3.79); 1H
NMR (400.1 MHz; CDCl3) d: −2.94 (2H, br s, NH), 1.49 (36H,
m, t-butyl H), 1.515 and 1.52 (36H, 2 × s, t-butyl H), 7.77 (2H, dd,
J2′ ,4′ = J6′ ,4′ = 2 Hz, C(4′)H), 7.80 (2H, dd, J2′ ,4′ = J6′ ,4′ = 1.5 Hz,
C(4′)H), 7.91 (4H, m, C(2′)H and C(6′)H), 8.02 (4H, m, C(2′)H and
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C(6′)H), 8.69 and 8.70 (2H, 2 × s, C(3)H and C(12)H/C(13)H),
8.84 and 8.91, and 8.87 (4H, comprised of 2 × br s {8.84 and 8.91}
and a tight ABq {8.87}, b-pyrrolic H); m/z (ESI-TOF) 1131.7
(98%), 1132.7 (81%), 1133.7 (100%), 1134.7 (55%), 1135.7 (27%),
1136.7 (11%), 1137.7 (4%); C76H92Cl2N4H+ (MH+) requires 1131.7
(100%), 1132.7 (85%), 1133.7 (99%), 1134.7 (64%), 1135.7 (35%),
1136.7 (15%), 1137.7 (5%); Rf (light petroleum–dichloromethane;
5 : 1) = 0.33. 4: a sample co-chromatographed with and had an
identical 1H NMR to an authentic sample.


12-Acetoxy-5,10,15,20-tetrakis(3′,5′-di-tert-
butylphenyl)quinoxalino[2,3-b]porphyrin 3


To a solution of 5,10,15,20-tetrakis(3′,5′-di-tert-butylphenyl)-
quinoxalino[2,3-b]porphyrin 1 (100 mg, 0.086 mmol) in chloro-
form (10 cm3) were added silver acetate (50 mg, 0.30 mmol) and
iodine (50 mg, 0.20 mmol). The reaction mixture was stirred at
room temperature in the dark under argon for 1.5 h and then
filtered through a short plug of silica using dichloromethane as the
eluent. The filtrate was collected, the solvent was removed and the
residue was purified by column chromatography over silica using
a dichloromethane : light petroleum mixture (gradient from 1 : 6
to 1 : 2) as eluent to give 12-iodo-5,10,15,20-tetrakis(3′,5′-di-tert-
butylphenyl)quinoxalino[2,3-b]porphyrin (6.0 mg, 5%), 1 (44 mg,
44%) and 3 (34 mg, 32%). 12-Iodo-5,10,15,20-tetrakis(3′,5′-di-
tert-butylphenyl)quinoxalino[2,3-b]porphyrin: dark purple solid,
mp >280 ◦C; found: C, 76.2%; H, 7.4%; N, 6.4%; C82H95IN6


requires C, 76.3%; H, 7.4%; N, 6.5%); kmax (CH2Cl2)/nm
(log(e/dm−3 mol−1 cm−1)) 296 (4.28), 344sh (4.37), 364sh (4.42),
413sh (5.03), 438 (5.31), 532 (4.32), 600 (4.01), 655 (2.98); 1H
NMR (400.1 MHz; CDCl3) d: −2.70 (1H, br s, NH), −2.54 (1H,
br s, NH), 1.48, 1.485, 1.53, and 1.54 (72H, 4 × s, t-butyl H), 7.73–
7.77 (2H, m, quinoxalino H), 7.81–7.84 (4H, m, quinoxalino H
and C(4′)H), 7.92 (2H, dd, J2′ ,4′ = J6′ ,4′ = 2 Hz, C(4′)H), 7.95 (4H,
m, C(2′)H and C(6′)H), 7.97 (2H, d, J4′ ,2′ = J4′ ,6′ = 2 Hz, C(2′)H
and C(6′)H), 8.07 (2H, d, J4′ ,2′ = J4′ ,6′ = 2 Hz, C(2′)H and C(6′)H),
8.93 (1H, dd, Jb,b = 5 Hz, JNH,b = 1.5 Hz, b-pyrrolic H), 8.95 (1H,
dd, Jb,b = 5 Hz, JNH,b = 1.5 Hz, b-pyrrolic H), 9.01 (1H, dd, Jb,b =
5 Hz, JNH,b = 1.5 Hz, b-pyrrolic H), 9.05 (1H, dd, Jb,b = 5 Hz,
JNH,b = 1.5 Hz, b-pyrrolic H), 9.14 (1H, s, C(13)H); m/z (ESI-
TOF) 1291.5 (MH+, 100%); C82H95N6IH+ requires 1291.7 (MH+);
Rf (light petroleum–dichloromethane; 5 : 1) = 0.25. 1: a sample
co-chromatographed with and had an identical 1H NMR to an
authentic sample. 3: orange–brown solid, mp >280 ◦C; found: C,
82.4%; H, 8.1%; N, 6.85%; C84H98N6O2 requires C, 82.45%; H,
8.1%; N, 6.9%; mmax (KBr)/cm−1 1766 (C=O); kmax (CH2Cl2)/nm
(log(e/dm−3 mol−1 cm−1)) 294 (4.36), 339sh (4.40), 356 (4.45), 433
(5.35), 529 (4.28), 562 (3.74), 598 (4.00), 650 (2.97); 1H NMR
(400.1 MHz; CDCl3) d: −2.67 (1H, br s, NH), −2.61 (1H, br s,
NH), 1.48, 1.49, 1.52, and 1.54 (72H, 4 × s, t-butyl H), 1.79 (3H, s,
CH3COO), 7.72–7.76 (2H, m, quinoxalino H), 7.80–7.85 (4H, m,
C(4′)H and quinoxalino H), 7.92–7.94 (2H, m, C(4′)H), 7.96 (2H,
d, J4′ ,2′ = J4′ ,6′ = 2 Hz, C(2′)H and C(6′)H), 7.98 (2H, d, J4′ ,2′ =
J4′ ,6′ = 1.5 Hz, C(2′)H and C(6′)H), 8.00 (2H, d, J4′ ,2′ = J4′ ,6′ =
2 Hz, C(2′)H and C(6′)H), 8.11 (2H, d, J4′ ,2′ = J4′ ,6′ = 2 Hz, C(2′)H
and C(6′)H), 8.52 (1H, s, C(13)H), 8.72 and 9.01 (2H, ABq, JA,B =
4.5 Hz, b-pyrrolic H), 8.95 and 9.06 (2H, ABq, JA,B = 4.5 Hz,
b-pyrrolic H); m/z (ESI-TOF) 1223.8216 (100%), 1224.8205
(93%), 1225.8266 (39%), 1226.8217 (11%), 1227.8259 (3%);


C84H98N6O2H+ (MH+) requires 1223.7824 (100%), 1224.7856
(94%), 1225.7889 (44%), 1226.7921 (14%), 1227.7952 (3%); Rf


(light petroleum–dichloromethane; 2 : 1) = 0.24.


2-Acetoxy-5,10,15,20-tetrakis(3′,5′-di-tert-
butylphenyl)porphyrin 8


To a solution of 5,10,15,20-tetrakis(3′,5′-di-tert-butylphenyl)-
porphyrin 4 (6.70 g, 6.30 mmol) in chloroform (420 cm3) were
added silver acetate (3.00 g, 18.0 mmol) and iodine (3.00 g,
11.8 mmol). The reaction mixture was stirred at room temperature
in the dark under argon for 1.5 h and then filtered through
a short plug of silica gel using dichloromethane as the eluent.
The filtrate was collected and the solvent was removed, and the
residue was purified by column chromatography over silica using
a dichloromethane : light petroleum (gradient from 1 : 6 to 1 : 1) as
eluent to give 9 (0.48 g, 6%), 4 (2.38 g, 36%), 8 (2.62 g, 37%) and 10
(0.31 g, 5%). 9: red solid, mp >280 ◦C; found: C, 76.8%; H, 7.8%;
N, 4.6%; C76H93IN4 requires C, 76.7%; H, 7.9%; N, 4.7%; kmax


(CH2Cl2)/nm (log(e/dm−3 mol−1 cm−1)) 303 (4.19), 369sh (4.40),
424 (5.67), 489 (3.61), 520 (4.35), 556 (3.92), 595 (3.79), 651 (3.85);
1H NMR (400.1 MHz; CDCl3) d: −2.75 (2H, br s, NH), 1.52, 1.525,
1.53, and 1.54 (72H, 4 × s, t-butyl H), 7.80 (2H, dd, J2′ ,4′ = J6′ ,4′ =
2 Hz, C(4′)H), 7.82 (1H, dd, J2′ ,4′ = J6′ ,4′ = 2 Hz, C(4′)H), 7.83
(1H, dd, J2′ ,4′ = J6′ ,4′ = 2 Hz, C(4′)H), 7.94 (2H, d, J4′ ,2′ = J4′ ,6′ =
2 Hz, C(2′)H and C(6′)H), 8.06 (2H, d, J4′ ,2′ = J4′ ,6′ = 2 Hz, C(2′)H
and C(6′)H), 8.07–8.09 (4H, m, C(2′)H and C(6′)H), 8.82 and 8.84
(2H, ABq, JA,B = 4 Hz, b-pyrrolic H), 8.89–8.92 (3H, m, b-pyrrolic
H), 8.96 (1H, 1/2ABq, JA,B = 5 Hz, b-pyrrolic H), 9.21 (1H, s,
C(3)H); m/z (ESI) 1189.6 (100%); C76H93IN4H+ (MH+) requires
1189.6 (100%); Rf (light petroleum–dichloromethane; 5 : 1) = 0.26.
4: a sample co-chromatographed with and had an identical 1H
NMR to an authentic sample. 8: red solid, mp >280 ◦C; found:
C, 83.6%; H, 8.7%; N, 4.9%; C78H96N4O2 requires C, 83.5%; H,
8.6%; N, 5.0%; mmax (KBr)/cm−1 1767 (C=O); kmax (CH2Cl2)/nm
(log(e/dm−3 mol−1 cm−1)) 304 (3.86), 327sh (3.81), 371sh (4.05), 421
(5.34), 486 (3.26), 517 (3.95), 553 (3.61), 591 (3.42), 647 (3.38); 1H
NMR (400.1 MHz; CDCl3) d: −2.77 (2H, br s, NH), 1.53 (18H, s,
t-butyl H), 1.54 (18H, s, t-butyl H), 1.55 (36H, s, t-butyl H), 1.82
(3H, s, CH3COO), 7.80 (4H, br m, C(4′)H), 8.00 (2H, d, J4′ ,2′ =
J4′ ,6′ = 1.5 Hz, C(2′)H and C(6′)H), 8.09 (2H, d, J4′ ,2′ = J4′ ,6′ =
1.5 Hz, C(2′)H and C(6′)H), 8.10 (4H, d, J4′ ,2′ = J4′ ,6′ = 1.5 Hz,
C(2′)H and C(6′)H), 8.61 (1H, s, C(3)H), 8.68 and 8.90 (2H, ABq,
JA,B = 5 Hz, b-pyrrolic H), 8.84 and 8.86 (2H, tight ABq, JA,B =
5 Hz, b-pyrrolic H), 8.92 and 8.95 (2H, ABq, JA,B = 5 Hz, b-
pyrrolic H); m/z (ESI-TOF) 1121.7546 (100%), 1122.7572 (86%),
1123.7642 (32%), 1124.7635 (8%), 1125.7638 (2%); C78H96N4O2H+


(MH+) requires 1121.7606 (100%), 1122.7639 (87%), 1123.7672
(38%), 1124.7704 (11%), and 1125.7736 (2%); Rf (light petroleum–
dichloromethane; 2 : 1) = 0.27. 10: red solid, mp >280 ◦C; found:
C, 81.5%; H, 8.3%; N, 4.7%; C80H98N4O4 requires C, 81.45%; H,
8.4%; N, 4.75%; mmax (KBr)/cm−1 1768 (C=O); kmax (CH2Cl2)/nm
(log(e/dm−3 mol−1 cm−1)) 307 (4.27), 379sh (4.44), 402sh (5.04), 421
(5.69), 489sh (3.67), 518 (4.38), 553 (3.96), 590 (3.87), 645 (3.77);
1H NMR (500.3 MHz; CD2Cl2) d: −2.93 (2H, br s, NH), 1.50,
1.51, 1.52 and 1.53 (72H, 4 × s, t-butyl H), 1.78 (6H, s, CH3COO),
7.77–7.78 (4H, m, C(4′)H), 7.95–7.97 (4H, m, C(2′)H and C(6′)H),
8.06–8.08 (4H, m, C(2′)H and C(6′)H), 8.53 and 8.55 (2H, 2 × s,
C(3)H and C(12)H or C(13)H), 8.63 (1H, br s, b-pyrrolic H), 8.67
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and 8.87 (2H, ABq, JA,B = 5 Hz, b-pyrrolic H), 8.92 (1H, br s,
b-pyrrolic H); m/z (ESI) 1179.6 (100%); C80H98N4O4H+ (MH+)
requires 1179.8 (100%); Rf (light petroleum–dichloromethane;
1 : 1) = 0.34.


12,13-Dioxo-5,10,15,20-tetrakis(3′,5′-di-tert-
butylphenyl)chlorin 13


Potassium carbonate (100 mg, 0.72 mmol) was added to a solution
of 8 (95 mg, 0.088 mmol) in a dichloromethane : methanol
mixture (1 : 1) (18 cm3) under argon. The suspension was stirred
at room temperature in the dark for 6 h. Ether (20 cm3) and
water (10 cm3) were added to the reaction mixture. The organic
layer was separated, dried over anhydrous sodium sulfate, filtered,
and the solvent was removed. Dess–Martin periodinane (DMP)
(37 mg, 0.088 mmol) was added to a solution of the crude 2-
hydroxy-5,10,15,20-tetrakis(3′,5′-di-tert-butylphenyl)porphyrin in
dichloromethane (15 cm3). The reaction mixture was stirred at
room temperature in the dark under argon for 1 h before a second
aliquot of DMP (37 mg, 0.088 mmol) was added. The reaction
mixture was stirred for a further 0.5 h and then filtered through
a plug of silica gel using dichloromethane as the eluent. The
filtrate was collected and the solvent was removed. The residue
was purified by preparative thin layer chromatography using a
dichloromethane : light petroleum mixture (1 : 2) as eluent to give
13 (67 mg, 72%), a sample of which co-chromatographed with
[Rf (light petroleum–dichloromethane; 2 : 1) = 0.17] and had an
identical 1H NMR to an authentic sample.19


2-Acetoxy-12,13-dioxo-5,10,15,20-tetrakis(3,5-di-tert-
butylphenyl)chlorin 14


To a solution of 13 (50 mg, 0.046 mmol) in a chloroform : acetic
acid mixture (1 : 1) (10 cm3) were added silver acetate (26 mg,
0.16 mmol) and iodine (26 mg, 0.10 mmol). The reaction mixture
was stirred at room temperature in the dark under argon for 4 h and
then poured into a saturated aqueous sodium bicarbonate solution
(30 cm3). Solid sodium bicarbonate was added until the pH =
8. The aqueous layer was extracted with dichloromethane (3 ×
5 cm3). The combined organic layers were dried over anhydrous
sodium sulfate, filtered, and then the solvent was removed. The
residue was purified by column chromatography over silica using
a dichloromethane : light petroleum mixture (gradient from 1 :
3 to 2 : 3) as eluent to give 14 (24 mg, 46%) and the starting
material 8 (9 mg, 18%). 14: green solid, mp >280 ◦C; found: C,
81.2%; H, 8.1%; N, 4.8%; C78H94N4O4 requires C, 81.35%; H,
8.2%; N, 4.9%; mmax (KBr)/cm−1 1767 (C=O), 1728 (C=O); kmax


(CH2Cl2)/nm (log(e/dm−3 mol−1 cm−1)) 389sh (5.06), 406 (5.32),
475 (4.35), 546sh (3.84), 613 (3.76), 673sh (3.70), 709sh (3.68),
781 (3.25); 1H NMR (400.1 MHz; CDCl3) d: −2.13 (1H, br s,
NH), −2.06 (1H, br s, NH), 1.48, 1.485, 1.50, and 1.52 (72H,
4 × s, t-butyl H), 1.76 (3H, s, CH3COO), 7.71 (2H, d, J4′ ,2′ =
J4′ ,6′ = 1.5 Hz, C(2′)H and C(6′)H), 7.72 (2H, d, J4′ ,2′ = J4′ ,6′ =
1.5 Hz, C(2′)H and C(6′)H), 7.74 (2H, dd, J2′ ,4′ = J6′ ,4′ = 1.5 Hz,
C(4′)H), 7.75 (2H, dd, J2′ ,4′ = J6′ ,4′ = 1.5 Hz, C(4′)H), 7.90 (2H,
d, J4′ ,2′ = J4′ ,6′ = 1.5 Hz, C(2′)H and C(6′)H), 8.00 (2H, d, J4′ ,2′ =
J4′ ,6′ = 1.5 Hz, C(2′)H and C(6′)H), 8.37 (1H, s, C(3)H), 8.53 (1H,
dd, Jb,b = 5.0 Hz, JNH,b = 1.5 Hz, b-pyrrolic H), 8.56 (1H, dd,
Jb,b = 5 Hz, JNH,b = 1.5 Hz, b-pyrrolic H), 8.62 (1H, dd, Jb,b =


5.0 Hz, JNH,b = 1.5 Hz, b-pyrrolic H), 8.77 (1H, dd, Jb,b = 5.0 Hz,
JNH,b = 1.5 Hz, b-pyrrolic H); m/z (ESI-TOF) 1151.8 (100%),
1152.8 (75%), 1153.8 (27%), 1154.8 (8%); C78H94N4O4H+ (MH+)
requires 1151.7 (100%), 1152.7 (90%), 1153.7 (41%), 1154.7 (12%);
Rf (light petroleum–dichloromethane; 2 : 1) = 0.13. 8: a sample
co-chromatographed with and had an identical 1H NMR to an
authentic sample.


2,3,12,13-Tetraoxo-5,10,15,20-tetrakis(3,5-di-tert-
butylphenyl)bacteriochlorin 15


Method (i) via compound 10. Potassium carbonate (50 mg,
0.36 mmol) was added to a solution of 10 (50 mg, 0.042 mmol)
in a dichloromethane : methanol mixture (1 : 1) (14 cm3) under
argon. The suspension was stirred at room temperature in the
dark for 6 h. Ether (10 cm3) and water (10 cm3) were added to
the reaction mixture. The organic layer was separated, dried over
anhydrous sodium sulfate and filtered. The solvent was removed
and the crude 2,12/13-dihydroxy-5,10,15,20-tetrakis(3′,5′-di-
tert-butylphenyl)porphyrin was dissolved in dichloromethane
(15 cm3). DMP (36 mg, 0.085 mmol) was added and the reaction
mixture was stirred at room temperature in the dark under argon
for 1 h. Another portion of DMP (36 mg, 0.085 mmol) was then
added and the reaction mixture was stirred for a further 0.5 h. The
reaction mixture was then filtered through a plug of silica using
dichloromethane as the eluent. The filtrate was collected and the
solvent was removed. The residue was purified by preparative thin
layer chromatography using a dichloromethane : light petroleum
mixture (1 : 2) as eluent to give 15 (22 mg, 47%), a sample of which
co-chromatographed with [Rf (light petroleum–dichloromethane;
1 : 1) = 0.42] and had an identical 1H NMR to the authentic
sample.20


Method (ii) via compound 14. Potassium carbonate (25 mg,
0.18 mmol) was added to a solution of 14 (25 mg, 0.022 mmol) in
a dichloromethane : methanol mixture (1 : 1) (10 cm3) under argon.
The suspension was stirred at room temperature in the dark for 6 h.
Ether (10 cm3) and water (5 cm3) were added and the organic layer
was separated, dried over anhydrous sodium sulfate, and filtered.
The solvent was removed and the crude 2-hydroxy-12,13-dioxo-
5,10,15,20-tetrakis(3′,5′-di-tert-butylphenyl)chlorin was dissolved
in dichloromethane (2 cm3). DMP (9.0 mg, 0.022 mmol) was
added and the reaction mixture was stirred at room temperature
in the dark under argon for 0.5 h. Another portion of DMP
(9.0 mg, 0.022 mmol) was added and the reaction mixture was
stirred for a further 0.5 h. The mixture was filtered through a
plug of silica using dichloromethane as the eluent. The filtrate was
collected, the solvent was removed, and the residue was purified by
preparative thin layer chromatography using a dichloromethane :
light petroleum mixture (1 : 2) as eluent to give 15 (10 mg, 41%),
a sample of which co-chromatographed with and had an identical
1H NMR to an authentic sample.20


2,12/13-Dichloro-5,10,15,20-tetraphenylporphyrin 7


A solution of iodine monochloride in dichloromethane (1 M,
0.41 cm3, 0.41 mmol) was added to a solution of 5,10,15,20-
tetraphenylporphyrin 6 (100 mg, 0.16 mmol) in chloroform
(10 cm3) heated at reflux. After 2 h a further aliquot of iodine
monochloride in dichloromethane (1 M, 0.41 cm3, 0.41 mmol) was
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added. The reaction mixture was heated at reflux for a further 2 h
and was then allowed to cool to room temperature. Saturated aque-
ous sodium thiosulfate (20 cm3) was added and the organic layer
was separated. The organic layer was washed with saturated aque-
ous sodium thiosulfate solution (20 cm3), dried over anhydrous
sodium sulfate, filtered, and the solvent was removed. The residue
was purified by column chromatography over silica using a chloro-
form : light petroleum mixture (from 1 : 3 to 1 : 2) as eluent to give
7 (51 mg, 46%) and 4 (23 mg, 23%). 7: purple solid, mp >300 ◦C;
found: C, 77.2%; H, 4.1%; N, 8.2%; C44H28Cl2N4 requires C, 77.3%;
H, 4.1%; N, 8.2%; kmax (CH2Cl2)/nm (log(e/dm−3 mol−1 cm−1)) 269
(4.10), 313 (4.11), 371sh (4.49), 421 (5.49), 488sh (3.48), 519 (4.29),
553 (3.61), 593 (3.71), 649 (3.72); 1H NMR (400.1 MHz; CDCl3) d:
−2.96 (2H, br s, NH), 7.71–7.82 (12H, m, meso-phenyl H), 8.08–
8.10 (4H, m, meso-phenyl H), 8.17–8.20 (4H, m, meso-phenyl H),
8.66 and 8.67 (2H, 2 × s, C(3)H and C(12)H/C(13)H), 8.78 and
8.91, and 8.82 and 8.85 (4H, comprised of 2 × br s {8.78 and 8.91}
and a tight ABq {8.82 and 8.85}, JA,B = 5 Hz, b-pyrrolic H); m/z
(ESI-TOF) 683.2 (100%); C44H28Cl2N4H+ (MH+) requires 683.7
(100%); Rf (light petroleum–dichloromethane; 2 : 1) = 0.21. 4: a
sample co-chromatographed with and had an identical 1H NMR
to an authentic sample.


2-Acetoxy-5,10,15,20-tetraphenylporphyrin 11


To a solution of 5,10,15,20-tetraphenylporphyrin 6 (100 mg,
0.16 mmol) in chloroform (10 cm3) were added silver acetate
(50 mg, 0.30 mmol) and iodine (50 mg, 0.20 mmol). The reaction
mixture was stirred at room temperature in the dark under argon
for 1.5 h and was then treated with a further aliquot of silver
acetate (50 mg, 0.30 mmol) and iodine (50 mg, 0.20 mmol). Half
an hour later, the mixture was filtered through a short plug of silica
gel using dichloromethane as the eluent. The filtrate was collected,
the solvent was removed, and the residue was purified by column
chromatography over silica using a chloroform : light petroleum
(gradient from 1 : 2 to 2 : 1) as eluent to give 12 (6 mg, 5%), 6
(43 mg, 43%) and 11 (35 mg, 32%). 12: purple solid, mp >300 ◦C;
found: C, 71.3%; H, 4.0%; N, 7.7%; C44H29IN4 requires C, 71.4%;
H, 4.0%; N, 7.6%; kmax (CH2Cl2)/nm (log(e/dm−3 mol−1 cm−1)) 250
(4.26), 273 (4.23), 308 (4.38), 403sh (5.06), 421 (5.66), 487 (3.58),
518 (4.38), 552 (3.79), 593 (3.80), 649 (3.74); 1H NMR (400.1 MHz;
CDCl3) d: −2.79 (2H, br s, NH), 7.75–7.85 (12H, m, meso-phenyl
H), 8.11–8.13 (2H, m, meso-phenyl H), 8.21–8.24 (6H, m, meso-
phenyl H), 8.77 and 8.79 (2H, tight ABq, JA,B = 5 Hz, b-pyrrolic
H), 8.84 and 8.86 (2H, tight ABq, JA,B = 5 Hz, b-pyrrolic H), 8.90
and 8.92 (2H, tight ABq, JA,B = 5 Hz, b-pyrrolic H), 9.16 (1H, s,
C(3)H); m/z (ESI-TOF) 741.1 (100%); C44H29IN4H+ (MH+)
requires 741.2 (100%); Rf (light petroleum–dichloromethane; 2 :
1) = 0.14. 6: a sample co-chromatographed with and had an
identical 1H NMR to an authentic sample. 11: purple solid, mp
>300 ◦C; found: C, 82.0%; H, 4.7%; N, 8.2%; C46H32N4O2 requires
C, 82.1%; H, 4.8%; N, 8.3%; mmax (KBr)/cm−1 1755 (C=O); kmax


(CH2Cl2)/nm (log(e/dm−3 mol−1 cm−1)) 249 (4.17), 273 (4.15), 306
(4.15), 374sh (4.48), 417 (5.64), 484 (3.53), 514 (4.30), 549 (3.82),
589 (3.77), 644 (3.57); 1H NMR (400.1 MHz; CDCl3) d: −2.83 (2H,
br s, NH), 1.87 (3H, s, CH3COO), 7.75–7.79 (12H, m, meso-phenyl
H), 8.14–8.16 (2H, m, meso-phenyl H), 8.22–8.25 (6H, m, meso-
phenyl H), 8.58 (1H, s, C(3)H), 8.71 and 8.87 (2H, ABq, JA,B =
5 Hz, b-pyrrolic H), 8.81 and 8.82 (2H, tight ABq, JA,B = 5 Hz,


b-pyrrolic H), 8.89 and 8.92 (2H, ABq, JA,B = 5 Hz, b-pyrrolic
H); m/z (ESI-TOF) 673.2 (100%); C46H32N4O2H+ (MH+) requires
673.8 (100%); Rf (light petroleum–dichloromethane; 2 : 3) = 0.16.


Conclusion


In conclusion we have shown that pseudohalogens can be used to
regiospecifically introduce functional groups onto the porphyrin b-
pyrrolic positions. The mechanism of addition most likely occurs
via a single electron transfer process and can be used to attach
chloro, nitro and acetoxy groups. The acetoxylation procedure
gives a new simple methodology for the preparation of chlorin-a-
diones and bacteriochlorin-tetraones in good yield.
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The preparation of the 4-i-butylsulfonate derivative of the Zefirov reagent (5) and its use in a novel
purification strategy for iodine(III)-promoted glycosidations of 2-deoxy diethyldithiophosphate
glycosides is described.


During the past decades, hypervalent iodine compounds have at-
tracted increased interest as mild and selective oxidizing reagents.1


Recently, iodine(III) chemistry has been extended to catalytic
processes.2 Iodobenzene is a common by-product and has to
be removed chromatographically. As this can be a cumbersome
task, concepts for facile purification have been developed that
are commonly based on solid phase bound and perfluoro tagged
iodine(III) reagents.3,4


All these concepts are based on the covalent attachment of
the iodo moiety to the solid phase or a tag. Regeneration of
the iodine(III) species requires reoxidation of the immobilized
or tagged aryl iodide, which is not always a straightforward
procedure. Alternatively, scavenger reagents can be used for easy
removal of excess reagent as well as by-products.3,5 Here, we report
on a general scavenging concept that can be applied in iodine(III)-
promoted glycosylations of complex glycosyl donors with aglycons
(Scheme 1).


Scheme 1 The concept of a dormant ion exchange group for a new
scavenging protocol in glycosidations.


The concept relies on a sulfonate ester tag, which acts as a
dormant ion exchange group. Recently, we successfully applied this
concept in several ionic and radical mediated iodine(III) reactions.6
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(BMWZ), Leibniz Universität Hannover, Schneiderberg 1b, 30167
Hannover, Germany. E-mail: andreas.kirschning@oci.uni-hannover.de;
Fax: +49 (0)511-7623011
bUCO2M, UMR CNRS 6011, Université du Maine, F-72085 Le Mans
Cedex 9, France


Thus, the sulfonate anion is liberated by a SN2-step, thereby
being removed from solution by an anion exchange resin. Excess
of the tagged iodine reagent is also removed by this method. As a
polymer-bound nucleophile, we chose the azide anion, because the
alkyl azide that is formed as by-product from the SN2-displacement
is a volatile compound.


The preparation of a set of tagged iodine(III) reagents started
from commercially available p-iodo-benzenesulfonyl chloride 1
(pipsyl chloride), which was converted into the correspond-
ing i-butyl sulfonate 2 (Scheme 2). Oxidation of 27 yielded
bis(acetoxy)iodoarene 3, which was transformed into iodosylben-
zene 4 and the Zefirov reagent 58 both containing the dormant
sulfonate anion. Like iodosylbenzene, derivative 4 is insoluble
in organic solvents, very likely because of its oligomeric nature.
In triflic anhydride, depolymerization proceeds within several
minutes to afford a highly labile yellow solid (decomposition to p-
iodophenylsulfonic acid occurs within a few hours in a glove-box),
which is expected to be the tagged l-oxo complex 5.


Scheme 2 Preparation of iodanes 3–5.6


In continuation of our research dedicated to the development
of solid-phase assisted protocols for glycosidations using elec-
trophilic polymer bound reagents9 as well as scavengers,10,11 we
studied the concept of a dormant ion exchange group for the
electrophilic activation of glycosyl donors and promotion of
glycosidations.
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In this context, we already utilized this concept for phenylthio-
glycosides. However, we had experienced that only simple glycosyl
acceptors like benzyl alcohol or 1:2,3:4-di-O-isopropylidene-
galactose furnished the glycosidation products in good yields.6


Therefore, we searched for other thio-based glycosyl donors that
can be activated by iodine(III) reagents. We found that the rarely
employed glycosyl diethyldithiophosphates (Schemes 1, 3 and 4
and Table 1) are very well suited as glycosyl donors. This glycosyl
donor group was first introduced by Thiem et al.12 and was
recently applied for the synthesis of the trisaccharide unit of the
chaperone down-regulator versipelostatin.13 Complete activation
occurs within minutes even at low temperature (−78 ◦C), and
glycoconjugates 10–12 were formed in satisfactory yields. Here,
we chose glycosyl acceptors of enhanced complexity such as
the decanolides decarestrictines B and D.14 In order to reduce
work-up to a minimum, it is not only removal of the iodoarenes
that has to be guaranteed, but also the scavenging of other by-


Scheme 3 Iodine(III)-promoted glycosidations of diethyldithiophosphate
9 and scavenging protocol. a See Table 1, footnote a.


Scheme 4 Iodine(III)-promoted preparation of decarestrictine-based
glycoconjugates using diethyldithiophosphonates 13 and 16 as glycosyl
donors.


products such as traces of TfOH, thiols, disulfides and oxygenated
disulfides, which are formed during the glycosidation process.
Except for glycoside 12, the crude product was pure enough
for complete NMR analysis of the anomeric mixture. Related


Table 1


Glycosyl acceptor Glycosidation product a–b-ratio Yield (%)


3 : 1
3 : 1


92% for Tf2O
73% for TMSOTf


10 : 1 50%b


1 : 0.9 72% Conversion


41% Isolated yield
28% 8


a Isolated yield. b Scavenging of aryl iodide was not performed on 11.
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glycosidations in solution resulted in crude products that still
contained thiophosphate-derived by-products after classical work-
up.13


Thus, addition of Amberlyst A-21 removes traces of acidic
by-products.10 Finally, all sulfonate tagged iodine species are
scavenged by the azido exchange resin under microwave irradiating
conditions to yield the purified glycosidation products 10–12.


Particularly important to note is the presence of the olefinic
double bond in decarestrictine derivative 8 (leading to glycoside
12), which is not affected by this electrophilic promoter system,
despite the fact that hypervalent iodine reagents are known to
react with olefins. In this example, we also detected glyconjugate
by-products that originate from O-desilylations (<5%). Further-
more, formation of glycoside 12 is remarkable because 4,7-di-
O-TBS protected decarestrictine D9b is a challenging glycosyl
acceptor. The 3-OH group shows reduced reactivity for which the
intramolecular hydrogen bond with the lactone carbonyl group
has to be made responsible.15 The high yielding formation of
glycoside 10 using 4-acetoxybut-2-en-1-ol 6 as acceptor strongly
supports this chemoselectivity toward olefinic double bonds. This
example also demonstrates that activation of iodosyl arene 4 is
favourably achieved with Tf2O instead of TMSOTf.


In contrast, the partially protected decarestrictine D derivative
149b with a free hydroxyl group at C-7 shows enhanced reactivity as
is demonstrated in the glycosidation with diethyldithiophosphate
glycoside 13 (Scheme 4). Finally, we investigated the glycosidation
of a disaccharide glycosyl donor 16, composed of protected
D-digitoxose and D-oleandrose with bis-O-acylated decarestric-
tine 14. After two hours at −78 ◦C, full transformation was
encountered and solid-phase assisted work-up yielded complex
glycoconjugate 17 in good yield.


In conclusion, we developed a powerful glycosidation method
for diethyldithiophosphates that utilizes a tagged version of
Zefirov’s reagent. In combination with the scavenging protocol,
the method allows us to prepare glycoconjugates based on 2-
deoxysugars. In principle, we believe that the i-butylsulfonyl
tag and this scavenging concept are of general applicability for
purification protocols of reagents as well as catalysts.


Support from the Fonds der Chemischen Industrie is gratefully
acknowledged. F. G. thanks the DAAD for a sandwich scholarship
(A/04/20592).


Experimental


General remarks


1H NMR, 13C NMR and 1H, 13C-COSY as well as NOESY spectra
were measured on an Avance 200/DPX (Bruker) with 200 MHz
(50 MHz), Avance 400/DPX (Bruker) 400 MHz (100 MHz) and
Avance 500/DRX (Bruker) respectively, using tetramethylsilane
as the internal standard. If not otherwise noted, CDCl3 was the
solvent for all NMR experiments. Multiplicities are described
using the following abbreviations: s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet, br = broad. Chemical shift
values of 13C NMR spectra are reported as values in ppm relative
to residual CHCl3 (77 ppm) or CD3OD (49 ppm) as internal
standards. The multiplicities refer to the resonances in the off-
resonance spectra and were elucidated using the distortionless
enhancement by polarisation transfer (DEPT) spectral editing
technique, with secondary pulses at 90 ◦ and 135◦. Multiplicities


are reported using the following abbreviations: s = singlet (due
to quaternary carbon), d = doublet (methine), q = quartet
(methyl), t = triplet (methylene). Mass spectra were recorded
on a type LCT-spectrometer (Micromass) and on a type VG
autospec (Micromass). Ion mass (m/z) signals are reported as
values in atomic mass units followed, in parentheses, by the peak
intensities relative to the base peak (100%). Optical rotations [a]
were collected on a Polarimeter 341 (Perkin Elmer) at a wavelength
of 589 nm and are given in 10−1 deg cm2 g−1. All solvents used were
of reagent grade and were further dried. Reactions were monitored
by thin layer chromatography (tlc) on silica gel 60 F254 (E. Merck,
Darmstadt) and spots were detected either by UV-absorption
or by charring with H2SO4–4-methoxybenzaldehyde in ethanol.
Preparative column chromatography was performed on silica gel
60 (E. Merck, Darmstadt). For the synthesis of dithiophosphates,
refer to ref. 12, 13 and 16.


Hazard warning


Aliphatic azides are regarded to be potentially explosive. For i-
butyl azide, which is formed as a by-product and removed under
reduced pressure here, no data are available in the literature. We
never encountered any hazards during these studies. However, this
observation does not exclude the possibility of explosions.


Preparation of tagged iodine(III) reagent 5


(2′-Methyl)-propyl-4-iodo-phenylsulfonate (2). To a solution of
pipsyl chloride 1 (5.52 g, 18.2 mmol) in 20 mL absolute pyridine
at rt was added i-butanol (1.68 mL, 1 eq.). After 90 min, the
reaction was hydrolyzed by addition of 20 mL of a saturated
NaHCO3 solution. The aqueous phase was extracted with CH2Cl2


(3 times), and the combined organic layers were dried (Na2SO4).
After concentration under reduced pressure, the crude product
was co-distilled with toluene to remove traces of pyridine. The title
product 2 was obtained as a colorless, amorphous solid (5.40 g,
15.9 mmol; 87% yield). 1H NMR (400 MHz, CDCl3) d 0.90 (d,
6H, J = 6.7), 1.95 (m, 1H), 3.82 (d, J = 6.5, 2H), 7.61 (d, J =
8.2, 2H), 7.92 (d, J = 8.2, 2H) ppm; 13C NMR (100 MHz, CDCl3)
d 18.9 (q), 28.5 (d), 77.2 (t), 101.7 (s), 129.5 (d), 136.4 (d), 138.9
(s) ppm; HRMS (ESI): calculated for C10H13IO3S (M+): 339.9630,
observed 339.9633.


(2′-Methyl)-propyl-4-[bis(acetoxy)iodo]-phenylsulfonate (3). A
mixture of 60 mL Ac2O and 14 mL 30% H2O2 was kept for
4 h at 40 ◦C (keeping the exact temperature is essential) in the
dark. It was then poured onto finely ground (2′-methyl)-propyl-4-
iodo-phenylsulfonate 2 (6.06 g, 17.8 mmol) and cooled to room
temperature. After 2 days, this reaction mixture was poured onto
150 mL of ice-water, and the crystals were allowed to grow for 5–10
minutes, before being recovered by filtration on a Büchner funnel.
The crystalline material was then washed with another 150 mL of
ice-water, dried under a high vacuum and the title compound 3
was collected as colorless crystals (5.89 g, 12.8 mmol; 72% yield).
Mp 117–123 ◦C (dec.); 1H NMR (400 MHz, CDCl3) d 0.94 (d, J =
6.6, 6H), 2.04 (sept, J = 6.5, 1H), 3.92 (d, J = 6.5, 2H), 7.97 (d,
J = 8.7, 2H), 8.26 (d, J = 8.0, 2H) ppm; 13C NMR (100 MHz,
CDCl3) d 18.5 (q), 20.3 (q), 28.1 (d), 77.2 (t), 125.8 (s), 129.7 (d),
136.5 (d), 139.5 (s), 176.7 (s) ppm; HRMS (ESI): calculated for
C14H19IO7S (M+) 457.9896, observed 457.9903.
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(2′ -Methyl)-propyl-4-iodosyl-phenylsulfonate (4). Finely
ground (2′-methyl)-propyl-4-[bis(acetoxy)iodo]-phenylsulfonate 3
(846 mg, 1.85 mmol) was placed in a 100 mL beaker and 30 mL
of NaOH (3 N) was added over 5 minutes with vigorous stirring.
The mixture was triturated with a spatula for 15 minutes in order
to become homogeneous. After standing for 45 minutes, water
was added (20 mL) with vigorous stirring, and the solid was
collected on a Büchner funnel. It was returned to the beaker,
triturated with water (40 mL) and collected again. Washing with
water (3 times, 40 mL) and drying under a high vacuum yielded
a yellowish solid 4 (523.4 mg; 1.47 mmol; 80% yield), which is
insoluble in common solvents. Mp 151–153 ◦C (dec.); IR (film)
708, 729, 745, 768, 811, 843, 944, 976, 1091, 1176, 1182, 1357,
1469, 1568, 2962 cm−1.


l-Oxo-bis-[triflyloxy(4-isobutyl)benzenesulfonato]-iodane (5).
In an oven dried round-bottom flask, under an argon atmosphere,
freshly distilled CH2Cl2 (3 mL) was added to 4 (1 g, 2.80 mmol).
After cooling to 0 ◦C, triflic anhydride (235 lL, 0.5 eq.) was
added to the suspension, which immediately turned into a
yellow solution. A yellow solid precipitated after 15–30 minutes,
which was recovered by filtration under an argon atmosphere
(using the Schlenk filtration technique) and dried under a high
vacuum for 2 h. The title compound 5 was isolated (553 mg)
and stored at 0 ◦C under an inert atmosphere (preferentially in a
glove-box). This solid is very temperature sensitive and storage
at room temperature (under an argon atmosphere) commonly
affords 4-iodophenylsulfonic acid overnight. Although the title
compound 5 was prepared freshly before each reaction, it can be
stored as a suspension (in dichloromethane under argon at 0 ◦C)
for several days, without a significant loss of activity. 1H NMR
(400 MHz, CD3CN, CHD2CN = 1.94 ppm) d 0.74 (d, J = 6.6,
6H), 1.78–1.86 (m, 1H), 3.73 (d, J = 6.6, 2H), 7.90 (m, 2H), 8.21
(m, 2H) ppm; 13C NMR (100 MHz, CD3CN, CD3CN = 1.32
ppm) d 18.4 (q), 28.2 (d), 117.1 (t), 129.3 (d), 130.6 (d), 135.2 (s),
138.8 (s) ppm.


General procedure for the glycosidation of diethyldithiophosphates


To a solution of thioglycoside and glycosyl acceptor (azeotropi-
cally dried with toluene followed by 1 hour under a high vacuum)
in a mixture of dry acetonitrile and nitromethane (4 : 1; 50 mL
mmol−1) was added freshly activated molecular sieves (4 Å, 1 g
mmol−1). This suspension was cooled to −80 ◦C.


The activating agent was freshly prepared by adding Tf2O
(0.5 eq.) or TMSOTf (1 eq.) to a suspension of compound 4
in absolute dichloromethane (5 mL mmol−1) at 0 ◦C. Within
a few minutes, a yellow precipitate was formed (formation of
compound 5) which, after dissolution in a minimum amount of
dry acetonitrile, was transferred (1.3 eq.) to the reaction mixture
described above. After completion of the reaction (monitored by
tlc), dry Amberlyst A-21 (1 g mmol−1) was added to terminate
the reaction. Filtration through a pad of silica or celite afforded a
crude oil, which was then submitted to the scavenging protocol.


The crude compound was dissolved in acetonitrile (20 mL
mmol−1) and azide resin was added (∼2 g mmol−1). The scavenging
proceeds within 1 hour at 100 ◦C under microwave irradiating
conditions (150 W) or within two days at 60 ◦C under thermal
conditions. The compounds obtained were usually free of by-
products. In order to collect analytically pure material, or for


separation of anomers, a sample was chromatographically purified
over silica gel.


1-O-[4′-O-Acetyl-(Z)-but-2′-enyl]-3,4,6-tri-O-acetyl-a/b-D-
galactoside (10).


Tf2O method. General procedure with thioglycoside 9 (43 mg,
0.1 mmol), glycosyl acceptor 6 (25 mg, 2 eq.) in CH2Cl2–CH3NO2


(4 + 1 mL) with MS 4 Å (100 mg) and oxidizing reagent (prepared
from 4 (49 mg, 1.5 eq.) and Tf2O (8.5 lL, 14 mg, 0.75 eq.) in
0.5 mL CH2Cl2), for 3 hours at 0 ◦C, followed by basic work-up
(200 mg, A-21), and iodophenylsulfonate scavenging (200 mg azide
resin, 2 mL CH3CN, microwave irradiation) gave 22.4 mg a-10
(59% yield), 5.8 mg b-10 (15% yield) and 7.0 mg of an a–b-mixture
(1 : 5; 18% yield) as a colorless oil after column chromatography
(petroleum ether–AcOEt = 5 : 1). The overall yield is therefore
92% (a–b-ratio = 3 : 1).


TMSOTf method. General procedure with thioglycoside 9
(43 mg, 0.095 mmol), glycosyl acceptor 6 (25 mg, 2 eq.) in CH2Cl2–
CH3NO2 (4 + 1 mL) with MS 4 Å (100 mg) and oxidizing reagent
(prepared from 4 (49 mg, 1.5 eq.) and TMSOTf (25 lL, 1.5 eq.)
in 0.5 mL CH2Cl2), for 3 hours at 0 ◦C followed by basic work-
up (100 mg, A-21), and iodophenylsulfonate scavenging (200 mg
azide resin, 2 mL CH3CN, microwave irradiation) gave 30.3 mg 10
(73% yield) as an a–b-mixture (3 : 1). HRMS calcd for C18H26O10Na
[M + Na] 425.1424, observed 425.1425, calcd for C18H25O10 [M −
H] 401.1448, observed 401.1455.


a-10. 1H NMR (400 MHz, CDCl3) d 1.86 (m, 1H, 2ax-H), 1.97
(s, 3H, OAc), 2.05 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.08 (m, 1H,
2eq-H), 2.13 (s, 3H, OAc), 4.06–4.22 (m, 5H, 5-H + 2 × 6-H + 2 ×
1′-H), 4.64 (d, J = 5.1, 2H, 4′-H), 5.04 (bd, J = 3.1, 1H, 1-H),
5.28 (ddd, J = 12.6, 4.8, 3.1, 1H, 3-H), 5.32 (m, 1H, 4-H), 5.74 (m,
2H, 2′-H + 3′-H) ppm. 13C NMR (100 MHz, CDCl3) d 20.7, 20.7,
20.8, 20.9, 30.0, 60.0, 62.5, 62.7, 66.1, 66.6, 66.8, 96.7, 127.3, 129.6,
170.0, 170.3, 170.5, 170.7 ppm. [a]20


D = +75.3 (c 2.23, CH2Cl2).


b-10. 1H NMR (400 MHz, CDCl3) d 1.95–2.10 (m, 2H, 2ax-
H + 2eq-H), 2.00 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.07 (s, 3H, OAc),
2.14 (s, 3H, OAc), 3.82 (ddd, J = 6.8, 6.5, 1.0, 1H, 5-H), 4.16 (bdd,
J = 6.6, 1.4, 2H, 1′-H), 4.32 (dd, J = 12.4, 6.1, 1H, 6-H), 4.42 (dd,
J = 12.4, 5.8, 1H, 6-H), 4.58–4.65 (m, 2H, 4′-H), 4.68 (dd, J =
12.9, 6.0, 1H, 1-H), 5.00 (ddd, J = 11.2, 6.4, 3.1, 1H, 3-H), 5.26
(dd, J = 3.1, 1.0, 1H, 4-H), 5.74 (m, 2H, 2′-H + 3′-H) ppm. [a]20


D =
+0.9 ◦ (c 0.58, CH2Cl2).


5-O-[3′,4′,6′-Tri-O-acetyl-a/b-D-galactosyl]-decarestrictine B
(11). General procedure with thioglycoside 9 (25 mg, 0.05 mmol),
decarestrictine B (12 mg, 1 eq.) in CH2Cl2–CH3NO2 (2 + 0.5 mL)
with MS 4 Å (50 mg) and oxidizing reagent (prepared from 4
(30 mg, 1.5 eq.) and TMSOTf (15 lL, 1.5 eq.) in 0.5 mL CH2Cl2),
for 5 hours at −80 ◦C, followed by basic work-up (100 mg, A-21),
after column chromatography (petroleum ether–AcOEt = 2 : 1),
gave 13.3 mg 11 (50% yield) of a colourless oil as an a–b-mixture
(10 : 1). HRMS calcd for C22H31O12 (M + H) 487.1816, observed
487.1802, calc for C22H29O12 (M − H) 485.1659 observed 485.1661.


a-11. 1H NMR (400 MHz, CDCl3) d 1.32 (d, J = 6.3, 3H,
10-H), 1.55 (ddd, J = 14.7, 11.4, 10.3, 1H, 8ax-H), 1.86 (m, 1H,
2′


ax-H), 1.98 (s, 3H, OAc), 2.02 (s, 3H, OAc), 2.13 (s, 3H, OAc),
2.15 (m, 1H, 2′


eq-H), 2.34 (ddd, J = 14.7, 4.3, 0.9, 1H, 8eq-H), 2.57
(dd, J = 14.3, 3.2, 1H, 4-H), 2.98 (ddd, J = 14.3, 4.4, 0.9, 1H,
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4-H), 3.01 (dd, J = 9.3, 4.0, 1H, 6-H), 3.10 (ddd, J = 10.3, 4.3,
4.0, 1H, 7-H), 3.41 (d, J = 15.9, 1H, 2-H), 3.51 (d, J = 15.9, 1H,
2-H), 3.73 (ddd, J = 9.3, 4.4, 3.2, 1H, 5-H), 4.03 (dd, J = 11.2,
6.5, 1H, 6′-H), 4.07 (dd, J = 11.2, 6.5, 1H, 6′-H), 4.45 (ddd, J =
6.5, 6.5, 1.0, 1H, 5-H), 5.07 (ddq, J = 11.4, 6.3, 0.9, 1H, 9-H), 5.32
(ddd, J = 8.6, 4.8, 3.1, 1H, 3′-H), 5.34 (d, J = 3.5, 1H, 4′-H), 5.40
(bd, J = 3.0, 1H, 1′-H) ppm. 13C NMR (100 MHz, CDCl3) d 20.7,
20.7, 20.8, 20.9, 30.3, 36.5, 47.4, 51.8, 54.2, 58.6, 62.4, 66.1, 66.5,
66.8, 69.1, 72.2, 95.0, 165.4, 170.0, 170.3, 170.4, 200.4 ppm.


The 1H NMR data for the anomeric proton of b-11: d 4.92 (dd,
J = 9.5, 2.5, 1′-H).


3′,4′,6′ -Tri-O-acetyl-a/b-D-galactosyl-(1′→3)-4,7-di-O-(tert-
butyldimethylsilyl)-decarestrictine D (12). General procedure
with thioglycoside 9 (23 mg, 0.05 mmol), 4,7-di-O-TBS-
decarestrictine D (8) (23 mg, 1 eq.) in CH2Cl2–CH3NO2


(2 + 0.5 mL) with MS 4 Å (50 mg) and oxidizing reagent (prepared
from 4 (30 mg, 1.6 eq.) and Tf2O (5.5 lL, 0.8 eq.) in 0.5 mL CH2Cl2)
for 13 hours at −78 ◦C, followed by basic work-up (200 mg, A-
21), and iodophenylsulfonate scavenging (200 mg azide resin, 2 mL
CH3CN, microwave irradiation) gave 16.0 mg of 12 (a–b-mixture:
1 : 0.6; 41% yield) as a colourless oil after column chromatography
(petroleum ether–AcOEt = 20 : 1). Unreacted decarestrictine D
8 was also recovered (28%) after purification. HRMS calcd for
C34H59O12Si2 [M − H] 715.3545, observed 715.3539, calcd for
C34H60O12NaSi2 [M + Na] 739.3521, observed 739.3518.


a-12. 1H NMR (400 MHz, CDCl3) d 0.00–0.12 (m, 12H,
SiMe2


tBu), 0.85–0.97 (m, 18H, SiMe2
tBu), 1.21 (d, J = 5.5, 3H,


10-H), 1.65–1.87 (m, 2H, 8-H), 2.02 (s, 3H, OAc), 2.06 (s, 3H,
OAc), 2.11–2.17 (m, 2H, 2′-H), 2.17 (s, 3H, OAc), 2.49 (dd, J =
14.0, 6.0, 1H, 2ax-H), 2.58 (dd, J = 14.0, 1.3, 1H, 2eq-H), 3.94 (ddd,
J = 6.0, 4.1, 1.3, 1H, 3-H), 4.00–4.21 (m, 4H, 6′-H + 5′-H + 7-H),
4.32 (ddd, J = 4.1, 2.2, 1.9, 1H, 4-H), 4.92–4.99 (m, 1H, 9-H),
5.31–5.37 (m, 2H, 4′-H + 3′-H), 5.40 (bd, J = 2.8, 1H, 1′-H), 5.58
(dd, J = 15.7, 2.2, 1H, 5-H), 5.88 (ddd, J = 15.7, 9.5, 1.9, 1H, 6-H)
ppm. 13C NMR (100 MHz, CDCl3) d −5.2, −5.0, −4.7, −4.2, 18.1,
18.2, 20.8, 20.8, 20.9, 21.4, 25.8, 25.8, 29.4, 29.6, 44.1, 62.7, 66.2,
66.6, 67.1, 68.0, 71.4, 73.3, 75.7, 93.7, 126.2, 136.5, 170.3, 170.4,
170.4, 170.5 ppm.


b-12. 1H NMR (400 MHz, CDCl3) d 0.00–0.12 (m, 12H,
SiMe2


tBu), 0.85–0.97 (m, 18H, SiMe2
tBu), 1.22 (d, J = 6.14, 3H,


10-H), 1.65–1.87 (m, 2H, 8-H), 1.93–2.07 (m, 2H, 2′-H), 2.03 (s,
3H, OAc), 2.06 (s, 3H, OAc), 2.16 (s, 3H, OAc), 2.35 (dd, J = 14.3,
9.8, 1H, 2ax-H), 2.83 (dd, J = 14.3, 3.6, 1H, 2eq-H), 3.81 (dt, J =
6.7, 1.0, 1H, 5′-H), 3.87 (ddd, J = 9.8, 6.5, 3.6, 1H, 3-H), 4.00–
4.21 (m, 4H, 4-H + 7-H + 6′-H), 4.80 (dd, J = 9.3, 3.4, 1H, 1′-H),
4.93–4.99 (m, 1H, 3′-H), 5.21 (ddq, J = 6.3, 6.3, 1.7, 1H, 9-H),
5.24 (bd, J = 3.0, 1H, 4′-H), 5.61 (dd, J = 16.0, 4.1, 1H, 5-H),
5.85 (ddd, J = 16.0, 9.2, 1.0, 1H, 6-H) ppm. 13C NMR (100 MHz,
CDCl3) d −4.9, −4.8, −4.6, −4.4, 18.1, 18.1, 20.7, 20.8, 20.8, 21.6,
25.7, 25.8, 31.8, 38.2, 43.5, 61.8, 65.3, 67.9, 68.5, 70.9, 72.1, 73.5,
82.6, 101.1, 126.1, 138.6, 170.0, 170.4, 170.4, 170.5 ppm.


(3′,4′-Di-O-benzoyl-2-deoxy-a-L-arabino-hexopyranosyl)-(1′→7)-
3,4-di-O-acetyl-decarestrictine D (15). General procedure with
thioglycoside 13 (32 mg, 0.06 mmol), 3,4-di-OAc-decarestrictine
D (18.4 mg, 1 eq.) in CH2Cl2–CH3NO2 (2 + 0.5 mL) with MS
4 Å (50 mg) and oxidizing reagent (prepared from 4 (33 mg,
1.5 eq.) and Tf2O (7.7 lL, 13 mg, 0.75 eq.) in 0.5 mL CH2Cl2), for


15 hours at −78 ◦C, followed by basic work-up (120 mg, A-21),
and iodophenylsulfonate scavenging (200 mg azide resin, 2 mL
CH3CN, microwave irradiation) gave 33.3 mg of 15 (76% yield;
a–b-mixture = 4.7 : 1, determined by NMR on crude product).
Purification by column chromatography led to substantial loss of
material. However, pure samples of both anomers were obtained
by semi-preparative HPLC purification: 7.3 mg of a′-15; 19%
yield and 2.4 mg of b′-15; 6% yield. HRMS calcd for C34H38O12Na
[M + Na] 661.2261, observed 661.2270.


a′-15. 1H NMR (400 MHz, CDCl3) d 1.27 (d, J = 6.2, 3H),
1.28 (d, J = 6.4, 3H), 1.89–1.99 (m, 3H), 2.15 (s, 3H), 2.17 (s, 3H),
2.37 (ddd, J = 12.8, 5.1, 1.1, 1H), 2.56 (dd, J = 14.2, 2.3, 1H),
2.73 (dd, J = 14.2, 6.9, 1H), 4.03 (dq, J = 9.7, 6.2, 1H), 4.17 (ddd,
J = 9.4, 8.4, 6.1, 1H), 4.95 (bd, J = 2.8, 1H), 5.03 (ddd, J = 6.9,
4.9, 2.3, 1H), 5.20 (dd, J = 9.7, 9.4, 1H), 5.21 (m, 1H), 5.37 (ddd,
J = 4.9, 3.3, 1.4, 1H), 5.61 (ddd, J = 11.6, 9.5, 5.1, 1H), 5.65 (ddd,
J = 16.0, 9.5, 1.4, 1H), 5.87 (dd, J = 16.0, 3.3, 1H), 7.33–7.41 (m,
4H), 7.46–7.54 (m, 2H), 7.90–8.00 (m, 4H) ppm.


b′-15. 1H NMR (400 MHz, CDCl3) d 1.24 (d, J = 6.4, 3H),
1.26 (d, J = 6.2, 3H), 1.89 (ddd, J = 12.3, 11.8, 9.9, 1H), 1.81–1.97
(m, 2H), 2.13 (s, 3H), 2.15 (s, 3H), 2.50 (ddd, J = 12.3, 5.1, 2.0,
1H), 2.59 (dd, J = 14.2, 2.8, 1H), 2.68 (dd, J = 14.2, 7.3, 1H), 3.62
(dq, J = 9.5, 6.2, 1H), 4.17 (ddd, J = 10.1, 9.6, 3.7, 1H), 4.69 (dd,
J = 9.9, 2.0, 1H), 5.05 (ddd, J = 7.3, 5.2, 2.8, 1H), 5.15 (ddq, J =
10.7, 6.4, 2.2, 1H), 5.17 (dd, J = 9.5, 9.5, 1H), 5.28 (ddd, J = 11.8,
9.5, 5.1, 1H), 5.35 (ddd, J = 5.2, 3.5, 1.3, 1H), 5.77 (dd, J = 16.0,
3.5, 1H), 5.90 (ddd, J = 16.0, 9.5, 1.3, 1H), 7.33–7.40 (m, 4H),
7.47–7.54 (m, 2H), 7.90–7.95 (m, 4H) ppm.


(3′′,4′′-Di-O-benzoyl-a′′-D-digitoxyl)-(1′′→4′)-(a′/b′-D-oleandro-
syl)-(1′→7)-3,4-di-O-acetyl decarestrictine D (17). General
procedure with disaccharide 16 (40 mg, 0.06 mmol), 3,4-di-
OAc-decarestrictine D (14) (18 mg, 1 eq.) in CH2Cl2–CH3NO2


(2 + 0.5 mL) with MS 4 Å (50 mg) and oxidizing reagent
(prepared from 4 (30 mg, 1.4 eq.) and Tf2O (7.1 lL, 0.7 eq.)
in 0.5 mL CH2Cl2), for 15 hours at −78 ◦C, followed by basic
work-up (120 mg, A-21), and iodophenylsulfonate scavenging
(200 mg azide resin, 2 mL CH3CN, microwave irradiation) gave,
after purification, 15.7 mg of a′-17 (33% yield), 12.9 mg of
b′-17 (28% yield) and 4.1 mg of a fraction of a–b-anomers (1 :
1; 9% yield). The overall yield of the reaction is 70% and the
a–b-selectivity is 1.15 : 1. HRMS calcd C41H50O15Na [M + Na]
805.3047, observed 805.3053, calcd C41H49O15 [M − H] 781.3071,
observed 781.3076.


a′-17. 1H NMR (400 MHz, CDCl3) d 1.24 (d, J = 6.5, 3H),
1.26 (d, J = 6.5, 3H), 1.32 (d, J = 6.2, 3H), 1.50 (ddd, J = 12.9,
11.4, 3.5, 1H), 1.71 (ddd, J = 14.2, 11.1, 11.0, 1H), 1.89 (ddd, J =
14.2, 3.3, 1.5, 1H), 2.07 (s, 3H), 2.10–2.25 (m, 2H), 2.37 (s, 3H),
2.37 (ddd, J = 15.0, 3.7, 1.3, 1H), 2.60 (dd, J = 14.1, 3.3, 1H),
2.66 (dd, J = 14.1, 7.5, 1H), 3.24 (dd, J = 9.1, 8.9, 1H), 3.27 (s,
3H), 3.44 (ddd, J = 11.4, 8.9, 5.0, 1H), 3.63 (dq, J = 9.1, 6.2,
1H), 4.04 (ddd, J = 11.0, 9.2, 3.3, 1H), 4.59 (dq, J = 9.5, 6.5,
1H), 4.93 (bd, J = 3.5, 1H), 5.02 (dd, J = 9.5, 3.3, 1H), 5.12 (m,
2H), 5.35 (bdd, J = 4.5, 1.3, 1H), 5.38 (ddd, J = 6.0 3.6, 1.0, 1H),
5.65 (ddd, J = 3.7, 3.5, 3.3, 1H), 5.73 (dd, J = 16.0, 3.6, 1H), 5.87
(ddd, J = 16.0, 9.2, 1.0, 1H), 7.37 (m, 2H), 7.45 (m, 2H), 7.53 (m,
1H), 7.62 (m, 1H), 7.93 (m, 2H), 8.06 (m, 2H) ppm. 13C NMR
(100 MHz, CDCl3) d 17.5, 18.0, 20.9, 21.0, 21.5, 33.8, 34.1, 34.7,
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39.8, 56.6, 62.9, 67.0, 67.3, 68.2, 70.6, 72.1, 73.0, 77.2, 78.9, 82.0,
95.6, 97.5, 122.9, 128.1–133.2 (12 C), 136.5, 165.6, 165.8, 169.0,
169.3, 169.9 ppm.


b′-17. 1H NMR (400 MHz, CDCl3) d 1.22 (d, J = 6.3, 3H),
1.26 (d, J = 6.3, 3H), 1.28–1.42 (m, 1H), 1.44 (d, J = 6.0, 3H),
1.81 (ddd, J = 14.1, 11.2, 11.2, 1H), 1.97 (ddd, J = 14.1, 3.2, 1.6,
1H), 2.15 (s, 3H), 2.17 (s, 3H), 2.10–2.23 (m, 2H), 2.38 (ddd, J =
15.0, 3.6, 1.1, 1H), 2.56 (dd, J = 14.2, 2.4, 1H), 2.70 (dd, J = 14.2,
7.1, 1H), 3.10–3.19 (m, 2H), 3.27 (s, 3H), 3.25 (dd, J = 8.8, 8.8,
1H), 4.27–4.35 (m, 2H), 4.60 (dq, J = 9.7, 6.3, 1H), 5.01 (dd, J =
9.7, 3.2, 1H), 5.05 (ddd, J = 7.1, 5.0, 2.4, 1H), 5.15–5.22 (m, 1H),
5.33–5.40 (m, 2H), 5.62 (ddd, J = 3.6, 3.4, 3.2, 1H), 5.63 (ddd,
J = 16.1, 9.5, 1.2, 1H), 5.80 (dd, J = 16.1, 3.4, 1H), 7.30–8.10 (m,
10H) ppm.13C NMR (100 MHz, CDCl3) d 17.5, 18.5, 20.9, 21.0,
21.4, 33.5, 33.7, 35.7, 41.0, 56.3, 62.6, 67.4, 68.2, 70.8, 70.9, 72.0,
73.0, 76.4, 80.8, 81.4, 95.5, 97.1, 126.1, 127.5–133.5 (12 C), 134.2,
165.5, 165.9, 169.1, 169.5, 169.8 ppm.
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The substrate binding regions of a b-1,3:1,4 glucanase are re-
vealed through structural analysis with a thio-oligosaccharide
and kinetics of enzyme variants.


The rekindling of interest in enzymatic biomass conversion,
to address the pressing energy needs of the 21st century, yet
again highlights the need to dissect and understand the complex
enzymology of this process. One class of substrates, and their
degradation, stands out for examination: plant polysaccharides.
We know, from Wolfenden’s seminal calculations,1 that plant
polysaccharide hydrolysing enzymes are amongst the most effi-
cient enzymatic catalysts, as judged by the ratio of the catalysed
and uncatalysed rate constants kcat/kuncat. Yet, for many classes
of enzyme, it is still unclear how binding energy, from diverse
substrates, is reflected in catalysis. Despite a plethora of 3-D
structures for polysaccharidases, insightful complexes remain the
exception rather than the rule. The plant polysaccharide b-1,3:1,4
glucan is a candidate for degradation, via smaller oligosaccharides
and glucose, to biofuels. Mixed linked b-1,3:1,4 glucans occur pre-
dominantly in cereal grains, but are also abundant in mosses and
lichens and show a higher degree of solubility than many similar
plant polysaccharides such as cellulose, a b-1,4 glucose polymer.
The enzymatic hydrolysis of b-1,3:1,4 glucan is performed by
a battery of glycoside hydrolases (hereafter GHs), notably the
endo-acting b-1,3:1,4 glucanases, which are found in a variety of
sequence-based families (www.cazy.org).


Attention in our laboratory has focussed on a family “GH26”
b-1,3:1,4 glucanase (hereafter CtLic26A2) from the organism
Clostridium thermocellum, whose genome sequence has recently
been determined (http://genome.jgi-psf.org/) in response to the
potential utility of the enzymatic consortia of this bacterium
for biomass conversion to biofuels.3–5 Indeed the inclusion of
CtLic26A in the toolbox of enzymes used in biofuel production
from biomass will make a significant contribution in accessing
mixed-linked glucans, which are abundant in many cereals.


CtLic26A hydrolyses both polymeric b-1,3:1,4 glucans and
mixed linkage b-1,3:1,4 aryl oligosaccharides such as methy-
lumbelliferyl di and trisaccharides.2 Catalysis is performed with


aStructural Biology Laboratory, Department of Chemistry, The University of
York, Heslington, York, U.K. YO10 5YW. E-mail: davies@ysbl.york.ac.uk;
Fax: 44-1904-32826; Tel: 44-1904-328260
bInstitute for Cell and Molecular Biosciences, Newcastle University, 2nd
floor Catherine Cookson Building, The Medical School Framlington Place,
Newcastle upon Tyne, U.K. NE2 4HH
cCIISA-Faculdade de Medicina Veterinária, Universidade Técnica de Lis-
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net retention of anomeric configuration via a covalent glycosyl-
enzyme intermediate flanked by oxocarbenium-ion-like transition
states (for a mechanistic review see ref. 6). The 3-D structure has
been solved in native form, with a number of imino/aza sugar
inhibitors based upon extended isogfagomine and noeuromycin
templates,2,7 and in a series of complexes shot along the reaction
coordinate including the unhydrolysed Michaelis complex and the
trapped covalent glycosyl enzyme intermediate.8 Yet, despite this
array of information we have, until now, been unable to dissect the
interactions of distal subsites, partially reflecting our failure to map
“leaving group” positive subsite interactions through previous
approaches (subsite nomenclature described in ref. 9).


One approach that has proved insightful to study glycosidase–
ligand interactions is the use of thio-oligosaccharide substrate
mimics in which one, or more, of the labile O-glycosidic bonds
is replaced by a non-hydrolysable S-glycosidic linkage. Such
a strategy10 has revealed many different binding modes, most
notably distorted ligands spanning the active centre (examples
include ref. 11,12) but also undistorted ligands evading the
catalytic apparatus on enzymes from different classes.13–15 A series
of S-linked b-1,3:1,4 gluco-oligosaccharides, for the study of b-
1,3:1,4 glucanases,16 has been reported. Unlike the majority of
previous thio-oligosaccharides, K i values for these mixed linkage
species were high, reflecting poor binding. Here we report the 3-
D structure, at 1.5 Å resolution, of CtLic26A in complex with
one such thiopentasaccharide 1, and harness the structural data
to construct seven active-site variants, which have been used to
probe substrate binding and catalysis in this important class of
polysaccharide-degrading enzymes.


Crystallisation conditions were screened, by co-crystallisation,
for a variety of different b-1,3:1,4 gluco-oligosaccharides (synthe-
sis described in ref. 16). Crystals were obtained with only one
compound (1) but this form allowed excellent high resolution
3-D structural analysis,17 Table 1, Fig. 1. Crystals are in space
group P212121 with cell dimensions of a = 49.3 Å, b = 63.0 Å
and c = 78.3 Å and with a single molecule of CtLic26A in the
asymmetric unit. Electron density revealed that although 1 did not
span the active-centre, it did reveal the protein–ligand interactions
of the leaving group subsites +1 and +2. Electron density, Fig. 1(b),
is most appropriately modelled as two molecules of 1. The first
has its three non-reducing end sugars disordered in solvent with
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Table 1 X-Ray data and structure quality statistics


CtLic26A with 1


Resolution of data (Å) 34.88–1.51
Rmerge 0.09 (0.496)
Mean I/rI 11.8 (2.0)
Completeness % 95.8 (72.0)a


Multiplicity 5.1 (3.0)
Rcryst 0.16
Rfree 0.19
r.m.s.d 1–2 bonds (Å) 0.010
r.m.s.d 1–3 bonds (◦) 1.3


a High resolution incompleteness reflects integration into the corners of a
square detector (the 1.7 to 1.6 Å shell is 99.9% complete).


Fig. 1 3-D Structure of CtLic26A with 1: (A) overall protein cartoon (B)
electron density for 1, in the −3/−2 and +1/+2 subsites.


the two reducing-end (b-1,4 linked) glucosides occupying subsites
−3 and −2. In contrast, the second molecule binds with its non-
reducing end disaccharide in subsites +1 and +2, but then becomes
disordered in solvent.


Unlike the majority of thio-based glucan mixed-linked in-
hibitors, molecule 1 displayed an affinity for CtLic26A, (K i of
75 lM) that was similar (assuming Km ∼ K s when k2 � k−1) to
the corresponding oligosaccharide substrate, Glc-b1,4-Glc-b1,3-
Glc-methylumbelliferyl, which has a Km of 112 lM (Fig. 2).
Kinetic18 analyses were performed both on high viscosity b-glucan
and on Glc-b1,4-Glc-b1,3-Glc-methylumbelliferyl, Table 2. Both
substrates reveal the importance of aromatic residues both in
providing hydrophobic platforms for sugar binding (for example,
the variants of F41 and W114 show decreases in the apparent


Fig. 2 Schematic diagram of the interactions of CtLic26A with 1.


second order rate constant kcat/Km of 200-fold to essentially
inactive on the methylumbelliferyl trisaccharide) and through
hydrogen bonding exemplified by Y115 whose mutation to alanine
reduces kcat/Km, relative to wild-type, by 15-fold on b-glucan and
up to 1200-fold on the aryl oligosaccharide. The influence of the
residues that comprise the hydrophobic platform on catalysis and
substrate binding, however, are quite different. Thus, the F41A
mutation does not alter Km but has a dramatic effect on kcat for
both the oligosaccharide and polysaccharide substrates. These
data indicate that the hydrophobic interaction of the substrate
at the −2 subsite plays a critical role in stabilizing the transition
state, possibly because it assists in distorting the sugar at the −1
subsite into its 4H3 transition state8 configuration by tethering the
O3 bond. The K260A mutation reduces binding at the −2 subsite
through the loss of polar interactions with O6 and the endocyclic
oxygen causing a ∼10-fold increase in Km and a similar reduction
in kcat. The W14A and W72A amino acid substitutions, which
influence binding at the +1 and −3 subsites, respectively, result
in a substantial decrease in oligosaccharide substrate affinity (Km


�1 mM), but do not have a significant effect on the hydrolysis of
the polysaccharide. These hydrophobic platforms do not directly
contribute to maintaining the conformation of the transition state,
but likely stabilize the Michaelis complex of the enzyme. The
large increase in Km and decrease in kcat for the oligosaccharide
substrate in the −3 mutant Q18A also suggests that this distal
subsite contributes to both substrate binding in the ground state
and transition state stabilization.


As with the majority of endo-acting glycoside hydrolases (for
example ref. 19,20), disruption of subsite interactions has a far
greater effect on oligosaccharide substrates than highly polymeric
glucans. Mutations in the negative subsites are, in the vast majority
of cases, more deleterious than those in the positive subsites.
Furthermore, the W114 mutation, which disrupts hydrophobic
stacking in +1, is considerably more damaging to catalysis than
mutation of N157; the only residue which hydrogen-bonds to the
+1/+2 sugars. Indeed, in retaining glycoside hydrolases, mutations
in the distal positive binding sites can sometimes lead to an
elevation in kcat by increasing the efficiency of product release
after glycosylation,20 while the removal of amino acids at the +1
subsite generally cause a significant reduction in catalytic activity
against all substrates.19–21


Although the thio-oligosaccharides screened did not deliver an
active-centre spanning complex, they did unveil the interactions of
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Table 2 Enzyme kinetics of mutant and wild-type (WT) proteins on fluorescent oligosaccharide and polysaccharide substrates


MeUMB b-Glucan


Enzyme Km (lM) kcat (min−1) kcat/Km (mM−1 min−1) Km (mg mL−1) kcat (min−1) kcat/Km (mL mg−1 min−1)
WT 110 ± 18 23 ± 1.5 205 0.34 ± 0.06 74 × 103 ± 6 × 103 219 × 103


Q18A 1763 ± 890 2.1 ± 0.44 1.2 0.67 ± 0.1 23 × 103 ± 2 × 103 35 × 103


F41A 139 ± 23 0.001 ± 0.0001 0.001 1.3 ± 0.36 1.6 × 103 ± 0.1 × 103 1 × 103


E70A 155 ± 18 0.005 ± 0.0003 0.32 1.3 ± 0.13 8.1 × 103 ± 2 × 103 6 × 103


W72A — — 0.66 ± 0.08a 0.46 ± 0.08 135 × 103 ± 5 × 103 294 × 103


W114A — — 0.16 ± 0.002a 1.4 ± 0.14 85 × 103 ± 4 × 103 62 × 103


Y115A 260 ± 56 0.05 ± 0.004 0.17 1.0 ± 0.18 15 × 103 ± 0.4 × 103 15 × 103


N157A 11 ± 2 0.73 ± 0.04 64 0.49 ± 0.09 78 × 103 ± 9 × 103 158 × 103


E258A 188 ± 24 1.6 ± 0.06 8.3 0.55 ± 0.07 26 × 103 ± 1 × 103 46 × 103


K260A 1162 ± 232 3.2 ± 0.25 2.8 0.65 ± 0.12 5 × 103 ± 0.1 × 103 7 × 103


a Estimated from linear regression.


the +1 and +2 subsites which had previously proved recalcitrant
to observation despite our previous analysis of a large panel of
ligands. Thus, although somewhat serendipitous, the CtLic26A
complex reported here highlights the benefits both of thio-
oligosaccharides and of the deployment of a toolbox of approaches
to study protein–carbohydrate interactions. If enzymatic biomass
conversion is to become both facile and economically viable,
our understanding of protein–carbohydrate interactions will have
the continuing development of such probes, to dissect molecular
interactions at its core.
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Benzoin reactions are catalyzed effectively by a methylene-bridged bis(benzimidazolium) salt to yield
a-hydroxy ketones, and the reactions proceed in water as the aqueous medium under mild conditions.


Introduction


Since the discovery of stable carbenes in the last decade of
the 20th century, N-heterocyclic carbenes (NHCs) have recently
been receiving considerable attention for the catalysis of organic
reactions.1 Many reports on carrying out carbene-catalyzed re-
actions have been prepared, due to their ability to produce acyl
anion equivalents.2 This feature has been successfully exploited in
numerous catalytic reactions, and NHCs also serve as nucleophilic
catalysts in several important reactions such as the Stetter
reaction,3 the transesterification of alcohols,4 and the cyanosilyla-
tion of aldehydes.5 The a-hydroxycarbonyl group is an important
synthon for the synthesis of natural products, industrial mate-
rials, and pharmaceutical materials. Among numerous synthetic
strategies for introducing this moiety, the benzoin reaction and
related additions are perhaps the most direct. Several nucleophilic
carbenes derived from heterocyclic compounds have also been
employed in this reaction as acyl anion synthons.6 Unfortunately,
these systems generally rely on high catalyst loading and frequently
require long reaction times. Recently, the stability of the NHCs in
water has been reported7 and the importance of using NHCs for
catalytic applications in water means they are beginning to play
the catalytic roles in a number of catalytic processes. The use of
water instead of organic solvents as a reaction medium is another
approach to developing novel synthetic methodologies. Reports
on aqueous reactions have become increasingly frequent; now,
organic reactions in water have become one of the most exciting
research fields.8 Unique reactivity and selectivity that cannot be
achieved under dry conditions are often observed in aqueous
reactions due to the hydrophilic properties of water.9 Carrying
out reactions under aqueous conditions also provides advantages
such as reduced pollution, lower costs, and greater simplicity in
processing and handling. These factors are particularly important
in an industry aiming at green and sustainable chemistry.


We have published10 the benzoin reaction of benzaldehyde,
and it is found that this reaction proceeds smoothly in water as
the aqueous medium when N,N-didodecylbenzimidazolium salt
and a base are employed. The precatalyst, with a base, catalyzes
the benzoin reaction in water in 99% yield after 20 h at room
temperature. This result indicates that the NHC derived from
a benzimidazolium salt with long aliphatic side chains on the
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nitrogen atoms in the imidazole ring is effectively stabilized in
water and plays an important role in micelle formation.


These results have motivated us to obtain more efficient precat-
alysts for the benzoin reaction in water as the aqueous medium.
In our attempts to develop new precatalysts for the benzoin
reaction in aqueous media, the key point is the construction
of a more effective hydrophobic field in water. Therefore, we
have focused on the equilibrium of carbene–ylid. The so-called
“Wanzlick equilibrium”11 demonstrates that benzimidazolium
salts with sterically less demanding substituents such as methyl or
ethyl moieties favor the formation of a tetraaminoethylene body,
whereas sterically demanding substituents shift the equilibrium
toward the free carbene (Scheme 1).


Scheme 1 The “Wanzlick equilibrium” of carbene–ylid.


Results and discussion


Based on the above report, we have designed and synthesized
the methylene-bridged bis(benzimidazolium) salt 1a as a novel
precatalyst in the benzoin reaction. The treatment of 1a with a
base yields dicarbene 2. Dicarbene 2 is expected to function as the
constructor of the hydrophobic field in water. Moreover, based
on the “Wanzlick equilibrium”, dicarbene 2 is expected to form a
more effective hydrophobic reaction field in an aqueous medium
when tetraaminoethylene 3 is generated (Scheme 2). Starting
from N-methylbenzimidazole, precatalyst 1a is prepared easily by
refluxing with 1,12-dibromododecane in acetonitrile in good yield.


First, we examined the benzoin reaction of benzaldehyde in
water with the methylene-bridged bis(benzimidazolium) salt 1a in
the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (pKa;
12.0) as the base. Benzaldehyde (10 mol) was added to the solution
of precatalyst 1a (20 mol%) in 10 mL of H2O, and DBU (40 mol%)
was added to the resultant emulsion at room temperature with
vigorous stirring. As a result, the benzoin was obtained in an
almost quantitative yield within 15 min (Scheme 3).


In comparison with the previously reported 1,3-didodecyl-
benzimidazolium bromide,10 which is found to be a good pre-
catalyst for the benzoin reaction in water, it becomes clear that
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Scheme 2 Methylene-bridged bis(benzimidazolium) salt 1a and the “Wanzlick equilibrium” of dicarbene 2 derived from 1a.


Scheme 3 Benzoin reaction catalyzed by the methylene-bridged
bis(benzimidazolium) salt 1a in water.


Table 1 Benzoin reaction catalyzed by methylene-bridged bis-
(benzimidazolium) salts in aqueous medium


Catalyst


1 X Y Cat. (mol%) DBU (mol%) Time/h Yield (%)


a Br (CH2)12 20 60 0.5 100
a Br (CH2)12 2 6 24 91
b Br (CH2)6 20 60 1.5 71
b Br (CH2)6 2 6 24 50
c I (CH2)3 20 60 1.5 59
c I (CH2)3 2 6 24 11


the new methylene-bridged bis(benzimidazolium) salt 1a is able to
accelerate the reaction rate and act as a powerful precatalyst for
the benzoin reaction in water as the aqueous medium.


Next, we examined the influence of the length of the methylene
bridge in the precatalyst 1 against the catalytic activity for the
benzoin reaction in pure water. To compare the effects of the length
of the methylene bridge, (hexane-1,6-diyl)- and (1,3-propan-
diyl)bisbenzimidazolium salts12 were examined. The results are
summarized in Table 1. From the results, it is clear that the
benzoin yield improved with an increase in the number of carbon
atoms of the methylene bridge. The hydrophobic part of the
precatalyst certainly plays an important role in the formation of
the hydrophobic field.


The variation in the base required for the formation of
the dicarbene was also investigated. In this benzoin reaction,
DBU, TEA (pKa; 10.7), and NaOH were employed as bases
(Table 2). They were effective at deprotonating the methylene-
bridged bis(benzimidazolium) salt in a self-condensation reaction.
The superiority of 1a in the benzoin reaction in water is also proved
in the catalytic loading as shown in Table 3. A low loading (0.3
mol%) of 1a with TEA resulted in 84% yield of benzoin. In the
case of 0.5 mol% loaded precatalyst 1a with TEA, the benzoin
reaction proceeded in an almost quantitative yield. In contrast,
when precatalyst 1a was used with DBU, a low loading (1 mol%)


Table 2 Comparison of the base employed in the benzoin reaction
catalyzed by a methylene-bridged bis(benzimidazolium) salt 1a in water


Basea Time/h Yield (%)


DBU 1.5 97
DBU 24 93
TEA 1.5 34
TEA 24 95
NaOH 24 93


a DBU: 0.75 mmol, TEA: 1.5 mmol, NaOH: 0.75 mmol.


Table 3 Catalytic loading of 1a with a base in the self-condensation
reaction of benzaldehyde in water


Base Cat. 1a (mol%) Time/h Yield (%)


DBU 20 1.5 100
DBU 5 1.5 97
DBU 3 1.5 86
DBU 2 2.5 68
DBU 2 24 91
DBU 1 8 40
DBU 1 24 46
TEA 5 24 95
TEA 2 24 94
TEA 1 24 89
TEA 0.5 36 92
TEA 0.3 48 84


of 1a resulted in a decrease in the yield of benzoin. This appears
to indicate that a strong base such as DBU causes the partial
decomposition of 1a. The precise mechanism of the deactivation
of the catalyst was not investigated.


The preparation of various benzoins by the self-condensation
of aromatic aldehydes catalyzed by 1a was examined. The results
are summarized in Table 4. In the presence of 1a and DBU, the
condensation of fluoro (4a), chloro (4b), bromo (4c), methoxyl
(4d), and methyl (4e) para-substituted benzaldehydes proceeded
to give the corresponding benzoins in good yields. Similar results
were obtained in the self-condensation reaction of arenecarbalde-
hydes furan-2-carbaldehyde (4f), thiophene-2-carbaldehyde (4g)
and naphthalene-1-carbaldehyde (4h).


The reusability of precatalyst 1a in water was briefly in-
vestigated. In the general procedure of this reaction system,
benzoin was obtained by filtration followed by washing with water
several times. The filtrate obtained from the benzoin reactions
was recycled. The resulting catalyst-containing filtrate was subject
to the next run of the benzoin reaction by charging with the
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Table 4 Benzoins 5a–h prepared by the self-condensation of aromatic
aldehydes 4a–h in the presence of precatalyst 1a in water


Aldehyde


4 Ar Time/h 5a; yield (%)


a 1.5 95


b 20 80


c 20 81


d 1.5 83


e 1.5 83


f 1.5 86


g 1.5 79


h 20 65


Table 5 Reuse of precatalyst 1a in the benzoin reaction of benzaldehyde
in the presence of TEA


Reuse number Yield (%)


0 100
1 97
2 86
3 68
4 91
5 40


benzaldehyde under the same conditions. In this reaction, TEA
was employed as the base. The results are summarized in Table 5.
These results indicate that precatalyst 1a is reusable for a moderate
number of recyclings. However, an increase in the number of reuses
causes a decrease in the yield of benzoin. The current challenge is
to obtain an increase in the number of reuses that are effective.


Conclusions


In conclusion, we have presented a highly efficient benzoin reaction
in water as an aqueous medium catalyzed by the dicarbene derived
from the long chain methylene-bridged bis(benzimidazolium)
salt. Benzoin is obtained in moderate to excellent yields for


various combinations of precatalyst 1a and base, without further
purification. Precatalyst 1a is easy to prepare, stable, and easy to
handle. Moreover, 1a is efficient for the synthesis of a-hydroxy
ketones derived from various aromatic aldehydes in aqueous
media under mild basic conditions. In these cases, the use of
organic solvents as cosolvents is not required in order to overcome
the low solubility of the substrates in pure water. The superior
characteristic that must be mentioned specially is the acceleration
of the reaction rate of the benzoin reaction in water even when
the precatalyst is loaded in low volume. This unique characteristic
proves that an efficient hydrophobic reaction field is constructed
in water. Its utility also apparently increases from the viewpoint
of green and sustainable chemistry. Considering these results, it
can be thought that precatalyst 1a is an interesting and exciting
candidate for the development of catalysts for new C–C bond
formation reactions due to its ability to produce acyl anion
equivalents in water as an aqueous medium.


Experimental


NMR spectra were recorded on a JOEL ECA-500 (1H at 500 MHz
and 13C at 126 MHz) NMR spectrophotometer. Chemical shifts
are expressed in ppm downfield from Me4Si (1H, d = 0.00)
as an internal standard, and coupling constants are reported
in Hz. Routine monitoring of reactions was performed by TLC,
using Kieselgel 60 F254 precoated aluminium sheets, commercially
available from Merck. IR spectra were recorded on a Shimadzu IR
Prestige-21. FAB mass spectra were recorded on a JEOL JMS-700
spectrometer. Column chromatography was performed with silica
gel 60 N (Kanto). Melting points were recorded on a Yazawa BY-1
and were uncorrected.


1,12-Bis((1-methylbenzimidazolium)-3-yl)dodecane dibromide (1a)


N-Methylbenzimidazole (6.6 g, 50 mmol) was dissolved in
acetonitrile (100 mL) and to the solution was added 1,12-
dibromododecane (8.4 g, 25 mmol). The mixture was refluxed
for 24 h. After cooling, the solvent was evaporated under reduced
pressure and the residue was recrystallized to give 1a (12.5 g, 84%).
1H-NMR (DMSO-d6): 9.72 (2H, s), 8.02 (4H, m), 7.68 (4H, m),
4.45 (4H, t, J = 6.9 Hz), 4.06 (6H, s), 1.86 (4H, m), 1.24 (16H,
m); 13C-NMR (DMSO-d6): 142.70, 131.92, 131.05, 126.58, 113.72,
113.60, 46.63, 33.35, 29.07, 28.98, 28.75, 28.64, 25.87; IR (neat):
2920, 1571, 1465, 1355 (cm−1); FAB-MS: 511 [M − Br]+; Mp:
193–194 ◦C.


1,6-Bis((1-methylbenzimidazolium)-3-yl)hexane dibromide (1b)


N-Methylbenzimidazole (6.6 g, 50 mmol) was dissolved in acetoni-
trile (100 mL) and to the solution was added 1,6-dibromohexane
(6.1 g, 25 mmol). The mixture was refluxed for 28 h. After cooling,
the solvent was evaporated under reduced pressure and the residue
was recrystallized to give 1b (10.2 g, 81%). 1H-NMR (DMSO-d6):
9.77 (2H, s), 8.04 (4H, m), 7.69 (4H, t, J = 3.2 Hz), 4.48 (4H, t,
J = 6.9 Hz), 4.07 (6H, s), 1.97 (4H, m), 1.37 (4H, s); 13C-NMR
(DMSO-d6): 142.87, 132.07, 131.18, 126.75, 113.89, 113.75, 46.68,
33.52, 28.70, 25.49; IR (neat): 2929, 1570, 1456, 1271, 1220 (cm−1);
FAB-MS: 427 [M − Br]+; Mp: 283–285 ◦C.
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Typical procedure for the benzoin reaction catalyzed by
methylene-bridged bis(benzimidazolium) salt 1


Benzaldehyde (2.12 g, 20.0 mmol) was added to water (20 mL). To
the mixture was added methylene-bridged bis(benzimidazolium)
salt 1 and an appropriate base was added. The reaction mixture
was stirred vigorously at room temperature. The benzoin was
filtered, washed with water and dried in the open air. In the case
of unsatisfactory purity, purification by column chromatography
(SiO2, hexane–AcOEt = 5 : 1) was employed.


Typical procedure for the self-condensation of aromatic aldehyde
(4) catalyzed by 1,12-bis((1-methylbenz-imidazolium)-3-yl)-
dodecane dibromide (1a)


Aromatic aldehyde 4 (10.0 mmol) was added to water (10 mL).
To the mixture was added 1a (10 mol%) and DBU (20 mol%)
was added. The reaction mixture was stirred vigorously at room
temperature. The benzoin 5 was filtered, washed with water
and dried in the open air. In the case of unsatisfactory purity,
purification by column chromatography (SiO2, hexane–AcOEt =
5 : 1) was employed.


The structures of the benzoins 5a, 5c were confirmed by
comparison of their spectral data with those reported in the
literature.13 The structures of the benzoins 5b, 5d–h were confirmed
by spectral data, and by comparison of the melting points with
those of authentic samples reported in the literature.14
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2-Quinolone-4-carboxamide derived from (S)-proline, which
exists as a mixture of two diastereomers before crystallization,
converged to a single diastereomer by crystallization (CIDT),
and the homochirality was transferred by a intermolecular
2 + 2 photocycloaddition reaction with high optical activity.


Two stereogenic units in one molecule lead to diastereoiso-
merism, and a valuable method for getting one pure diastere-
omer is achieved when these units can be epimerized during
crystallization.1 Recently we reported an asymmetric synthesis
under homogeneous conditions using a homochiral molecular
conformation derived from crystallization-induced diastereomer
transformations (CIDT).2,3 This method was established under
two important requirements; one, the diastereomixture should be
converged to a single diastereomer by crystallization, and second,
the diffusion path back to the diastereomixture must be suppressed
under the reaction conditions.2,4 We have now investigated a wide
application of this methodology to diastereoselective reactions
and found that the axial chirality of 2-quinolone-4-carboxamide
was controlled by the chiral amino acid chromophore by crystal-
lization. Furthermore, the homochiral stereochemistry could be
transferred by intermolecular 2 + 2 photochemical cycloaddition
reactions with high optical activity.


2-Quinolone-4-carboxamide 1 possessing (S)-proline methyl
ester as a chiral handle was chosen for our purpose, and it
was easily provided from 2-quinolone-4-carboxylic acid5 and a
(S)-proline methyl ester. Amide 1 exists as a mixture of two
diastereomers in the ratio of aR : aS = 40 : 60 (diastereomeric
excess, de = −20%) before crystallization (Fig. 1). When the
mixture was crystallized from a THF solution by evaporating
solvent at 70 ◦C, the minor isomer was easier to crystallize
than the major isomer, and they converged to almost a single
diastereomer in a ratio of aR : aS = 95 : 5 (de = 90%). Furthermore,
recrystallization of the crystals once from ether easily gave 99%
de of amide 1. Axial chirality was stable for several days at room
temperature; however, heating the chloroform solution of (S,aR)-1
at 55 ◦C for 12 h gave exactly the same diastereomixture as before
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Fig. 1 Epimerization of 2-quinolone-4-carboxamide 1 caused by
C–C(=O) bond rotation and crystallization-induced diastereomer trans-
formation (CIDT).


crystallization. Unfortunately, we could not obtain single crystals
of 1 suitable for single crystal X-ray crystallographic analysis.


Next, the homochiral crystals were utilized for subsequent di-
astereoselective reactions. Photochemical reactions of 2-quinolone
derivatives have been well-studied, and it has been reported
that irradiation in the presence of alkenes gave cyclobutane
derivatives.6,7 Therefore, the diastereoselective 2 + 2 photocycload-
dition reaction of amide 1 with alkenes was examined. We tried
the photocycloaddition reaction of 1 with a variety of alkenes,
such as ethyl vinyl ether, 2-methoxypropene, 2-methylpropene,
acrylonitrile, and methacrylonitrile. It was found that the reaction
with methacrylonitrile proceeded most effectively, stereo-, and
regiospecifically. Therefore, the diastereoselective reaction using
methacrylonitrile was examined in detail. First, amide 1 before
crystallization was used for the reaction. An argon-purged THF
solution containing 0.02 M of amide 1 before crystallization and
0.1 M of methacrylonitrile was irradiated with a high-pressure
mercury lamp at 20 ◦C until most of the starting amide was
consumed (2 h). The photochemical reaction occurred effectively,
and 2 + 2 cycloadducts were obtained in 100% chemical yields;
both diastereomers were endo isomers, minor (1S,2aR,8bR)-2,
major (1R,2aS,8bS)-2, and the de value was −25% (Scheme 1
and Table 1, entry 1). Since epimerization was not observed at
20 ◦C, it seems that the de value of the photoproducts should be
attributed to the ratio of the diastereomers of the amide 1 before
crystallization (−20% de). Both of the absolute configurations


848 | Org. Biomol. Chem., 2008, 6, 848–850 This journal is © The Royal Society of Chemistry 2008







Table 1 Photocycloaddition reaction of quinolonecarboxamide 1 in the presence of methacrylonitrile


Entry Temp/◦C Yield of 2 (%) Ratio of (1S,2aR,8bR)-2 : (1R,2aS,8bS)-2c De (%) of 2d


1a 20 100 45 : 65 −25
2b 20 99 94.5 : 5.5 89
3b −40 93 98 : 2 96
4b −80 90 99 : 1 98


a The amide 1 before crystallization was used. b The amide 1 (99% de) obtained by crystallization was used. c De value was determined on the basis of the
1H NMR spectral data. d De (%) of (1S,2aR,8b)-2.


Scheme 1 Photochemical reaction of quinolonecarboxamide 1 with
methacrylonitrile.


were determined by X-ray crystallographic analysis on the basis
of the configuration of the (S)-proline group.8,9


Furthermore, we tried a photocycloaddition reaction using the
homochiral molecular conformation converged by CIDT. The
crystals were expected to be composed of a single diastereomer
of (S,aR)-conformation, and the epimerization in the solution
caused by the bond rotation between the quinolone and the
carbonyl group was restricted at room temperature. In other
words, conformation in the crystals may be retained as frozen
after dissolving them in the solvent at room temperature, and
molecular homochirality can be effectively transferred to the
products. The THF solution of (S,aR)-1 (0.02 mol l−1) containing
methacrylonitrile (0.10 mol l−1) was irradiated with a high-pressure
mercury lamp for 2 h until the starting amide was consumed. When
the reaction was performed at 20 ◦C (Table 1, entry 2), two 2 +
2 adducts, (1S,2aR,8bR)-2 and (1R,2aS,8bS)-2, were obtained
in 99% yield. As expected, epimerization was strongly controlled
at this temperature, and a high de of 89% was achieved. Even
at low temperature the reaction proceeded effectively, and after
decreasing the temperature the de values improved (entries 2–4),
and the best de of 98% was obtained in the reaction at −80 ◦C
(entry 4).


Absolute conformation of amide 1 could not be determined
directly by X-ray crystallographic analysis because 1 did not
afford appropriate single crystals; therefore, conformation was
expected from the absolute configuration of photoproducts 2. In
our previous study on 4 + 4 photocycloaddition of a naphthamide
possessing a proline group, the reactant avoided the bulky
proline group and approached from the side of the oxygen atom


of the amide carbonyl group.2 In the reaction of 1, we expect that
methacrylonitrile approaches the excited quinolonecarboxamide
1 from the side of the oxygen atom of the amide carbonyl in the
same manner shown in Fig. 2. From these facts, it is acceptable
that the conformation in the crystals of 1 obtained by CIDT was
the (S,aR) conformation.


Fig. 2 Reaction course of quinolonecarboxamide 1 toward methacry-
lonitrile leading to (1S,2aR,8bR)-2.


In conclusion, quinolonecarboxamides 1 derived from (S)-
proline methyl ester, which exist as a mixture of two diastereomers
in solution, converged to a single diastereomer by CIDT. After the
crystals were dissolved in the solvent, homochiral conformation
was retained long enough for the subsequent photochemical
reaction. The axial chirality invoked by crystallization directed
the course of the approach of the reacting molecules, and a fully
controlled diastereoselective intermolecular photocycloaddition
reaction was performed. This reaction provides a fine example of
a highly controlled stereoselective 2 + 2 photoreaction using a
process of the CIDT method.10
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