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Phenothiazine can be incorporated as a redox-active probe
into DNA in two conceptually different ways: the non-
nucleosidic DNA base surrogate exhibits similar properties to
10-methylphenothiazine but with no preferential base-pairing
properties, whereas the phenothiazine-modified uridine has
different optical and electrochemical properties, but exhibits
preferred Watson–Crick base pairing with adenine.


Phenothiazine (Pz) is a low-potential reductant (Pz+•/Pz = 0.7–
0.8 vs. SCE) that possesses a spectroscopically well-characterized
one-electron oxidized radical (Pz+• at 510 nm).1 Thus, Pz repre-
sents a promising redox-active probe for DNA. In fact, Kawai,
Majima and coworkers applied Pz covalently attached to the 5′-
end of oligonucleotides as a charge acceptor for time-resolved
measurements of hole transfer in DNA.2 Grinstaff and coworkers
incorporated Pz at the 5′-terminal position,3 as a C-nucleoside,4


or attached to the 8-position of guanine.5 Recently, we used 5-
(10-methylphenothiazin-3-yl)-2′-deoxyuridine (Pz-dU) as a pho-
toinducable charge donor in order to investigate DNA-mediated
electron transfer processes.6 Herein we describe the facile synthesis
of a novel Pz DNA base substitute, its synthetic incorporation
into oligonucleotides and the comparison of its opto-electronic
properties with Pz-modified uridine (Pz-dU).


The 2′-deoxyribofuranoside was replaced by (S)-2-amino-1,3-
propanediol as a flexible acyclic linker system (Scheme 1) that
provides a high chemical stability during the preparation and
allows the chromophore to intercalate perfectly. It has been applied
similarly for DNA base substitution by other chromophores, e.g.
ethidium,7 indole8 and perylene bisimide.9 The Pz derivative 1
can be synthesized as a starting material according to published
procedures10 and used subsequently for a nucleophilic substitu-
tion with the dimethoxytrityl (DMT)-protected (S)-3-amino-1,2-
propanediol (2),7 yielding the Pz derivative 3. For the electro-
chemical characterization of 4, the DMT group of 3 was cleaved
off an analytical sample. After protection of the NH function by
a trifluoroacetyl group in 5, the phosphoramidite 6 can be applied
for the automated preparation of modified oligonucleotides.


We characterized the nucleoside substitute 4 by optical spec-
troscopy and electrochemistry methods, each in comparison with
the commercially available 10-methylphenothiazine (Me-Pz) and
the previously synthesized Pz-dU. Not surprisingly, the absorption
and fluorescence properties of 4 are similar to Me-Pz (see Fig. S1†).
In contrast, Pz-dU exhibits an exciplex-type fluorescence due
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Scheme 1 Synthesis of DNA building block 6. Reagents and conditions:
a) 2 (2 equiv.), iPr2NEt (4 equiv.), DMF, r.t., 10 d; 54%; b) Cl2CHCOOH,
CH2Cl2, r.t., 30 min; 95%; c) Me3SiCl (1 equiv.), pyridine (6 equiv.),
CH2Cl2, 0 ◦C, 3 h; (F3CCO)2O (2 equiv.), 0 ◦C, 20 min, r.t., 10 min;
1 M (nBu)4NF in THF (1 equiv.), 30 min, r.t.; 95%; d) iPr2NEt (4 equiv.),
2-(cyanoethyl)diisopropylchlorophosphoramidite (2 equiv.), CH2Cl2, r.t.,
45 min; 95%.


to the strong electronic coupling between the uridine and Pz
via a single C–C bond.13,14 The electrochemical potentials were
measured by cyclic voltammetry vs. ferrocene (Fc+•/Fc) and
transferred into potentials vs. NHE using a conversion constant
of +0.63 V (Fig. 1).11 The Pz derivative 4 as a non-nucleosidic
DNA base substitute has a potential of E1/2 = 0.81 V that is


Fig. 1 Cyclic voltammetry with 4, Me-Pz and Pz-dU (0.5 mM) in MeCN,
25 ◦C, vs. ferrocene (Fc+•/Fc).
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identical to that of Me-Pz. The corresponding potential of Pz-
dU is shifted by 60 mV to 0.87 V, indicating the small electron-
withdrawing effect of the covalently attached uridine moiety. The
second potential at 1.44 V can be assigned to the oxidation of the
uridine moiety. Comparison with the potential of the structurally
similar nucleoside thymine (T+•/T) at 1.90 V12 shows the strong
electron-donating character of the Pz chromophore, which shifts
the potential by −0.56 V.


Spectroelectrochemical characterization under oxidizing con-
ditions revealed that the radical cation of 4 absorbs at 508 nm,
similar to that of Me-Pz at 512 nm (Fig. 2).1 In contrast, the
absorption of the radical cation of Pz-dU is significantly red-
shifted to 620 nm. The covalent attachment of the Pz chromophore
to uridine changes not only the redox potentials of the Pz moiety
slightly, but also the spectro-optical properties significantly.


Fig. 2 Spectroelectrochemistry with 4, Me-Pz and Pz-dU (0.5 mM in
MeCN), 25 ◦C, DU ca. 800 mV.


Using the DNA building block 5, we synthesized a range
of duplexes, DNA1a–DNA1e (Scheme 2). Using our previously
published synthetic protocol,6 a second set was synthesized,
DNA2a–DNA2e, bearing the Pz-modified uridine (Pz-dU). In both
DNA sets, the base opposite to Pz modification site was varied,
including the abasic site analog S. Representatively for each set,
the matched duplexes DNA1a and DNA2a were investigated by
absorption (Fig. S2), fluorescence (Fig. S3), and CD spectroscopy
(Fig. S4). In these DNA duplexes, the fluorescence of Pz and Pz-
dU is quenched significantly. The quantum yields are remarkably
low, U = 0.1% (DNA1a) and U = 0.3% (DNA2a). This result
underscores the redox-activity of the Pz chromophore in DNA. As
we know from our previous studies, photoexcitation of Pz in DNA
initiates very efficient electron hopping via thymines and cytosines
as electron carriers.


Thermal dehybridization experiments were performed with all
duplexes (Table 1). The Tm values of the two duplex sets exhibit a
remarkable difference between the non-nucleosidic base surrogate
Pz and the modified nucleosides Pz-dU. In the Pz-duplex set
DNA1a–DNA1d the Tm values do not reveal any preferential
base pairing. In contrast, the correctly matched Pz-dU-modified
duplex DNA1a shows a higher Tm value compared to the others
(DNA2b–DNA2d), indicating the preferential base pairing with
the correct counterbase adenine. Only the presence of the abasic
site analog S seems to enhance the hydrophobic interactions of


Table 1 Melting temperatures (Tm) for DNA1a–DNA1e and DNA2a–
DNA2e (260 nm, 0.5 ◦C min−1, 2.5 lM DNA in 10 mM Na–Pi buffer,
pH 7, 250 mM NaCl)


Duplex Tm/◦C Duplex Tm/◦C


DNA1a 54, 50a DNA2a 60
DNA1b 50a DNA2b 56
DNA1c 50a DNA2c 55
DNA1d 49a DNA2d 55
DNA1e 56a DNA2e 63
DNA3 60 DNA4 63


a DNA1b–DNA1e had to be measured without the addition of 250 mM
NaCl.


Scheme 2 Sequences of DNA1a–DNA1e and DNA2a–DNA2e.


the Pz chromophore inside the DNA, leading to a stabilization of
6 ◦C.


In conclusion, both Pz modifications presented herein can
be used as redox-active probes in DNA for electrochemical
analytics or the investigation of charge transfer in DNA. The
non-nucleosidic Pz derivative 4 as a DNA base surrogate behaves
similarly to the Me-Pz chromophore, but shows no selective
base-pairing in DNA, whereas Pz-dU has altered optical and
electrochemical properties, but exhibits preferred Watson–Crick
base pairing with adenine.
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Molecular rearrangements through thermal [1,3] carbon shifts, such as
vinylcyclopropane-to-cyclopentene and vinylcyclobutane-to-cyclohexene isomerizations, were
recognized and exemplified repeatedly from 1960–1964. Serious mechanistic studies of these and related
rearrangements over the past 40 years have provided ample grounds for interpreting them as processes
taking place by way of conformationally flexible but not statistically equilibrated diradical
intermediates. Orbital symmetry theory fails to account for the stereochemical characteristics of [1,3]
carbon shifts. For sigmatropic reactions of this class the theory can no longer be retained as a valid
basis for mechanistic interpretations, or even as a serious contender for consideration as a mechanistic
possibility.


Introduction


From 1960 to 1964 several thermal rearrangements involving the
migration of a sigma bond from one end of an allylic sytem to the
other were discovered and studied. Vinylcyclopropane was found
to isomerize thermally to cyclopentene.1 Isopropenylcyclobutane
was converted to 1-methylcyclohexene (Scheme 1).2


A degenerate isomerization of this type was demonstrated
for bicyclo[3.1.0]hex-2-ene with the aid of deuterium labeling.3


Optically active a-thujene was shown to racemize when heated to
250 ◦C, revealing the degenerate isomerization through another
experimental probe.4 With such precedents the classic instance of
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Scheme 1 Early examples of rearrangements through [1,3] carbon shifts.


the thermal racemization of a-pinene, first recorded in 1927, could
be rationalized as following the same pattern (Scheme 2).5


In 1962 the bicyclic vinylcyclobutane 6-endo-acetoxybicyclo-
[3.2.0]hept-2-ene was rearranged to a structural isomer, 2-exo-
acetoxybicyclo[2.2.1]hept-2-ene, through a [1,3] migration of a
sigma bond (Scheme 3).6


These early examples of [1,3] carbon shifts were soon joined by
others.3,7–9 More than a dozen reactions corresponding to this
paradigm for thermal isomerizations were well established by
1965. Early interpretation of these rearrangements postulated that
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Scheme 2 Degenerate [1,3] carbon shifts.


Scheme 3 Isomerization of a bicyclo[3.2.0]hept-2-ene to a bicyclo-
[2.2.1]hept-2-ene.


the reactions take place by way of diradical intermediates. The
intermediates were thought to be accessible through thermally
activated cleavages of an allylic sigma bond positioned in a
cyclopropane or cyclobutane moiety with concomitant relief of
ring strain; the diradical intermediate accommodated structurally
linked alkyl radical and allylic radical components.


Orbital symmetry theory and [1,3] carbon sigmatropic
shifts


Orbital symmetry theory, introduced in 1965, had and continues
to have a profound influence on many aspects of organic chemistry.
The third of the seminal communications by Woodward and
Hoffmann outlined and applied the theory to a general class of
transformations defined as sigmatropic reactions.10 It introduced
the terms suprafacial and antarafacial (abbreviated s and a) to
specify whether one or both faces of a planar p system participated
in a specific sigmatropic isomerization. In suprafacial sigmatropic
reactions the same face of a p system participates in both
sigma bond-breaking and bond-making events. In antarafacial
reactions, a p system participates in a sigma bond cleavage from
one face and formation of a new sigma bond from the other
face. Woodward and Hoffmann provided a general set of orbital
symmetry theory based selection rules that correlated reaction
stereochemical characteristics with various types of sigmatropic
reactions. Some were allowed to occur with preservation of orbital
symmetry and others were forbidden to occur in a concerted
pericyclic process. They also noted some significant limitations on
the relevance of the theory. Antarafacial processes were considered
impossible for transformations within small or medium-sized
rings. The carbon framework as the transformation progressed
could not be contorted through geometrical constraints so as to
force a serious impairment of conjugation within the p-electron
system of the pericyclic array. Finally, sigmatropic reactions in
violation of the selection rules might well take place through multi-
step processes involving diradical intermediates, under relatively
vigorous conditions.


The table of selection rules in the 1965 communication was
limited to reactions involving hydrogen migrations: thermal [1,3]


sigmatropic shifts of hydrogen demanded antarafacial utilization
of the p component to be allowed by symmetry, but an antarafacial
participation of an allylic p system was not countenanced. A foot-
note mentioned that a migrating group might participate in a sig-
matropic reaction with inversion of stereochemical configuration if
certain conditions were met. For [1,3] sigmatropic shifts of carbon,
however, this option was not considered seriously. In a 1966 lecture,
Woodward explicitly characterized [1,3] carbon sigmatropic shifts
as symmetry forbidden; thermal sigmatropic changes of order
[1,3] in general were said to be forbidden.11 Exploratory studies of
[1,3] shifts shown by 6-endo-acetoxybicyclo[3.2.0]hept-2-ene were
framed using hypotheses based on diradical intermediates.12


An important contribution published in 1967 reported re-
action stereochemistry for the [1,3] shift reaction of 6-endo-
acetoxybicyclo[3.2.0]hept-2-ene.13,14 The system was prepared with
an exo deuterium label at C7; when isomerized at 307 ◦C in decalin
it afforded 5-exo-acetoxy-6-exo-deuteriobicyclo[2.2.1]hept-2-ene.
The [1,3] carbon shift products were analyzed and found to
have occurred with at least 95% inversion of configuration at the
migrating carbon. This stereochemical finding was rationalized
in terms of a transition state involving simultaneous bonding
of opposite faces of C7 with C1 and C3. In other words, the
dominant stereochemistry of the isomerization corresponded
to a suprafacial,inversion (si) outcome, and the reaction was
considered to be a concerted pericyclic transformation. The minor
stereoisomer formed was the suprafacial,retention (sr) product.


This dramatic observation stimulated a complete about-face
in interpretation of [1,3] carbon sigmatropic shifts. By 1969, the
reaction in Scheme 4 was stated to be a concerted symmetry-
allowed suprafacial [1,3] shift with inversion at the migrating
center.15 Thus the structures of starting material and product were
taken to be sufficient grounds for defining reaction mechanism
and the essential bonding characteristics of the transition struc-
ture. Further, this precedent, this authoritatively authenticated
occurrence of a symmetry-allowed concerted [1,3] carbon shift
“despite extraordinarily unfavorable geometric constraints” led
on easily to speculation that isomerizations of vinylcyclopropanes
to cyclopentenes might take place through orbital-symmetry-
stipulated paths.


Scheme 4 First report of a [1,3] carbon shift with a predominant si
stereochemical outcome.


The stereochemical options for such isomerizations were set
forth by considering a vinylcyclopropane labeled with stereo-
chemically well-defined R substituents at the migration terminus
and at C2 and C3 of the cyclopropane ring (Scheme 5). The
vinylcyclopropane could isomerize though four possible paths to
give three distinguishable products.


The cis,trans product shown might be formed in an allowed
ar or a forbidden ai way. The stereochemical participation at the
migrating carbon is irrelevant, for the enantiomers of trans-3,5-
R2-cyclopentene have C2 symmetry and C4 is on the symmetry
axis. Both antarafacial paths, initiated by cleavage of C1–C2,
would give the same cis,trans R3-substituted enantiomer, while
ar and ai reactions when the C1–C3 bond was broken would lead
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Scheme 5 Four outcomes for a vinylcyclopropane isomerization leading
to three products.


to the other enantiomer. The observable cis,trans product would
be racemic. The si outcome following a C1–C2 bond cleavage
would give the trans,trans isomer. The third possible product, the
cis,cis isomer, would correspond to a forbidden sr reaction. Just
how one might define the relative importance of all four possible
stereochemical paths, when only three possible products could be
quantified, was not immediately obvious.


Stereochemistry and mechanism of vinylcyclopropane
rearrangements


Another impediment to determining reaction stereochemistry
for vinylcyclopropane-to-cyclopentene isomerizations emerged as
Willcott and Cargill found that deuterium-labeled vinylcyclo-
propanes undergo thermal stereomutations in the three-membered
ring much faster than they isomerize to cyclopentenes.16 A third
difficulty was posed by the inherent complexity of the reactions
involved: even if all secondary kH/kD effects were neglected as a
simplifying device, one would have to deal with 28 rate constants
(but only 6 independent kinetic parameters) and pay attention to
the symmetry considerations associated with equal probabilities
of bond cleavage for C1–C2 and C1–C3. And simply tracking
the time-dependent concentrations of all three distinguishable
2,3-d2-1-vinylcyclopropanes and all three distinguishable labeled
cyclopentenes at very low conversions to the structural isomers
could present substantial technical challenges.


Not surprisingly, early attempts to investigate and gain stereo-
chemical information on vinylcyclopropane-to-cyclopentene iso-
merizations depended on more heavily substituted reactants.
In 1970 Mazzocchi and Tamburin found that the substituted
vinylcyclopropanes shown in Scheme 6 rearranged to cyclopentene
products to give stereochemical outcomes inconsistent with the
predictions of orbital symmetry theory for concerted reactions.17


Isomerizations of both starting materials took place at 285 ◦C to
afford a preponderance of the same product. From the reactant


Scheme 6 Stereochemistry for vinylcyclopropane isomerizations incon-
sistent with orbital symmetry theory based expectations.


having the ethoxycarbonyl substituent cis to the propenyl function
the (sr + ai) outcomes and the trans,trans isomeric substituted
cyclopentene were favored (64 : 36). From the other starting
material this trans,trans product was reached through (si + ar)
outcomes in preference to the cis,trans isomer (59 : 41).


Doering and Sachdev prepared and followed the thermal stere-
omutations and the [1,3] carbon shifts of the non-racemic cis and
trans isomers of 2-cyano-1-isopropenylcyclopropane (Scheme 7).18


(Here, and elsewhere, the nomenclature convention adopted treats
the compound as a substituted 1-alkenylcycloalkane, rather than
as a substituted cycloalkane.) The enantiomerization and diastere-
omerization rate constants for the stereomutations implicated
non-concerted reactions involving a common diradical intermedi-
ate, a dynamically continuous intermediate providing for reactions
leading from one stereoisomeric vinylcyclopropane to the three
others as variations on a single type of continuous process.
In retrospect, this formulation may be recognized as the direct
forerunner of the “caldera” representation of transformations
dependent on diradical intermediates and dynamic processes.19


Scheme 7 Reactions finding a conflict between theory-based expectations
and experimental findings.


Deconvolution of the kinetic complexities associated with time-
dependent concentrations of the four stereoisomeric isopropenyl-
cyclopropanes and of the two enantiomeric [1,3] carbon shift
products led to rate constants for [1,3] shifts with retention
and with inversion of cyano-substituted carbons in cis and trans
reactants. Stereochemical information at the migration terminus
could not be gained, but the retention versus inversion reaction
stereochemical characteristics at the migrating carbon for the four
non-racemic reactants were determined securely. The trans starting
material isomerized with a ki:kr rate constant ratio, the [1,3] shift
with inversion : [1,3] shift with retention ratio, of 70 : 30. The cis
starting material gave kinetically controlled products reflecting a
ki:kr ratio of 40 : 60!18


The ki and kr rate constants are equivalent to pairs of rate
constants labeled according to suprafacial,antarafacial and reten-
tion,inversion options (ki = (ksi + kai); kr = (ksr + kar)). Here and
elsewhere the rate-constant labeling convention adopted (ksi, kai,
ksr, kar) is used to denote stereochemical relationships between the
stereochemical specifics of a starting material and of a distinct
kinetically controlled [1,3] shift product, whatever the mechanistic
course of the isomerization. The convention labels structural
relationships, not mechanistic rationalizations.


The kinetic findings demonstrated that the diastereomeric start-
ing materials isomerize with different stereochemical preferences,
even though both products formed are enantiomeric and thus
of equal heats of formation. Isomerizations of the cis starting
materials take place with (ksr + kar) > (ksi + kai). Orbital symmetry
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theory applied to these vinylcyclopropane isomerizations would
lead one to anticipate that the si allowed path would be kinetically
dominant and the forbidden ai path would be inconsequential. The
experimental observations clearly conflict with this expectation.
The continuous diradical formulation so useful for conceptualiz-
ing the stereomutations served well to accommodate the kinetically
controlled cyclopentene products, pending quadrisection of the
rearrangement to gain information on the relative participation of
all four stereochemically distinct paths for [1,3] carbon shifts.


The first complete stereochemical study of a vinylcyclopropane-
to-cyclopentene isomerization was provided by Andrews in 1976.20


Using two methyl groups as stereochemical markers, and fol-
lowing racemization of the non-racemic starting material as
well as the competitive isomerization to the cis-2-methyl-1-(E)-
propenylcyclopropane, which quickly reacts further to give 1,4(Z)-
heptadiene and thus simplifies the kinetic situation considerably,
the distribution of isomeric products was as shown in Scheme 8.
The more thermodynamically stable trans enantiomers of the
product were favored, and the si outcome was preferred to the
ar alternative. The cis enantiomers of the cyclopentene products,
formally related to forbidden sr and ai paths, were clearly in
evidence, to different extents.


Scheme 8 Four stereochemically distinct outcomes quantified for a
vinylcyclopropane rearrangement.


The mechanistic implications and even the reliability of these
experimental findings were challenged as two further attempts to
define stereochemical outcomes for selected vinylcyclopropane-
to-cyclopentene isomerizations were published. The uncertainties
prompted by these investigations led to further experimental
work and to complete reaction stereochemical definitions for
an additional seven substituted vinylcyclopropanes.21 All systems
having a trans substituent at C2 gave [1,3] carbon shift products
through all four stereochemically distinct paths in proportions
similar to those reported by Andrews. The subtle problems related
to polarimetric data and attempted chromatographic separations
that contributed to the two challenging experimental studies were
uncovered and the body of experimental data providing a footing
for mechanistic assessments was clarified.


The stereochemical findings for deuterium-substituted vinylcy-
clopropanes were particularly helpful, for they prompted serious
calculational efforts to define a potential energy surface for isomer-
izations to deuterium-labeled cyclopentenes and then dynamics
calculations to model reaction outcomes for short-lived diradicals
on the caldera energy plateau.


The experimental work of Villarica and the expert NMR analy-
ses secured by Freedberg and Anet to define isomeric distinctions
in product mixtures provided information on all four paths by
studying the reactions of two isomeric d3-vinylcyclopropanes.22


The two give different pairs of stereochemical outcomes leading to


Scheme 9 Four stereochemical outcomes for the vinylcyclopropane-to–
cyclopentene isomerization.


the same racemic product (Scheme 9). Very rapid stereomutations
of the vinylcyclopropanes and relatively slow [1,3] shifts restricted
data collection to times sufficient for only 1.0 to 2.7% conversions
to cyclopentenes.


Calculations providing the potential energy surface (PES) for
the isomerization soon followed. The PES included a broad,
relatively flat transition region surrounded by four isometric exit
channels.23 It led in turn to dynamics calculations to model re-
action stereochemistry. Some 34 000 trajectories initialized quasi-
classically with Boltzmann normal mode sampling at 573 K were
followed.24 The projected distribution of stereochemical outcomes
corresponded to si:ar:sr:ai ratios of 42 : 10 : 30 : 18, values
reasonably close to the experimentally estimated si:ar:sr:ai ratios
of 40 : 13 : 23 : 24. The two sets of ratios have reactions that
correspond to allowed si and ar paths and forbidden sr and ai paths
in 52 : 48 and 53 : 47 proportions. The reaction stereochemical data
and detailed theoretical assessments leave no grounds for viewing
the vinylcyclopropane-to-cyclopentene isomerization as a process
controlled by orbital symmetry. It is clearly a transformation
taking place through multi-step processes involving diradical
intermediates.


The complete stereochemical quadrisection of isomeric 2-
cyano-1-(E)-propenylcyclopropanes achieved by Doering and
Barsa provided additional insight on how diastereomeric distinc-
tions at the migrating carbon might influence reaction product
ratios (Scheme 10).25 The trans diastereomer gave a preponderance


Scheme 10 Partitionings among different stereochemical paths for
2-cyano-1-(E)-propenylcyclopropanes.
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(a 67% preference) of trans enantiomeric products, corresponding
to the allowed si and ar paths. The cis diastereomers give a prepon-
derance of the same products (a 74% preference) corresponding
to sr and ai forbidden baths. Diradical conformational flexibilities
on the transition region caldera allow for some bias toward the
more thermodynamically favored products, unconstrained by any
orbital symmetry related limitations.


Stereochemistry and mechanism of vinylcyclobutane
rearrangements


The complexities associated with determining reaction stereo-
chemistry for conversions of various vinylcyclobutanes to cy-
clohexenes crop up again in experimental attempts to uncover
rate constants for the four possible paths from some specific
monocyclic vinylcyclobutane to four distinguishable cyclohexenes.
Relatively rapid stereomutations interconvert the four possible
stereoisomeric vinylcyclobutanes as each reacts to form each
isomeric cyclohexene product. One must determine the time
dependence of all isomers of starting material and all isomers of
[1,3] carbon shift products, then deconvolute the raw kinetic data
to define rate constants for each possible stereomutation reaction
and each stereochemically distinct [1,3] shift.


For an exemplary case, that presented by 2-methyl-1-(E)-pro-
penylcyclobutanes, the kinetic situation is typical (Scheme 11).26


The stereomutations involve 12 rate constants but only 5 inde-
pendent kinetic parameters. Each enantiomer of a trans reactant
and each of a cis diasteroisomer could isomerize through [1,3]
shifts of a methyl-substituted C2 carbon in four ways. Or, stated
otherwise, each stereoisomeric substituted vinylcyclobutane would
give, through a particular stereochemical linkage between starting
isomer and product isomer, a unique product. In the formulations
of Scheme 11 and Scheme 12, rate constants ksr link a trans
diastereomer to a product and the k′


sr paths originate with cis
diastereomers.


Scheme 11 Thermal stereomutations of 2-methyl-1-(E)-propenyl-
cyclobutanes.


The kinetic analysis needs to take into account the two possible
kinetically competitive retro-[2 + 2] cycloaddition reactions of
each diastereomer leading to ethylene or propene, as well as [1,3]
carbon shifts forming stereoisomeric 3,6-dimethylcyclohexenes.
The cis diastereomers also react through a homodienyl hydrogen
migration to form cis-1,5-octadiene; this isomerization takes place,
but it is not so fast that the [1,3] carbon shifts of interest cannot
compete. All of which seems very complicated, but the kinetic
situation can be mastered through some patience and careful
treatments of the relevant differential equations and the related


Scheme 12 Different isomers of starting materials may give different
isomers of products even though all correspond to the same stereochemical
path.


integrated solutions. The more arduous requirements relate to
synthetic preparations of specific stereoisomers of starting mate-
rials and 3,4-dimethylcyclohexene products, sure assignments of
absolute stereochemistry, and developing and validating suitable
analytical techniques for gaining reliable information on mole
percent concentrations of all isomers in reaction mixtures as
functions of reaction times.


The gas phase kinetic investigation of thermal reactions at
275 ◦C leading from 2-methyl-1-(E)-propenylcyclobutanes to
3,4-dimethylcyclohexenes gave the distribution of relative rate
constants shown in Scheme 13.


Scheme 13 Partitionings among different stereochemical paths for 2-
methyl-1-(E)-propenylcyclobutanes.


The trans reactant isomerized through the various stereochem-
ically distinct [1,3] carbon shift paths in proportions quite similar
to those observed in 1976 for a non-racemic trans-2-methyl-1-
(E)-propenylcyclopropane (65% si, 8% ar, 22% sr, 5% ai).20 The
cis diastereoisomer of the substituted vinylcyclobutane provided
another set of four rate constants for [1,3] shifts; similar data
were not accessible starting from a non-racemic cis-2-methyl-1-
(E)-propenylcyclopropane, since [1,3] carbon migrations for this
reactant could not compete with a much faster isomerization
through a homodienyl hydrogen shift.


The dominant reaction paths from both diastereomers of 2-
methyl-1-(E)-propenylcyclobutane favor the thermodynamically
more stable products, the trans-3,4-dimethylcyclohexenes: the
trans reactant gives allowed si and ar outcomes 63% of the time;
the cis reactant leads through [1,3] carbon sigmatropic shifts
to forbidden sr and ai outcomes rather than allowed si and ar
outcomes by a 71 : 29 margain.
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An independent study led to a complete definition of rate con-
stants for all stereomutations and [1,3] carbon shifts in deuterium-
labeled racemic 2-cyano-1-(E)-propenylcyclobutanes.27 Different
analytical techniques, facilitated by the cis-disposed deuterium
labels at C3 and C4, gave the required data, which were processed
to yield the relative rate-constant distributions for the [1,3] shifts
at 207 ◦C (Scheme 14).


Scheme 14 Partitionings among different stereochemical paths for
2-cyano-1-(E)-propenylcyclobutanes.


Again, one sees trans isomers of the products favored by both
diastereomers of the substituted vinylcyclobutanes: the orbital
symmetry theory forbidden sr and ai paths from the cis reactants
account for 82% of the [1,3] shifts. This fact undercuts any
temptation to interpret the observation that allowed si and ar
paths are favored starting from trans isomers of 2-substituted 1-
(E)-propenylcyclobutanes, whether the C2 substituent is methyl
or cyano, because of orbital symmetry factors. The preference
for trans isomers of products from either cis or trans isomers
of the reactants are more plausibly explicated by postulating
a common determinant: dynamic effects as conformationally
flexible diradical intermediates seek exit channels from the caldera
energetic plateau.


Work has been initiated on the stereochemical aspects of
more minimally substituted vinylcyclobutanes.28 2-Deuterio-1-
(E)-propenylcyclobutanes at 276 ◦C gave stereomutations and iso-
merized through [1,3] shifts to 3-methyl-4-deuteriocyclohexenes
and 3-methyl-6-deuteriocyclohexenes (Scheme 15). The balance
between migrations of C2 through (ksi + kar) and through (ksr + kai)
paths was found to be 72 : 28. More detailed kinetic investigations
using reactants of very high enantiomeric and diastereomeric
ratios, and reliable analytical methods for determining all relevant
mole percent concentrations as functions of reaction time, will be


Scheme 15 The relative importance of allowed si + ar versus forbidden
sr + ai stereochemical outcomes for 1-(E)-propenylcyclobutane is 72 : 28.


necessary to determine all four [1,3] carbon shift rate constants
and the relative participation of each in the isomerizations.


Still more challenging will be experiments to obtain all four
rate constants for [1,3] carbon shifts from one specific 2,2′-d2-
vinylcyclobutane. While the required synthetic chemistry, deter-
minations of absolute stereochemistry for all isomers related
by stereomutations and [1,3] shifts of C2, and management of
the relevant kinetic expressions should be relatively tractable,
the analytical demands of such a project could present serious
difficulties. Techniques based on NMR spectroscopy, an obvious
approach one might consider, would be complicated by products
formed through [1,3] shifts of C4. Yet the data sought would
provide invaluable information to compare with insights provided
by initial efforts to construct a PES for the isomerizations and
in due course calculated distributions of kinetically controlled
mixtures of stereoisomeric products formed from one stereoisomer
of a 2,2′-d2-vinylcyclobutane (Scheme 16).


Scheme 16 Possible isomerizations of a non-racemic 2,2′-d2-vinyl-
cyclobutane.


Stereochemistry and mechanism of degenerate
rearrangements of bicyclo[3.1.0]hex-2-enes


Carbon [1,3] sigmatropic shifts of vinylcyclopropanes and vinyl-
cyclobutanes have counterparts of a degenerate sort. Both
bicyclo[3.1.0]hex-2-enes and bicyclo[3.1.1]hept-2-enes are known
to isomerize through [1,3] migrations detectable through isotopic
labeling experiments or by following thermal racemizations. The
former reactions have been investigated far more thoroughly.


Stereochemical investigations of thermal rearrangements in
bicyclo[3.1.0]hex-2-enes have uncovered three distinguishable
modes of isomerizations: [1,3] carbon shifts of sr stereochemistry,
[1,3] carbon shifts with ai stereochemistry, and a skeletal inversion
or “ring-flip” process. All three modes of isomerization are
forbidden according to orbital symmetry considerations.


A detailed investigation of the degenerate isomeriza-
tions shown by (−)-a-thujene ((−)-(1S,5S)-2-methyl-5-isopropyl-
bicyclo[3.1.0]hex-2-ene) demonstrated that three processes are of
significance.29 The system can undergo enantiomerization of the
bicyclic skeleton through a ring-flip process or through a [1,3] shift
with sr stereochemistry (Scheme 17). Thus by following the rate of
racemization the rate constant combination (k(ring-flip) + ksr) may be
readily determined. By following the equilibration of deuterium
labels through NMR analyses the rate constant combination
(ksr + kai) may be measured. To gain the individual rate constants
required determinations of deuterium labeling distributions of
specific enantiomers of partially racemized samples of the various
a-thujenes in reaction mixtures, or of structural derivatives thereof.
This arduous necessity was achieved through classical optical
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Scheme 17 Degenerate thermal isomerizations of optically active and
deuterium labeled a-thujenes (R = isopropyl).


resolutions of isothujyl hydrogen phthalates derived from the
thujenes followed by determinations of optical activity and
deuterium labels. The relative importance of the three modes of
isomerization was estimated to be ksr:k(ring-flip):kai = 56 : 24 : 20, and
the activation parameters for racemization in the gas phase were
found to be Ea 43.4 kcal mol−1 and log A 14.3.


Following on the early kinetic work of Cooke and Andrews,30


a more detailed investigation of the equilibrations of the four 4-
and 6-d-bicyclo[3.1.0]hex-2-enes (Scheme 18) found that all three
types of isomerizations had identical activation parameters (Ea


44.3 kcal mol−1, log A 14.1), indicating that differences in rate
constants did not stem from different activation energy barriers.
The three reactions participate in the proportions ksr: k(ring-flip):kai =
48 : 36 : 16.31


Scheme 18 Degenerate isomerizations of deuterium-labeled bicyclo-
[3.1.0]hex-2-enes.


The theory-based potential energy surface for the isomeriza-
tions of bicyclohexene and the conformational options available
once the diradical intermediate formed in the transition region
followed quickly.32 Dynamics trajectories were calculated based
on the PES and gave estimations of the relative importance of
the three overall isomerization processes observed: at 498 and
528 K there were (47 ± 1.7)% ksr, (38 ± 1.7)% k(ring-flip), and
(15 ± 1.3)% kai.33 The mechanistic model based on short-lived
diradical intermediates of some conformational flexibility on the
caldera until encountering an exit channel fits the experimental
observations and the trajectory-calculated representation of the
isomerizations quite well.


Studies of thermal isomerizations of bicyclo[3.1.1]hept-2-enes
have been less frequent and less detailed. The degenerate isomer-
izations of bicyclo[3.1.1]hept-2-ene itself at 226–236 ◦C through
[1,3] carbon shifts were demonstrated by Dietrich and Musso using
a deuterium labeling approach (Scheme 19).34


So far there has been no reported attempt to obtain information
on the stereochemistry of the [1,3] carbon shifts involved. Given


Scheme 19 The interconversion of 1-d- and 3-d-bicyclo[3.1.1]hept-2-ene.


the bicyclic skeleton, only si and sr stereochemical outcomes
are available, but that limitation does not translate into a very
simple kinetic situation. Thermal epimerization at a deuterium-
labeled C6 is a definite possibility, and migrations of both C6 and
C7 would occur. A complete stereochemical study to define the
kinetic parameters kr, ki, and kepim (dependent on C5–C6 bond
cleavage) and k13 (for migration of C7) would involve following
with good accuracy the time evolution of six degenerate isomers
(three pairs of enantiomers). The kinetic scheme would involve 20
rate constants but only four independent kinetic parameters.


The earliest publication now interpretable in terms of a [1,3]
carbon shift concerned the degenerate thermal racemization of a-
pinene. That work of Smith in 1927, prompted by discussions with
G. N. Lewis, may have been the first study involving determinations
of reaction rate constants for a gas phase degenerate thermal
racemization.5 The rate constants obtained between 184 and
237 ◦C led to a calculated Ea value of 43.7 kcal mol−1.


Smith’s report on the racemization of a-pinene in 1927 was
contested by Conant and Carlson in 1929.35 Both papers are well
worth reading today, for they provide a vivid reminder of the limi-
tations in experimental methods available at that time. Both exper-
imental approaches included conscientious efforts to make reliable
allowances for the complications contributed by other reactions
available to a-pinene (2,6,6-trimethylbicyclo[3.1.1]hept-2-ene). Of
particular note are retro-ene isomerizations leading to limonene
(1-methyl-4-isopropenylcyclohexene) or racemic limonene (dipen-
tene) and retro-[2 + 2] additions giving ocimene (3,7-dimethylocta-
1,3,6-triene) and then through a rapid [1,5] hydrogen shift to
allocimene (3,7-dimethylocta-2,4,6-triene) (Scheme 20). These
types of reactions are often competitive with [1,3] carbon shifts
when structural characteristics make them conceivable.


Scheme 20 Complexities presented by thermal reactions of a-pinene.


Gajewski and coworkers approached these reactions through
careful kinetic studies of the reactions shown by (1S)-(−)-a-
pinene and a deuterium-labeled analog.36 Activation parameters
for the thermal enantiomerization were found to be log A 14.4
and Ea 45.0 kcal mol−1. At 257 ◦C the relative rate constants for
enantiomerization through a [1,3] shift, a retro-ene isomerization,
and the retro [2 + 2] cycloaddition were 1, 2.5, and 3.3. The
retro-ene product mixture retained only 5% of its stereochemical
integrity; most of the diene was racemic limonene (dipentene). A
Cs-symmetric diradical intermediate able to transfer a hydrogen
to either end of an allylic unit with almost equal efficiency could
well be responsible for this observation.
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When syn-6-CD3-(1S)-a-pinene was reacted at 257 ◦C for
40 min, the rate for loss of a-pinene was diminished by a factor of
about 1.15; the conversion to limonene through retro-ene reactions
was diminished by about 30% (Scheme 21). Yet transfer of D rather
than H was favored by a factor of 2, according to deuterium
NMR analyses. Distinctions regarding deuterium placements for
the separate enantiomers of limonene were not accessible.


Scheme 21 Limonene products from syn-6-CD3-(1S)-a-pinene.


After 60 min the recovered a-pinene was separated into enan-
tiomers by GC on an a-cyclodextrin-packed column. For the S
isomer the syn:anti ratio for the C6-CD3 groups was 95 : 5. Little
loss of stereochemistry at C6 had occurred; presumably most of
the recovered starting material never entered the caldera. In the R
enantiomer, the syn:anti ratio was 55 : 45, corresponding to a small
preference for an overall [1,3] shift with inversion (Scheme 22).


Scheme 22 Isomerization through a [1,3] carbon shift with a slight
preference for inversion.


One rationale to account for these observations would postulate
Cs-symmetric diradical intermediates, with either the 6-CD3 group
or the 6-CH3 group oriented toward the center of the allylic sub-
structure. The diradicals might equilibrate to some degree before
collapsing to one or another closed shell product, but the ratio
would always be ≥1. The 30% reduction of the rate of formation
of limonene products would be an expected outcome for a primary
kH/kD effect from an initially formed Cs-intermediate having CD3


in position to transfer a deuterium. The slower rate of formation of
limonene could lead by default to the modestly lower rate for loss
of a-pinene, for the partitioning ratios from the diradical would
be modified in that sense. The other conformational isomer could
only transfer hydrogen. The factor of 2 preference for deuterium
transfer could reflect the time-averaged preponderance of the
initially formed and for some time favored diradical conformation.
The nearly complete loss of stereochemical integrity in the d3-
labeled (1R)-a-pinene product formed through an overall [1,3]
carbon shift would be consistent with considerable equilibration
between the two postulated diradical conformers.


Thermal reactions of bicyclo[3.2.0]hept-2-enes and
bicyclo[4.2.0]oct-2-enes


Given the importance accorded the report in 1967 that
6-endo-acetoxy-7-exo-deuteriobicyclo[3.2.0]hept-2-ene isomerizes
through a [1,3] carbon shift with si stereochemistry,13 it was


inevitable that more detailed investigations of bicyclo[3.2.0]hept-
2-ene and other bicyclic vinylcyclobutanes would be pursued.37 A
kinetic investigation of the parent hydrocarbon by Cocks and Frey
in 1971 demonstrated that bicyclo[3.2.0]hept-2-ene reacts through
three homogeneous first-order processes.38 A direct fragmentation
gave cyclopentadiene and ethylene. Bicyclo[2.2.1]hept-2-ene was
formed through a [1,3] shift isomerization, and then reacted
further, at a rate much faster that the rate of its formation, through
a retro-Diels–Alder reaction. A retro-[2 + 2] cycloaddition cleaving
C1–C5 and C6–C7 gave 1,3Z,6-heptatriene as a primary product.
Rate constants for the reactions leading directly and indirectly to
cyclopentadiene and ethylene were subject to large errors, though
the sum of these rate constants was well defined.


The rate constants k1 and k2 in Scheme 23 were hard to de-
termine individually because the bicyclo[2.2.1]hept-2-ene formed
directly through a relatively slow reaction was depleted quickly
through a relatively fast subsequent isomerization, and it never
amounted to much. It reached a maximum concentration of about
1.5 mol% as the reactions took place at 276 ◦C.39


Scheme 23 Reaction paths leading from bicyclo[3.2.0]hept-2-ene.


These two rate constants were measured successfully through a
dynamic isotope dilution kinetic study.39 While the magnitudes of
those rate constants are of little interest here, the study also found
that 1,2-d2-ethylene formed from cis-6,7-d2-bicyclo[2.2.1]hept-2-
ene was entirely cis, while the 1,2-d2-ethylene formed directly from
cis-6,7-d2-bicyclo[3.2.0]hept-2-ene was entirely stereochemically
scrambled. A similar result was later confirmed for cis-2,3-d2-
vinylcyclobutane: it fragments to give equal amounts of E and Z
isomers of 1,2-d2-ethylene.40


Though only minimal amounts of d2-labeled bicyclo[2.2.1]hept-
2-enes in reaction mixtures from cis-6,7-d2-bicyclo[3.2.0]hept-2-
ene ever built up, two groups were able to isolate some and gain
information on reaction stereochemistry.41 Belfield found that the
isomerization at 276 ◦C takes place with an si:ar ratio of about
76 : 24, based on the average of determinations for seven reactions,
some with slightly different distributions of deuterium labels. At
312 ◦C Klärner and co-workers found that the isomerization took
place with an 89 : 11 si:sr balance.


An observed thermal epimerization at C7 in a bicyclo-
[3.2.0]hept-2-ene might be rationalized by postulating a ring
inversion or a stereomutation at C7 made possible by a C1–C7
bond cleavage (Scheme 24). The relevance of the two possible paths
was probed for the parent bicyclic system with the aid of deuterium
labeling at C6, then at C7.42 Isomerization through a ring inversion
process was very slow at 275 ◦C but clearly detectable (k = 4 ×
10−8 s−1), while the overall epimerization at C7 through both a ring
inversion and a stereomutation at C7 was an order of magnitude
faster (k = 5.4 × 10−7 s−1). The difference between the two rate
constants, 5 × 10−7 s−1, ascribed to the one-way epimerization at
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Scheme 24 Ring inversions and stereomutations at C7 of deuterium-
labeled bicyclo[3.2.0]hept-2-enes.


C7, is an order of magnitude smaller that the [1,3] carbon shift
reactions (k = 4.4 × 10−6 s−1 at 276 ◦C).


Racemic epimers of 7-methylbicyclo[3.2.0]hept-2-enes equili-
brate thermally at rates competitive with the [1,3] shifts. The
epimerizations might result from a ring inversion process triggered
by cleavage of the C1–C5 bond or through a one-centered
stereomutation at C7 dependent on breaking the C1–C7 bond.
Heating 6-endo-methylbicyclo[3.2.0]hept-2-ene at 275 ◦C led to
fragmentation and some 5-exo-methylbicyclo[2.2.1]hept-2-ene; no
6-exo-methylbicyclo[3.2.0]hept-2-ene was detected in any prod-
uct mixture over 27 h (Scheme 25).43 Hence the epimeric 6-
methylbicyclo[3.2.0]hept-2-enes do not suffer a kinetically compet-
itive ring inversion and, presumably, neither do 7-methyl analogs.
The epimerizations they exhibit derive from the same diradical
intermediates responsible for [1,3] carbon shift reactions.


Scheme 25 endo-6-Methylbicyclo[3.2.0]hept-2-ene does not exhibit a
kinetically competitive ring inversion reaction.


Stereochemical outcomes for [1,3] carbon shifts in 7-
methylbicyclo[3.2.0]hept-2-enes are strongly dependent on the
stereochemistry of the reactant. In the 6-endo-acetoxy-7-exo-
methyl system thermal isomerization at 290 ◦C led to a 9.3 : 1 pre-
dominance of the 5-exo-acetoxy-6-exo-methylbicyclo[2.2.1]hept-
2-ene isomerization product over the 5-exo-acetoxy-6-endo-methyl
alternative (Scheme 26).44 Thus the si:sr ratio, 90 : 10, was consis-
tent with the reaction behaving, mostly, according to stereochem-
ical expectations based on the orbital symmetry generalizations
of 1969–1970. The epimeric starting material, the 6-endo-acetoxy-
7-endo-methyl bicyclic system, isomerized to 3-exo-methyl versus
3-endo-methyl products with a 12 : 88 ratio, almost a complete
reversal favoring the forbidden stereochemical outcome.


Scheme 26 Migrations with reversed stereochemical path preferences.


A still more pronounced preference for an sr [1,3] carbon shift
in a bicyclo[3.2.0]hept-2-ene having an endo methyl group at C7
was demonstrated by Forman and Leber in 1986.45 endo-7-Methyl-
exo-7-vinylbicyclo[3.2.0]hept-2-ene isomerizes at convenient rates
at much lower temperatures, thanks to the influence of the vinyl
substituent on the strength of the C1–C7 bond. At 150 to 166 ◦C
the reactant gives very little epimerization at C7 and very little


endo-5-methyl-exo-5-vinylbicyclo[2.2.1]hept-2-ene, the si product.
The dominant product is formed by way of exo-5-methyl-endo-5-
vinylbicyclo[2.2.1]hept-2-ene, the structure formed through an sr
stereochemical outcome, followed by a rapid Cope rearrangement.
The si:sr ratio was estimated to be 0.04, or 4 : 96 (Scheme 27).


Scheme 27 Strong preference for sr stereochemistry in a [1,3] carbon
shift.


Similar stereochemical results were found when the isomer-
izations shown by the exo and endo isomers of 7-methyl-
bicyclo[3.2.0]hept-2-ene were characterized (Scheme 28).46 The
[1,3] carbon shifts of the exo isomer at 275 ◦C occurred in a si:sr
88 : 12 stereochemical ratio, while the endo reactant gave almost
exclusively 6-exo-methylbicyclo[2.2.1]hept-2-ene, the forbidden sr
product. The si:sr ratio was close to 0.


Scheme 28 Reactions giving a preponderance of the same [1,3] shift
product through different stereochemical paths.


These stereochemical facts can’t be interpreted in any consistent
fashion through the generalization that orbital symmetry factors
dictate that a [1,3] suprafacial carbon shift must occur with inver-
sion. The symmetry-based analysis leading to the generalization is
perfectly fine, but the conclusion is not applicable to the reactions
in question, for they do not show isomerizations in strict adherence
to the rules for conservation of orbital symmetry.


A more plausible model for these [1,3] shifts was advanced by
Carpenter in 1995.47,48 Classical molecular dynamics calculations
using a semi-empirical potential energy surface concluded that
the isomerizations involve a stepwise mechanism and a singlet
diradical intermediate. The early stages of C1–C7 bond cleavage
do not include much torsional change about the C6–C7 bond.
As C1–C7 is broken, and a rotation about C5–C6 begins to slide
C7 and its substituents across the five-membered ring, a rotation
about C6–C7 comes into play so as to maintain some residual C1–
C7 bonding as long as possible. This factor sets the sense of the
torsional rotation about C6–C7: in the (1R)-bicyclo[3.2.0]hept-2-
ene structures shown, the C6–C7 rotation is counter-clockwise.
The residual bonding between C1 and C7, not an incipient
bonding between C3 and C7, provides this stereochemical bias.
Conservation of angular momentum favors a continuation of
this rotation and thus the face of the migrating methylene group
corresponding to an inversion outcome is presented to its future
bonding partner C3 even as C7 and C3 are relatively far apart.


An 7-exo-methyl substituent does not alter this scenario much,
but 7-endo-methylbicyclo[3.2.0]hept-2-ene cannot follow a similar
trajectory. The counter-clockwise C6–C7 rotational motion is
impeded, for it would tend to bring the methyl group and five-
membered ring into serious steric conflict. The C1–C7 bond is
cleaved without the facilitating contribution from the C6–C7
counter-clockwise torsion; the cleavage leads to a more extended
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conformation of the diradical having the face of the migrating
group corresponding to a retention outcome positioned for
eventual bond formation with C3.


One may question this or that detail of the dynamics calcula-
tions, given the recognized computational limitations inherent in
the study. Yet at a minimum the findings make a powerful case
for not taking an experimental observation of si reaction stere-
ochemistry, corresponding to a Woodward–Hoffmann-allowed
[1,3] carbon sigmatropic isomerization, as conclusive evidence
against a stepwise mechanism, or as a sure confirmation that
the reaction under consideration was concerted and featured
a transition structure involving bonding interactions between
the migration carbon and both migration origin and migration
terminus. The calculated mid-reaction diradical structure for the
isomerization of bicyclo[3.2.0]hept-2-ene to bicyclo[2.2.1]hept-2-
ene features a rotational barrier about the original C6–C7 bond of
1.2 kcal mol−1.47 The alkyl radical and the allylic radical entities are
separate sub-structures within the diradical intermediate; they are
not connected through residual or incipient bonding interactions.
A preference for migration with inversion rather than retention of
stereochemistry in the isomerization of bicyclo[3.2.0]hept-2-ene to
bicyclo[2.2.1]hept-2-ene (norbornene) is due to dynamic factors.
Conservation of orbital symmetry plays no role.


Other assessments of thermal [1,3] suprafacial carbon shifts
leading from bicyclo[3.2.0]hept-2-ene to norbornene were forth-
coming in 1998–1999 when Houk and coworkers exercised DFT
calculations and complete active space CASSCF and CASPT2
theory to investigate alternative concerted and stepwise diradical-
mediated mechanistic understandings of the isomerization.49 Their
findings confirmed that the reaction takes place by way of a
diradical transition structure. The breaking C1–C7 bond in the
transition structure, according to the calculations, is 2.589 Å
long, and the length of the bond eventually formed between C3–
C7 is 3.694 Å. There is no cyclic conjugation in the transition
structure, and the overall reaction stereochemistry, known to
exhibit a preference for si over sr outcomes, can be traced to
reaction dynamics as diradical conformers traverse a relatively
flat energy plateau prior to the formation of norbornene. While
many important details of the computational methods, calculated
structures and energies, and insights reported by Carpenter and
by Houk and co-workers are distinct, the essential conclusions
reached are identical. The isomerization involves a diradical
intermediate, not an orbital symmetry allowed concerted process.
Reaction stereochemistry is defined after the rate-determining step
featuring a diradical transition structure. Whether a “significant
intermediate” is involved or not depends directly on careful
semantic distinctions separating “significant intermediate” from
“short-lived intermediate” and “stable intermediate”.


Recent preparations and investigations of the thermal reactions
of bicyclo[4.2.0]oct-2-enes have provided an additional basis for
judging whether there might be some orbital symmetry allowed
and concerted si [1,3] carbon shifts along with diradical-mediated
two-step reactions that give the si product for other reasons. In the
bicycloheptene, the hypothetical concerted transition structure,
having partial bonding on either side of the migrating methylene
function with C1 and with C3, would entail “extraordinarily
unfavorable geometric constraints”. In a [1,3] carbon shift process
starting from bicyclo[4.2.0]oct-2-ene, the hypothetical transition
structure would be less strained. The geometric constraints would


be to some degree relaxed. Hence higher si:sr ratios could
be anticipated for isomerizations of bicyclooctenes relative to
similarly substituted bicycloheptenes.


The 8-methylbicyclo[4.2.0]oct-2-enes were prepared and gas
phase thermal reactions at 275 ◦C were followed for each isomer
(Scheme 29).50 The 8-exo-methyl isomer isomerized to give 5-exo-
methylbicyclo[2.2.2]oct-2-ene and the 5-endo-methyl epimer in a
71 : 29 ratio. The 8-endo-methylbicyclo[4.2.0]oct-2-ene did not
form a [1,3] shift product: it gave its epimeric 8-exo-methyl isomer
and fragmented to yield 1,3-cyclohexadiene and propylene.


Scheme 29 Stereochemical preferences for [1,3] carbon shifts shown by
8-exo-methyl- and 8-exo-methoxybicyclo[4.2.0]oct-2-ene.


Thus 7-exo-methylbicyclo[3.2.0]heptene gives relatively more si
[1,3] shift product (88%) than does 8-exo-methylbicyclo[4.2.0]oct-
2-ene (71%), a result that does not support the orbital symmetry
controlled vision and correlative hypothetical transition structures
for these reactions of simple homologs. Similar stereochemi-
cal preferences were demonstrated for [1,3] carbon shifts of
8-exo-methoxybicyclo[4.2.0]oct-2-ene: the si:sr ratio for the 5-
methoxybicyclo[2.2.2]oct-2-enes formed was 76 : 24.51


A more stringent test of the proposition that more flexible reac-
tants should favor si product outcomes was made with deuterium-
labeled bicyclo[4.2.0]oct-2-enes (Scheme 30). A deuterium marker
at C7 did not equilibrate with the corresponding epimer at
300 ◦C over times convenient for measuring rates of conversion
to deuterium-labeled bicyclo[2.2.2]octenes and to fragmentation
products.


Scheme 30 The epimeric 7-d-bicyclo[4.2.0]oct-2-enes do not exhibit
kinetically competitive equilibrations through a ring inversion process.


A sample of 8-d-bicyclo[4.2.0]oct-2-ene (Scheme 31) rich in the
endo isomer at 300 ◦C exhibited a faster epimerization at C8
(keq = 2k8e = 6.1 × 10−5 s−1) than isomerizations through [1,3]
carbon shifts (k1,3 = 4.3 × 10−6 s−1).52 The diradical must re-form
the starting hydrocarbon structure at least 7 times more often
than it gives the [2.2.2] bicyclic product if one assumes that some
recombinations must involve no change in configuration.


Scheme 31 Rapid epimerization at C8 of deuterium-labeled bicyclo-
[4.2.0]oct-2-enes.
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Scheme 32 Isomerizations through [1,3] carbon shifts with nearly com-
parable si and sr outcomes.


The kinetically controlled [1,3] shift product distribution was
58 : 42 favoring the inversion outcome (Scheme 32). Again,
and more strikingly, the implication that a more flexible allowed
concerted si [1,3] carbon shift transition structure might raise the
si:sr ratio proved to be incorrect.


Comparing rate constants for fragmentations, epimerizations,
and [1,3] shifts in bicycloheptenes (at 275 ◦C) and bicyclooctenes
(at 300 ◦C) reveals that the largest difference is evident in
epimerizations. The rate constant ratios for the C8 to C7 reactants
at these two temperatures are about 5 (for fragmentations), 120
(for epimerizations), and 1 (for [1,3] shifts). The conformationally
flexible diradical formed as the C1–C8 bond of bicyclo[4.2.0]oct-
2-ene is cleaved has the capacity to present either face of
the alkyl radical unit to possible reaction partners to similar
extents. A suitable direct dynamics calculational investigation
could show whether these relatively permissive yet not statistically
defined stereochemical preferences are based on different classes
of trajectories launched as the diradical is formed, or through
relatively long-lived diradical intermediates able to rotate more
than 180◦ about the C7–C8 bond before the singlet diradical
intermediate is transformed into a [4.2.0] or a [2.2.2] product.


Conclusions


Over the past 40 years a substantial body of experimental evidence
bearing on mechanistic understandings of thermal [1,3] carbon
shifts has been compiled. Taken as a whole, it provides a firm basis
for interpreting such isomerizations as reactions taking place by
way of conformationally flexible but not statistically equilibrated
diradical intermediates. Competing reactions such as thermal
stereomutations and fragmentations reflect other options open to
the diradicals. Kinetically controlled product distributions do not
follow anticipations based on orbital symmetry rules. They often
reflect some bias in favor of more thermodynamically stable iso-
mers. Often si stereochemical outcomes are favored to some extent,
but in other cases the sr outcomes are dominant. These preferences
can be traced to structural changes associated with progress
along the reaction coordinate leading to the transition region and
launching the diradical intermediate onto the caldera energetic
plateau as a composite of vibrational states. Exit channels are
found and product distributions are determined by dynamic
factors. Conservation of orbital symmetry plays no role. Orbital
symmetry theory for [1,3] carbon shifts recognizes that they could
take place in a concerted fashion with si stereochemistry, which
is certainly correct. The theory is fine. But it is not applicable
to thermal [1,3] carbon shifts in the real world. A beautiful and
powerful theory may in practice prove wanting.


This point has been made repeatedly over the years by many
commentators. One of the most concise and pellucid formulations
of the truism has been enunciated by Yogi Berra: “In theory there
is no difference between theory and practice. In practice there is”.
Yet a theory can be so attractive, so seductive to one impatient


to recognize an understanding, that inappropriate applications of
the theory can be all but irresistible.


Much of the progress in physical organic chemistry and the
study of reaction mechanisms since the 1930s has depended on
considering the behavior of closely related groups of molecules.
Correlating variations in experimentally determined structural
and reaction characteristics led to mechanistic insights of great
utility and aesthetic satisfaction. Neither could have been attained
by a generalization based on a single example.


In retrospect, one can surmise that interpretations of ther-
mal [1,3] carbon shifts would have evolved differently, if
bicyclo[4.2.0]oct-2-ene systems had been studied thoroughly
before experiments based on a single structural template, a
substituted bicyclo[3.2.0]hept-2-ene, were rationalized in terms of
the principle of orbital symmetry control of concerted chemical
changes. But once that rationalization was made, and confirmed
in a most authoritative fashion, it became established dogma, at
least in many quarters, and dogmas are hard to overturn. In some
of the most widely used textbooks of organic chemistry today,
and even the leading modern physical organic chemistry text, si
[1,3] carbon shifts are represented as concerted, orbital symmetry
controlled reactions! So the mechanistic controversy, at least in
the secondary literature, still retains a vestigial presence.
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A current goal in synthetic chemistry is the design and synthesis of molecules that adopt well defined
conformations—so called foldamers. In this manuscript we describe a modular approach for
construction of rod shaped para-oligobenzamide molecules. Our approach permits regiospecific
incorporation of side chains through a phenolic ether linkage on the scaffold; a feature that partly
restricts the conformation of the rod through intramolecular hydrogen-bonding.


Introduction


A current goal of biomolecular chemistry is to replicate the func-
tions performed by nature’s biomacromolecules with synthetic
mimics. Nature uses polymers comprising well defined monodis-
perse sequences of monomers that adopt highly defined secondary
and tertiary three dimensional architectures. Therefore, significant
effort has been devoted to identifying model systems that give
rise to well defined secondary structures termed ‘foldamers’.1,2


More recently functional properties3 have been illustrated as
evidenced by reports on foldamers that inhibit protein–protein
interactions,4 act as bacteriocidal agents5 and recognise small
molecules.6 Similarly, the knowledge derived from fundamental
studies of secondary structural motifs has recently allowed some
simple tertiary structures to be prepared.7–9 For the most well
studied class of foldamer, i.e. those derived from b-peptides,10


a key feature that has permitted these studies is the availability
of iterative syntheses that give rise to well defined sequences
incorporating many different monomers.


We have become interested in the study of aromatic oliogo-
amides11–13 because their syntheses are in principle amenable to
the methods used for conventional a-amino acid derived peptides.
Most aromatic oligoamides adopt helical conformations pre-
organised by intramolecular hydrogen-bonds, with extended or
rod-like conformations less common.14–18 Rod-like oligomers may
find use in protein,19 peptide20 and oligonucleotide recognition.21


We recently described a route to oligoamide macrocycle syn-
thesis with regiospecific incorporation of functional groups.22


The approach does not require hydrogen-bonding but instead
exploits the helical conformation23 adopted by linear N-alkylated
aromatic oligoamides which preferentially adopt the cis con-
former at the amide linkage.24 Given that phenyl-benzamides
prefer the trans conformation,25 we hypothesized that it should
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be possible to construct short rod-like oliogoamides using a
similar strategy. Indeed, a similar approach was used to assemble
nanometre sized rods from 4′-amino-[1,1′-biphenyl]-4-carboxylic
acid derivatives.26 Herein we describe a robust modular synthesis of
aromatic oligoamides and their structural characterisation. These
O-alkylated oligomers were recently proposed to be potential a-
helix mimetics.27


Results and discussion


Synthesis


Our design of rod-like oligomers necessitates placing the carboxy-
late and amine funtionalities that form the linking amide in a para
relationship. We also required a robust method to incorporate
side-chains into each monomer unit and were attracted by O-
alkylation. This has the advantage of pre-organising the scaffold
further through 5-membered intramolecular hydrogen-bonding
between the oxygen of the alkoxy substituent and the amide
NH. Iterative synthesis via sequential coupling of masked 4-
nitro-3-alkoxybenzoic acid monomers (Scheme 1) as described for
synthesis of b-sheet binding pyrazole oligoamides20 was attractive
to us. Such an approach is fully modular, so once a monomer
has been synthesised it can be rapidly incorporated into any
desired sequence. In previously described studies,27 N to C terminal
assembly was employed, but amide bond formation with alkylated
monomers failed and a less modular amide formation then
alkylation was necessary.


Scheme 1 Iterative synthetic strategy for construction of aromatic
oligoamide rods.
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For these solution phase studies we chose 4-nitro-3-hydroxy-
benzoic acid as the starting material due to the ease of monomer
synthesis. Scheme 2 outlines our approach which furnishes both
4-nitro-3-alkoxybenzoic acids 4a–f for chain elongation and
unmasked amines 5a–b that can be used as the starting monomer.


Scheme 2 Synthesis of monomers for iterative synthesis of aromatic
oligoamide rods.


Alkylation of the phenolic oxygen is possible either by reaction
with commercially available alkyl halides or Mitsunobu reaction
with alcohols. The latter approach gives poorer yields and more
difficult purification; however, the compatibility of both reactions
coupled with the wide variety of commercially available alkyl
halides and alcohols, augers well for future studies.


The synthesis of trimers is shown in Scheme 3. The key steps
involve (i) amide bond formation, for which we selected dichlorot-
riphenyl phosphorane as activating agent and (ii) unmasking
of an amino group, for which we selected tin (II) chloride. For
amide bond formation, only coupling reagents that generate acid
chlorides gave decent yields and then only when heated. For
nitro group reduction, although hydrogenation over palladium on
carbon proceeded smoothly, this is not compatible with benzylic
O-alkyl substituents. We found reduction with tin (II) chloride to be
a viable alternative. Yields were consistently above 90% for each
of these steps. The final compounds 10 were fully deprotected
to expose the terminal amine and carboxylate functionalities
(hydrolysis followed hydrogenation—see below).


The synthesis of tetramers and pentamers was found to be more
challenging. Initially we conceived a 2 + 3 fragment based strategy;
however, our attempts to cleave the methyl ester of trimer 8aaa
resulted in hydrolysis of the amide group para to the terminal nitro
group. This is perhaps unsurprising given the electron withdrawing
nature of the nitro group. Thus, although we could have also
explored a 3 + 2 strategy, this result suggested that clean hydrolysis
of nitro masked dimers 6 was unlikely and we opted instead for
a simple 3 + 1 then 4 + 1 chain elongation approach (Scheme 4).
Only small reductions in yield were observed for the coupling
steps, however, the tetramers and pentamers underwent sluggish
nitro group reduction. The most likely reason for this is the poorer
solubility of these compounds in the reaction media. Indeed,


Scheme 3 Synthesis of fully unmasked trimers 10 via an iterative chain elongation approach. Identity of side chains in oligomers is given from the C
terminus e.g. for 10aac R1 = a, R2 = a, and R3 = c.
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Scheme 4 Synthesis of oligoamide tetramers and pentamers (letters correspond to R groups as for Schemes 2 and 3).


we were unable to reduce tetramer 12acde whilst 12aecb gave a
poor conversion resulting in only 22% of the reduced product
although it should be noted that unreacted starting material was
also recovered.


Structural studies


Single crystals were obtained by the slow evaporation of a solution
of trimer 8abc in ethyl acetate. The X-ray structure confirms the
oligomer adopts an extended structure and the presence of an
intramolecular hydrogen-bond between the amide NH and the
alkoxy oxygen on the neighbouring phenyl ring (Fig. 1). NMR
studies indicate that this behaviour is mirrored in solution. For
example 8aaa, in both DMSO-d6 and chlorinated solvents, exhibits
strong hydrogen bonds as evidenced by the downfield shift of the
NH protons (Hf and Hl) (removed in the 1H NMR spectra) (Fig. 2a
and b). In both solvents, the NHs undergo no change upon dilution
indicating these interactions are intramolecular (Fig. S1 and S2,
ESI‡). This is further confirmed upon heating up to 100 ◦C (Fig. S3
and S4, ESI‡); in DMSO-d6, Hf and Hl experience temperature
induced shifts of 3.5 ppb K−1 and 4.3 ppb K−1 whilst in C2D2Cl4


they exhibit shifts of 0.8 ppb K−1 and 0.6 ppb K−1. The extended


Fig. 1 X-Ray crystal structure of compound 8abc shown in stick (left)
and CPK (right) format. Key distances H1–O4 = 2.155 Å and H2–O2 =
2.132 Å.


rod-like structure is confirmed in solution by correlations in the
1H–1H NOESY spectrum between NH and ArCH on adjacent
aromatic units (i.e. NHl to Hk and Hj and NHf to He and Hd)
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Fig. 2 1H NMR spectrum (500 MHz) of trimer 8aaa (a) 3 mM in CDCl3 and (b) 2 mM in DMSO-d6 (c) 1H–1H NOESY spectrum of trimer 8aaa
in CDCl3.


and the absence of cross-peaks between non-adjacent aromatic
resonances (Fig. 2c). Furthermore, this observation confirms free
rotation about the ArCO bonds, whilst the absence of cross-peaks
between H0 and NH1 or Hi and NHf suggests restricted rotation
about the ArNH bonds.


The tetramers and pentamers also exhibit downfield shifted
NH protons indicative of H-bonding, however signal overlap
prevented a thorough conformational analysis as for the trimers.
We therefore utilized molecular modelling by performing a full
Monte Carlo search in Macromodel28 using the MMFFs force
field. This revealed the lowest energy conformation of pentamer
13aaaaa in the gas phase was the extended structure (Fig. 3)
and similar results were obtained when the dielectric was set to
water. This clearly demonstrated the extended conformation is


Fig. 3 Lowest energy conformer of pentamer 13aaaaa identified by a
Monte Carlo search in Macromodel using the MMFFs force field.


preferred in both solution phase and gas phase. Furthermore,
we tentatively suggest that alternate alkoxy substituents prefer to
reside on opposite faces of the rod—all but two of the 20 lowest
energy conformers found in the search followed this trend.


Taken together the X-ray, NMR and modelling studies clearly
confirm an extended conformation is preferred in the solid state
and solution, and that intermolecular hydrogen-bonding fixes
rotation about the ArNH bond. However, like the nanometre
sized rods described recently by Nowick and co-workers,26 free
rotation about the ArCO bond is possible. Our rationale is that
the alkoxy substituents minimise steric hindrance by residing on
opposing faces, although this conformation would also minimise
dipole effects. The NOESY results suggest this preference is
not overwhelming as both ArCO conformations are present in
solution. Interestingly, in the solid state structure of 8abc (Fig. 1)
two of the alkoxy substituents reside on the same face suggesting
that crystal packing effects and interactions between adjacent side
chains can significantly influence the preferred conformation of
these oligomers. This is significant for the following reason: where
the molecular recognition properties of these foldamers depend on
the alkoxy substituents being presented on one face and available
for recognition (e.g. for protein19 or crystal surface29 recognition)
an entropic price would need to be paid for fixing the ArCO bond
rotation and/or breaking side-chain side-chain interactions. This
can be advantageous in that it allows for induced-fit binding. These
compounds therefore complement the fully rigidified crescent
oligomers and rods described by the groups of Gong,13 Hamilton16


and Li.17,18


Conclusion


We have described the fully modular syntheses of a series of rod
like aromatic oligoamides. These molecules can be made from
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easily accessible monomers and adopt well defined conformations,
whilst the building blocks and synthetic methods are compatible
with the components of other aromatic oligoamides. Our own
future studies will focus on making mixed structures containing
building blocks from this pool, elaborating solid phase approaches
for their synthesis and studying their molecular recognition
properties.


Experimental


All chemicals and solvents were purchased from Aldrich and
used without further purification. Melting points were determined
using a Griffin D5 variable temperature apparatus and are un-
corrected. 1H Nuclear magnetic resonance spectra were recorded
using a Bruker DRX 500 MHz or DPX 300 MHz machine. 1H
spectra are referenced to tetramethylsilane (TMS) and chemical
shifts are given in parts per million downfield from TMS. Coupling
constants are reported to the nearest 0.1 Hz. Microanalyses
were obtained on a Carlo Erba Elemental Analyser MOD 1106
instrument. Infrared spectra were recorded on a Perkin-Elmer
FTIR spectrometer and samples analysed in the solid phase.
Mass spectra were obtained on a Bruker microTOF using electro-
spray ionisation. Representative characterisation is given here
for all intermediates leading to a complete trimer 10abc and a
complete pentamer 13aecba. The remaining data is available in the
ESI.‡


Crystal structure determination for 8abc


Single crystals were grown by the slow evaporation of a solution
of 8abc in ethyl acetate. X-Ray diffraction data were collected at
the University of Leeds. Crystal data. C35H35N3O9, M = 641.66,
crystal size 0.3 × 0.1 × 0.1 mm, triclinic, a = 8.0680(2), b =
10.8740(2), c = 19.1980(5) Å, a = 105.2700(10), b = 8.0820(10),
c = 8.0750(10)◦, U = 1580.64(6) Å3, T = 150(2) K, P1̄, Z = 2, l =
0.098 mm−1, k = 0.71073 Å [Mo–Ka], 13724 reflections measured,
7244 unique (Rint = 0.035), observed (I > 2r(I)). The final R1 was
0.0490 (observed reflections 0.0866) and wR(F 2) was 0.1250 (all
data 0.1638) for 436 parameters.§


Molecular modelling


Structures were minimized with Macromodel (MacroModel ver-
sion 9.0, Schrodinger LLC, New York, NY, 2006) using the Monte
Carlo method (5000 structures using the automatic setup) and
minimized using the MMFF force field. The results were visualized
with Maestro (version 7) and the lowest 20 energy structures were
compared, and found to be similar.


General procedure A for the alkylation of phenol


Under an inert atmosphere, methyl-3-hydroxy-4-nitrobenzoate
(1 equiv.) was dissolved in DMF (5 ml per g of phenol) and K2CO3


(5 equiv.) was added. The alkyl halide (1.4 equiv.) was then added
and the solution stirred at 50 ◦C overnight. The resultant solution
was poured into EtOAc (100 mL per g of phenol) and washed
twice with H2O (100 mL per g of phenol) and once with brine


§ CCDC reference number 661106. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b712606a


(100 mL per g of phenol). The organics were dried (Na2SO4) and
removed under reduced pressure. The crude oil was subjected to
column chromatography (SiO2, CH2Cl2) to yield a pale yellow
solid.


General procedure B for the saponification of esters


Oligoamide (1 equiv.) was dissolved in THF (25 mL per g of ester)
and MeOH (25 mL per g of ester). NaOH (10% aqueous 5 mL
per g of ester) was then added and the solution was sealed and
stirred overnight. When the reaction was complete as observed by
TLC, the organic solvent was removed under reduced pressure.
The resulting viscous solution was diluted with water (40 mL
per g of ester) and acidified to a pH of 1 using 10% aqueous
HCl. The resulting suspension was then filtered and the solid
dried overnight yielding a white solid. Alternatively the acid is
dissolved in EtOAc and separated from the spurious water and
dried (Na2SO4). Removal of the solvents under reduced pressure
yielded the acid as a white solid.


General procedure C for the coupling reaction


Under an inert atmosphere, to a stirred solution of amine
(1.0 equiv.) and acid (1.4 equiv.) in freshly distilled CHCl3 (50 mL
per g of amine), dichlorotriphenylphosphorane (4.5 equiv.) was
added and the solution allowed to stir at reflux (80 ◦C) overnight.
The solvents were removed under a reduced pressure and the
resultant viscous oil subjected to column chromatography (SiO2,
CH2Cl2–Et2O gradient) to yield the product.


General procedure D for reduction of a nitro group


To a solution of a nitro compound (1 equiv.) in EtOAc (5–
10 mL) was added SnCl2·2H2O (5 equiv.) and the reaction mixture
was heated to 50 ◦C under a drying tube. When TLC indicated
complete reduction (typically 24 hours), the reaction mixture was
cooled, then poured into NaOH solution (10% 100 mL) and the
flask rinsed into ethyl acetate (×2). The combined organics were
extracted twice with NaOH solution (10% 100 mL) before being
washed once with brine (50 mL). The organics were then dried
(Na2SO4) and the solvent removed under reduced pressure yielding
oils that solidify upon standing. Alternatively, the oil was subjected
to column chromatography (SiO2, CH2Cl2–Et2O gradient) to give
a cream white to yellow crystalline product.


Methyl-3-hydroxy-4-nitrobenzoate 2


A stirred solution of 3-hydroxy-4-nitro benzoic acid 1 (2.50 g,
13.66 mmol) and p-toluene sulfonic acid (0.50 g, 2.63 mmol)
in anhydrous methanol (50 mL) under an atmosphere of argon
was heated at reflux (65 ◦C) for 60 h. The reaction mixture
was concentrated to leave a bright yellow crystalline solid, which
was partitioned between EtOAc and water (4 × 50 mL). The
organic fraction was dried (MgSO4), concentrated and dried under
vacuum, isolating pure target material (2.38 g, >90%) as a bright
yellow powdered solid; mp 90–91 ◦C (90–91 ◦C Aldrich); Rf 0.63
(10% EtOAc in CH2Cl2); dH (300 MHz, CDCl3) 4.00 (s, 3H,
CO2Me), 7.65 (d, 1H, J = 8.8, ArCH), 7.87 (d, 1H, J = 1.7,
ArCH), 8.21 (d, 1H, J = 8.8, ArCH).
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Methyl-3-isopropyloxy-4-nitrobenzoate 3a


To a stirred solution of methyl-3-hydroxy-4-nitrobenzoate 2
(1.00 g, 5.34 mmol), isopropanol (0.60 mL, 7.85 mmol, excess)
and triphenylphosphine (1.33 g, 5.07 mmol) in anhydrous THF
(15 mL), under an atmosphere of argon, at 0 ◦C, was added
diisopropyl azodicarboxylate (DIAD) (1.00 mL, 4.82 mmol). The
reaction mixture was allowed to warm to room temperature and
stirred for a further 72 h. The reaction mixture was concentrated
then dissolved in CH2Cl2 and washed with water (2 × 30 mL),
saturated NaHCO3 (3 × 30 mL) and brine (30 mL). The organic
fraction was concentrated and purified by column chromatogra-
phy (1 : 1; CH2Cl2–hexane) to yield the product (0.84 g, 77%) as a
bright yellow crystalline solid; mp 39–41 ◦C (found: C, 55.30; H,
5.45; N, 5.75%. C11H13NO5 requires: C, 55.23; H, 5.48; N, 5.86%);
Rf 0.55 (CH2Cl2); dH (500 MHz, CDCl3) 1.41 (6H, d, J = 6.0,
2-propyl CH3), 3.96 (3H, s, CO2Me), 4.77 (1H, hep, J = 6.0, CH),
7.65 (1H, d, J = 7.3, ArCH), 7.74 (1H, s, ArCH), 7.76 (1H, d,
J = 8.5, Ar 6-CH); dC (75 MHz, CDCl3) 21.8, 52.8, 73.0, 116.9,
121.1, 125.1, 134.4, 143.7, 150.8, 165.4; mmax/cm−1 (solid state) =
3119, 3060, 2989, 1958 (aliph CH), 1725 (CO), 1528; ESI-MS
m/z 262 [M + Na]+; ESI-HRMS found m/z 262.0694 [M + Na]+,
C11H13NNaO5 requires 262.0686.


Methyl-3-isopropyloxy-4-nitrobenzoate 3a


(Alternative preparation using procedure A) methyl-3-hydroxy-4-
nitrobenzoate 2 (600 mg, 3.0 mmol), K2CO3 (510 mg, 3.7 mmol),
anhydrous DMF (15 mL), 2-bromopropane (450 lL, 5.0 mmol).
Purification by column chromatography (20% EtOAc–CH2Cl2)
gave a bright yellow crystalline solid: yield: 520 mg, 71% (data as
above).


3-Isopropyloxy-4-nitro benzoic acid 4a


(Using minor modifications to procedure B) a stirred solution of
methyl-3-isopropoxy-4-nitrobenzoate (250 mg, 1.05 mmol) and
1 M NaOH solution (1.5 mL, 1.10 mmol) in methanol (10 mL)
was heated at reflux temperature (65 ◦C) for 12 h until TLC
indicated no remaining starting material. On cooling, the reaction
mixture was acidified to pH ∼1 (1 N HCl, ∼2 mL) precipitating a
solid which was collected by filtration and dried thoroughly under
vacuum to give the target acid (194 mg, 82.1%) as a cream solid:
mp 173–175 ◦C (found: C, 53.40; H, 4.90; N, 6.05%. C10H11NO5


requires: C, 53.33; H, 4.92; N, 6.22%); Rf 0.31 (15% MeOH
in CH2Cl2); dH (75 MHz, CDCl3) 1.47 (d, 6H, J = 6.1, CH3),
4.82 (q, 1H, J = 6.1, CH), 7.77 (d, 1H, J = 8.1, ArCH), 7.80
(d, 1H, J = 7.6, ArCH), 7.82 (d, 1H, J = 1.3 Hz, ArCH); dC


(75 MHz, CDCl3) 22.18, 73.52, 117.70, 122.18, 125.59, 133.70,
144.77, 151.19, 170.69; mmax/cm−1 (solid state) = 2900 (broad,
COOH), 1688 (CO), 1524, 1432; ESI-HRMS found m/z 224.0553
[M − H]−, C10H10NO5 requires 224.0553.


Methyl-4-amino-3-isopropyloxy benzoate 5a


To a stirred solution of methyl-3-isopropoxy-4-nitrobenzoate 3a
(340 mg, 1.42 mmol) in anhydrous methanol (10 mL), under an
atmosphere of nitrogen, was added 10% palladium on charcoal
(30 mg). The nitrogen atmosphere was evacuated under vacuum
and hydrogen gas (1 L, excess) introduced via a balloon. The


reaction mixture was stirred for 200 minutes until TLC indicated
the reaction was complete. The mixture was passed through a
celite pad and concentrated before drying under vacuum to yield
the product (272 mg, 92%) as a runny pale brown oil; Rf 0.42
(5% EtOAc in CH2Cl2); dH (500 MHz, CDCl3) 1.29 (d, 6H, J =
6.1, CH3), 3.78 (s, 3H, CO2Me), 4.10 (broad singlet, 2H, NH2),
4.56 (septet, 1H, J = 6.1, CH), 6.59 (d, 1H, J = 8.1, ArCH),
7.39 (d, 1H, J = 1.5, ArCH), 7.45 (dd, 1H, J = 1.6 and 8.2,
ArCH); dC (75 MHz, CDCl3) 25.57, 52.05, 71.20, 113.80, 114.44,
119.81, 124.29, 142.62, 144.54, 167.75; mmax/cm−1 (solid state) 3500,
3373 (NH2), 2972, 2950 (CH), 1692, 1613 (CO); ESI-MS m/z 210
[M + H]+; ESI-HRMS found m/z 210.1127 [M + H]+, C11H15NO3


requires 210.1125.


Methyl-3-isopropoxy-4-(3-propoxy-4-nitro-benzoylamido)-
benzoate 6ab


(Procedure C) 5a (166 mg, 0.8 mmol), 4b (178 mg, 0.8 mmol),
chloroform (20 mL), Cl2PPh3 (640 mg, 1.9 mmol). Purification
by column chromatography (10% EtOAc in CH2Cl2) afforded the
target material (215.7 mg, 65%), as a pale yellow solid; mp 132–
133 ◦C (found C 60.00, H 5.80, N 6.60%. C21H24N2O7 requires: C
60.50, H 5.85, N 6.73%); dH (500 MHz, CDCl3) 1.08 (3H, t, J =
7.4, CH3), 1.44 (6H, d, J = 6.0, CH3), 1.90 (2H, tq, J = 7.1 and
6.9, CH2), 3.92 (3H, s, CO2Me), 4.17 (2H, t, J = 6.4, CH2), 4.78
(1H, hep, J = 6.1, CH), 7.37 (1H, d, J = 8.3, ArCH), 7.61 (1H, s,
ArCH), 7.67 (1H, s, ArCH), 7.74 (1H, d, J = 8.4, ArCH), 7.92
(1H, d, J = 8.3, ArCH), 8.59 (1H, d, J = 8.5, ArCH), 8.79 (1H, s,
NH); dC (75 MHz, CDCl3) 10.8, 22.6, 22.7, 52.6, 71.8, 72.3, 113.4
(Ar C, CO), 114.5, 117.6, 119.3, 123.6, 126.2, 126.3, 132.6, 140.2,
142.2, 146.3, 153.1, 163.5, 167.0; mmax/cm−1 (solid state) 3425 (NH),
3092, 2977, 2951, 2884, 2621, 1932, 1683 (CO), 1598 (C=C), 1516
(NO2); ESI-MS m/z = 417 [M + H]+.


Methyl-3-isopropoxy-4-(3-(2-naphthyloxy)-4-nitro-benzoylamido)-
benzoate 6ae


(Procedure C) 5a (914.3 mg, 4.4 mmol), 4e (2.0 g, 6.43 mmol),
Cl2PPh3 (6.4 g, 19.8 mmol), and chloroform (150 mL) afforded
the product (2.2 g, 100%) as a yellow solid; mp 142–143 ◦C; dH


(300 MHz, CDCl3) 1.40 (6H, d, J = 6, iPrCH3), 3.91 (3H, s,
CO2Me), 4.75 (1H, hep, J = 6, iPrCH), 5.47 (2H, s, benzylic
CH2), 7.37 (1H, d, J = 8.3, ArCH), 7.45–7.51 (2H, m, ArCH),
7.55 (1H, d, J = 8.4, ArCH), 7.59 (1H, s, ArCH), 7.72 (1H, d,
J = 8.4, ArCH), 7.79–7.96 (6H, m, ArCH), 8.56 (1H, d, J = 8.5,
ArCH), 8.76 (1H, s, NH); dC (75 MHz, CDCl3) 22.6, 52.6, 72.0,
72.3, 113.5, 115.3, 118.1, 119.3, 123.6, 125.0, 126.3, 126.5, 126.7,
126.8, 126.9, 128.2, 128.5, 129.2, 132.5, 132.8, 133.6, 133.7, 140.3,
142.5, 146.3, 152.6, 163.3, 167.0; mmax/cm−1 (solid state) 3423 (NH),
2982, 1713, 1691, 1597, 1522, 1481, 1348, 1273, 1114, 1003, 760;
ESI-HRMS found m/z 515.1809 [M + H]+, C29H27N2O7 requires
515.1813.


Methyl-3-isopropoxy-4-(3-propoxy-4-amino-benzoylamido)-
benzoate 7ab


To a stirred solution of 6ab (175 mg, 0.40 mmol) in anhydrous
methanol (7 mL), under an atmosphere of nitrogen, was added
palladium on charcoal catalyst (17.5 mg, 10% catalyst). The
nitrogen atmosphere was evacuated under vacuum and hydrogen
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gas (1 L, excess) introduced via a balloon. The reaction mixture
was stirred until TLC indicated the reaction was complete and
then passed through a celite pad, concentrated and dried under
high vacuum to yield the product (141 mg, 91%); mp 103–104 ◦C;
dH (500 MHz, CDCl3) 1.07 (3H, t, J = 7.4, CH3), 1.43 (6H,
d, J = 6.0, CH3), 1.88 (2H, tq, J = 6.9 and 6.8, CH2), 3.91
(3H, s, CO2Me), 4.06 (2H, t, J 6.4, CH2), 4.22 (2H, s, NH2),
4.75 (1H, hep, J = 6.1, CH), 6.73 (1H, d, J = 8.5, ArCH),
7.26 (1H, d, J = 8.3, ArCH), 7.44 (1H, s, ArCH), 7.58 (1H, s,
ArCH), 7.71 (1H, d, J = 8.6, ArCH), 8.51 (1H, s, NH), 8.62
(1H, d, J = 7.8, ArCH); dC (75 MHz, CDCl3) 22.3, 22.6, 30.9,
52.0, 70.0, 71.8, 91.1, 110.7, 113.2, 113.3, 118.5, 119.9, 123.5,
124.2, 124.5, 133.6, 140.5, 145.6, 146.2, 165.1, 166.9; mmax/cm−1


(solid state) 3492, 3429, 3349, 2970, 2934, 2873, 1704 (CO), 1614;
ESI-HRMS found m/z 387.1914 [M + H]+, C21H28N2O5 requires
387.1842.


Methyl-3-isopropoxy-4-(3-(2-naphthyloxy)-4-amino-
benzoylamido)-benzoate 7ae


(Procedure C) 6ae (2.2 g, 4.4 mmol), SnCl2·2H2O (5.2 g,
23.1 mmol), ethyl acetate (150 mL) afforded the product (1.4 g,
67%) as a yellow oil that solidified upon standing; mp 70–72 ◦C;
dH (300 MHz, CDCl3) 1.40 (6H, d, J = 6, iPrCH3), 3.89 (3H, s,
CO2Me), 4.33 (2H, br, NH2), 4.71 (1H, hep, J = 6, iPrCH), 5.29
(2H, s, benzylic CH2), 6.75 (1H, d, J = 8.1, ArCH), 7.29 (1H,
d, J = 8.2, ArCH), 7.47–7.52 (2H, m, ArCH), 7.56 (1H, d, J =
8.2, ArCH), 7.58 (1H, s, ArCH), 7.61 (1H, s, ArCH), 7.71 (1H, d,
J = 8.4, ArCH), 7.82–7.87 (4H, m, ArCH), 8.63 (1H, d, J = 8.5,
ArCH), 8.74 (1H, s, NH); dC (75 MHz, CDCl3) 22.6, 52.4, 71.1,
72.2, 111.8, 113.6, 113.9, 118.9, 120.7, 123.8, 124.5, 124.9, 125.9,
126.7, 126.8, 127.1, 128.2, 128.4, 128.9, 133.6, 133.7, 134.0, 134.4,
141.3, 146.1, 146.4, 165.4, 167.3; mmax/cm−1 (solid state) 3482, 3429,
3364, 2978, 1714, 1668, 1596, 1515, 1481, 1347, 1256, 1203, 1124,
1003, 956, 872, 963, 604; ESI-HRMS found m/z 485.2041 [M]+,
C29H28N2O5 requires 485.2071.


Methyl-3-isopropoxy-4-(3-propoxy-4-(3-benzyloxy-4-nitro-
benzoylamido)-benzoylamido)-benzoate 8abc


(Procedure C) 7ab (125.0 mg, 0.3 mmol), 4c (83.2 mg, 0.3 mmol),
chloroform (20 mL), Cl2PPh3 (260.0 mg, 0.8 mmol) afforded the
product (193.2 mg, 96%) as a yellow solid; mp 212–214 ◦C (found:
C, 64.55; H, 5.1; N, 6.0%. C35H35N3O9·0.5H2O requires: C, 64.61;
H, 5.58; N, 6.46%); dH (500 MHz, CDCl3) 1.11 (3H, t, J = 7.4,
CH3), 1.46 (6H, d, J = 6.0, CH3), 1.94 (2H, tq, J = 7.1 and 6.9,
CH2), 3.92 (3H, s, CO2Me), 4.18 (2H, t, J = 6.5, CH2), 4.78 (1H,
hep, J = 6.0, CH), 5.34 (2H, s, benzylic CH2), 7.43–7.34 (5H,
m, ArCH), 7.49 (2H, d, J = 7.3, ArCH), 7.62 (2H, d, J = 10.5,
ArCH), 7.73 (1H, d, J = 8.5, ArCH), 7.80 (1H, s, ArCH), 7.97 (1H,
d, J = 8.3, ArCH), 8.63 (2H, d, J = 9.1, ArCH), 8.75 (1H, s, NH),
8.87 (1H, s, NH); dC (75 MHz, CDCl3) 10.57, 22.2, 22.5, 52.1,
70.5, 71.4, 71.8, 110.7, 113.1, 114.7, 117.7, 118.6, 118.9, 119.0,
123.3, 125.1, 126.1, 127.2, 128.5, 128.8, 130.6, 130.7, 132.9, 134.9,
139.7, 142.1, 145.8, 147.8, 152.2, 163.0, 164.3, 166.8; mmax/cm−1


(solid state) 3427 (NH2), 2968, 2934, 2879, 1721 (CO), 1596, 1516
(NO2); ESI-HRMS found m/z 642.2445 [M + H]+, C35H36N3O9


requires 642.2446.


Methyl-3-isopropoxy-4-(3-(2-napthyloxy)-4-(3-benzyloxy-4-nitro-
benzoylamido)-benzoylamido)-benzoate 8aec


(Procedure D) 7ae (1.1 g, 2.1 mmol), 4c (753.7 mg, 2.7 mmol),
Cl2PPh3 (3.2 g, 9.9 mmol), and chloroform (100 mL) afforded
the product (1.1 g, 70%) as a yellow solid; mp 203–204 ◦C; dH


(300 MHz, CDCl3) 1.45 (6H, d J = 6 Hz, iPrCH3), 3.92 (3H, s,
CO2Me), 4.77 (1H, hep, J = 6, CH), 5.13 (2H, s, benzylic CH2),
5.43 (2H, s, benzylic CH2), 7.28–7.53 (8H, m, ArCH), 7.60 (1H, s,
ArCH), 7.65 (1H, s, ArCH), 7.71–7.76 (3H, m, ArCH), 7.80–7.88
(5H, m, ArCH), 7.90 (1H, s, ArCH), 8.62 (1H, d J 8.5 Hz, ArCH),
8.67 (1H, d J 8.4 Hz, ArCH), 8.76 (1H, s, NH), 8.87 (1H, br,
NH); dC (75 MHz, CDCl3) 22.2, 42.5, 52.1, 71.3, 71.9, 72.1, 111.9,
113.2, 114.4, 116.9, 118.1, 118.7, 119.3, 119.5, 122.3, 123.3, 125.1,
125.2, 125.9, 126.8, 126.9, 127.2, 127.9, 128.5, 128.8, 129.0, 130.8,
131.1, 132.9, 133.0, 134.8, 139.3, 145.8, 147.9, 163.0, 164.0, 166.9;
mmax/cm−1 (solid state) 3426, 2978, 1717, 1599, 1492, 1235, 1125,
1013, 957, 849, 746; ESI-HRMS found m/z 740.2565 [M + H]+,
C43H38N3O9 requires 740.2603.


Methyl-3-isopropoxy-4-(3-propoxy-4-(3-benzyloxy-4-amino-
benzoylamido)-benzoylamido)-benzoate 9abc


(Procedure D) 8abc (110.0 mg, 0.2 mmol), SnCl2·2H2O (200.0 mg,
1 mmol) ethyl acetate (40 mL) afforded the product (87.4 mg,
84%) as a pale yellow solid; mp 185 ◦C (found C 66.2, H 6.10, N
6.40%. C35H37N3O7·H2O requires C 66.67, H 6.24, N 6.67%); dH


(500 MHz, CDCl3) 1.12 (3H, t, J = 7.2, CH3), 1.45 (6H, d, J 6.0,
CH3), 1.94 (2H, tq, J = 7.0 and 6.9, CH2), 3.91 (3H, s, CO2Me),
4.16 (2H, t, J = 6.4, CH2), 4.77 (1H, hep, J = 5.9, CH), 4.23 (2H, s,
NH2), 5.18 (2H, s, benzylic CH2), 6.41 (1H, d, J = 8.8, ArCH),
7.63–7.31 (10H, m, Ar CH), 7.73 (1H, d, J = 8.6, ArCH), 8.62
(1H, d, J = 8.6, ArCH), 8.68 (1H, d, J = 8.7, ArCH), 8.72 (1H, s,
NH), 8.87 (1H, s, NH); dC (75 MHz, CDCl3) 9.6, 21.2, 21.5, 51.0,
69.4, 69.6, 70.9, 109.5, 110.3, 112.2, 112.5, 117.6, 118.0, 119.3,
122.4, 123.0, 123.9, 126.8, 127.3, 127.7, 128.3, 131.0, 132.2, 135.5,
139.8, 144.8, 145.0, 146.6, 163.6, 164.1, 165.82; mmax/cm−1 (solid
state) 3439, 3368 (NH), 2966, 2873, 1693 (CO), 1601, 1516, 1253;
ESI-MS m/z 612 [M + H]+, 650 [M + K]+.


Methyl-3-isopropoxy-4-(3-(2-napthyloxy)-4-(3-benzyloxy-4-
amino-benzoylamido)-benzoylamido)-benzoate 9aec


(Procedure C) 8aec (1.3 g, 1.8 mmol), SnCl2 (2.5 g, 11.1 mmol) and
ethyl acetate (150 mL) afforded the product (530.1 mg, 42%) as a
yellow solid; mp 92–93 ◦C; dH (300 MHz, CDCl3) 1.48 (6H, d, J =
6, iPrCH3), 3.95 (3H, s, CO2Me), 4.27 (2H, br, NH2), 4.77 (1H,
hep, J = 6, CH), 4.98 (2H, s, benzylic CH2), 5.42 (2H, s, benzylic
CH2), 6.65 (1H, d, J = 8.1, ArCH), 7.28 (1H, d, J = 8.2, ArCH),
7.33–7.41 (6H, m, ArCH), 7.47 (1H, s, ArCH), 7.49–7.60 (3H, m,
ArCH), 7.62 (1H, d, J = 8.2, ArCH), 7.64 (1H, s, ArCH), 7.76
(1H, d, J = 8.4, ArCH), 7.78–7.82 (2H, m, ArCH), 7.88–7.91 (2H,
m, ArCH), 7.96 (1H, s, ArCH), 8.67 (1H, d, J = 8.5, ArCH), 8.77
(1H, d, J = 8.4, ArCH), 8.80 (1H, s, NH), 8.91 (1H, br, NH); dC


(75 MHz, CDCl3) 22.6, 52.5, 70.8, 71.8, 72.3, 111.2, 111.6, 113.6,
113.9, 119.0, 119.1, 119.9, 121.2, 123.7, 123.9, 125.3, 125.5, 126.9,
127.0, 127.2, 127.3, 127.9, 128.3, 128.4, 128.6, 128.9, 129.0, 129.2,
129.6, 132.7, 133.5, 133.6, 133.7, 133.8, 136.8, 141.3, 143.2, 143.3,
147.9, 164.8, 165.4, 167.2; mmax/cm−1 (solid state) 3432, 3344, 2974,
1707, 1682, 1594, 1514, 1487, 1347, 1262, 1144, 1124, 1020, 871,
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749, 593; ESI-HRMS found m/z 710.2869 [M + H]+, C43H40N3O7


requires 710.2861.


3-Isopropoxy-4-(3-propoxy-4-(3-benzyloxy-4-amino-
benzoylamido)-benzoylamido)-benzoic acid 10abc


(Procedure B) 9abc (70 mg, 0.1 mmol) afforded product (58 mg,
85%) isolated by precipitation; mp >246 ◦C (dec); dH NMR
(500 MHz, DMSO-d6) 1.04 (3H, t, J = 7.2, CH2CH3), 1.36 (6H, d,
J = 6.0, CH(CH3)2), 1.86 (2H, m, CH2CH2CH3), 4.15 (2H, t, J =
7.2, OCH2), 4.72 (1H, m, OCH), 5.20 (2H, s, OCH2Ar), 5.56 (2H,
brs, NH2), 6.74 (1H, d, J = 7.7, ArCH), 7.38 (4H, m, ArCH), 7.48
(3H, m, ArCH), 7.52 (4H, m, ArCH), 8.17 (1H, m, ArCH), 8.24
(1H, m, ArCH), 9.03 (1H, s, NH), 9.32 (1H, m, ArCH); mmax/cm−1


(solid state) 3429, 3364 (NH), 2971, 1681 (CO), 1594, 1488, 1259;
ESI-HRMS found m/z 596.2397 [M − H]−, C34H34N3O7 requires
596.2475.


Tetramer 11aecb


(Procedure C), 9aec (118.4 mg, 0.17 mmol), 4b (104.5 mg,
0.46 mmol), Cl2PPh3 (641.3 mg, 1.98 mmol), and chloroform
(50 mL) afforded the product (147.9 mg, 100%) as a yellow solid;
mp 252–253 ◦C; dH (300 MHz, CDCl3) 1.05 (3H, t, J = 7.2,
PrCH3), 1.44 (6H, d, J = 6, iPrCH3), 1.85 (2H, sex, J = 6.3,
–OCH2CH2CH3), 3.91 (3H, s, CO2Me), 4.01 (2H, t, J = 6.3,
PrCH2), 4.76 (1H, hep, J = 6, iPrCH), 5.05 (2H, s, benzylic CH2),
5.43 (2H, s, benzylic CH2), 7.23 (1H, d, J = 8.3, ArCH), 7.32–7.38
(2H, m, ArCH), 7.39–7.52 (8H, m, ArCH), 7.58–7.61 (3H, m,
ArCH), 7.71 (1H, d, J = 8.4, ArCH), 7.76–7.81 (3H, m, ArCH),
7.82–7.93 (3H, m, ArCH), 8.55 (1H, d, J = 8.5, ArCH), 8.61 (1H,
d, J = 8.5, ArCH), 8.68 (1H, s, NH), 8.72 (1H, d, J = 8.4, ArCH),
8.84 (1H, br, NH), 8.86 (1H, br, NH); dC (75 MHz, CDCl3) 10.4,
22.2, 52.1, 71.3, 71.5, 71.7, 71.9, 110.8, 111.4, 113.7, 117.3, 117.6,
118.6, 119.0, 119.2, 119.5, 120.1, 123.3, 124.1, 125.7, 126.6, 126.7,
127.1, 127.8, 127.9, 128.9, 130.0, 130.2, 131.1, 131.7, 133.0, 133.1,
133.3, 135.5, 139.3, 141.8, 145.8, 147.6, 147.7, 152.6, 163.0, 164.2,
164.3, 166.8; mmax/cm−1 (solid state) 3433, 3068, 2972, 1708, 1668,
1596, 1519, 1348, 1268, 1125, 1011, 958, 872, 745; ESI-HRMS
found 917.3410 m/z [M + H]+, C53H49N4O11 requires 917.3392.


Tetramer 12aecb


(Procedure D) 11aecb (151.2 mg, 0.17 mmol), SnCl2·H20
(284.6 mg, 1.26 mmol) ethyl acetate (200 mL) and THF (50 mL)
afforded the product (33.4 mg, 22%) as a yellow solid; mp 208–
210 ◦C; dH (300 MHz, CDCl3) 1.04 (3H, t, J = 7.3, PrCH3), 1.44
(6H, d, J = 6, iPrCH3), 1.83 (2H, sex, J = 6.5, OCH2CH2CH3),
3.91 (3H, s, CO2Me), 3.92 (2H, t, J = 6.3, PrCH2), 4.22 (2H, br,
NH2), 4.76 (1H, hep, J = 6, iPrCH), 5.06 (2H, s, benzylic CH2),
5.43 (2H, s, benzylic CH2), 6.63 (1H, d, J = 8.1, ArCH), 7.18 (1H,
d, J = 8.3, ArCH), 7.29 (1H, s, ArCH), 7.37–7.51 (9H, m, ArCH),
7.57–7.60 (3H, m, ArCH), 7.72 (1H, d, J = 8.4, ArCH), 7.76–7.92
(5H, m, ArCH), 8.61 (1H, d, J = 8.5, ArCH), 8.62 (1H, d, J =
8.5, ArCH), 8.66 (1H, s, NH), 8.73 (1H, d J = 8.4, ArCH), 8.84
(1H, br, NH), 8.87 (1H, br, NH); dC (75 MHz, CDCl3) 10.6, 22.2,
30.3, 52.1, 69.8, 71.2, 71.6, 71.9, 110.3, 110.6, 111.4, 113.2, 113.3,
118.7, 119.0, 119.5, 120.1, 120.3, 123.3, 123.8, 125.0, 126.6, 126.7,
127.0, 127.9, 128.0, 128.6, 128.8, 128.9, 129.8, 131.9, 132.4, 133.1,
133.3, 135.9, 140.6, 145.8, 146.1, 147.3, 147.7, 164.4, 164.6, 165.1,


166.8; mmax/cm−1 (solid state) 3490, 3429, 3356, 2926, 1708, 1665,
1596, 1519, 1348, 1269, 1128, 996, 871, 750; ESI-HRMS found
887.3644 m/z [M + H]+, C53H51N4O9 requires 887.3651.


Pentamer 13aecba


(Procedure C) 12aecb (17.6 mg, 0.02 mmol), 4a (14.3 mg,
0.06 mmol), Cl2PPh3 (143.2 mg, 0.44 mmol), and chloroform
(30 mL) afforded the product (16.2 mg, 75%) as a yellow solid;
mp 255–257 ◦C; dH (300 MHz, CDCl3) 1.09 (3H, t, J = 7.2 Hz,
PrCH3), 1.43 (12H, apparent d, J = 6, iPrCH3), 1.89 (2H, sex, J =
6.3, –OCH2CH2CH3), 3.91 (3H, s, CO2Me), 4.05 (2H, t, J = 6.3,
PrCH2), 4.71–4.89 (2H, m overlapping hep, iPrCH), 5.08 (2H, s,
benzylic CH2), 5.44 (2H, s, benzylic CH2), 7.30–7.52 (13H, m,
ArCH), 7.56–7.61 (3H, m, ArCH), 7.69 (1H, s, ArCH), 7.73 (1H,
d J 8.4 Hz, ArCH), 7.79–7.93 (6H, m, ArCH), 8.55 (1H, d J 8.5 Hz,
ArCH), 8.61 (1H, d J 8.5 Hz, ArCH), 8.63 (1H, d J 8.4 Hz, ArCH),
8.73 (1H, s, NH), 8.74 (1H, d, J = 8.4, ArCH), 8.78 (1H, br, NH),
8.86 (1H, br, NH), 8.88 (1H, br, NH); mmax/cm−1 (solid state) 3431,
2927, 1671, 1597, 1514, 1424, 1349, 1267, 1123, 1017, 851, 745;
ESI-HRMS found 1094.4221 m/z [M + H]+, C63H60N5O13 requires
1094.4182.
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Four stable carbenes, 1-tert-butyl-3,4-diaryl-1,2,4-triazol-5-ylidenes 1a–d, including new
fluorine-containing compounds 1c,d, react with a malonic ester to afford heterocyclic zwitterionic
compounds 5a–d. The reactions with more acidic compounds (ethyl acetoacetate, malononitrile and
1,3-dimethylbarbituric acid) proceed with substrate deprotonation to form the respective azolium salts
6a–c. The X-ray crystal structure of 5a was also determined.


Introduction


The reactions of in situ-generated carbenes with C–H acidic
compounds are well known. For example, Pazdro and Polaczkova1


showed that dithiol-2-ylidene dimers will insert into the C–
H bonds of malononitrile, acetylacetone, ethyl acetoacetate
and cyclopentanone to afford the corresponding dihydrodithiol
derivatives. However, it is not clear whether such reactions
really proceed via the intermediacy of a free carbene. Similar
transformations with acetonitrile, dimethyl sulfone and acetylene
(pKa = 20–25) have been studied with stable carbenes2–5 and
resulted in the isolation of the respective C–H insertion products,
i.e. cyanomethylazolines.


To the best of our knowledge,6 the reactions of isolable
carbenes with an ester functional group have not been stud-
ied thus far. However, it is known that in situ-generated 1,3-
diphenylcyclopropene-2-ylidene reacts with the C=C bond of
dimethyl fumarate to form a spirocyclic adduct.7 Likewise, the
stable (phosphanyl)(silyl)carbenes react with the double bond of
dimethyl fumarate and other electron-poor alkenes to give the
corresponding trans-cyclopropanes.8 In the case of the reaction of
1,3,4-triphenyl-1,2,4-triazol-5-ylidene, the initially formed [2 + 1]
cycloaddition product undergoes ring opening and a 1,2-hydrogen
shift to afford methylenetriazoline derivatives.9


In the present contribution we describe (i) the synthesis of
new stable fluorine-containing carbenes of the 1,2,4-triazole
series, namely 1-tert-butyl-3-aryl-4-fluoroaryl-1,2,4-triazol-5-
ylidenes; (ii) the first Claisen reaction of stable carbenes with an
ester functional group of malonic esters to form new heterocyclic
zwitterionic compounds; and (iii) the deprotonations of 1,3-
dimethylbarbituric acid, malononitrile and ethyl acetoacetate by
the carbene.


aThe L. M. Litvinenko Institute of Physical Organic and Coal Chemistry,
Ukrainian Academy of Sciences, 70, R. Luxemburg, Donetsk, 83114,
Ukraine. E-mail: nkorotkikh@ua.fm; Fax: +380 (62)3116830; Tel: +380
(62)3116835
bThe University of Texas at Austin, Department of Chemistry & Biochem-
istry, 1 University Station A5300, Austin, Texas, 78712-0165, USA. E-mail:
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† Electronic supplementary information (ESI) available: Crystal structure
data for compound 5a. See DOI: 10.1039/b712885a


Results and discussion


The stable carbenes 1a–d, including the new stable fluorine-
containing carbenes 1c,d, were synthesized by the ring trans-
formations of 2-phenyl-1,3,4-oxadiazole 2a,b with anilines in
the presence of trifluoroacetic acid according to the literature
method,10 followed by quaternization of the resulting triazoles
3a–d with t-BuI to form the triazolium salts 4a–d (Scheme 1).
Deprotonation of the latter salts with potassium tert-butoxide in
tetrahydrofuran solution afforded the desired carbenes 1a–d. It is
noteworthy that the quaternization of triazoles 3a–d takes place
exclusively at the 1-position, hence only one isomer of salt 4a–d is
formed. The generation of tert-butyl iodide was carried out in situ
by treatment of tert-butyl chloride with sodium iodide in acetic
acid solution.


Scheme 1 Reagents and conditions: (i) p-H2N-C6H4-R1 (− H2O); (ii) 1.
t-BuI; 2. NaClO4; (iii) t-BuOK (− t-BuOH).


A two-stage isolation of carbenes 1a–d by solvent evaporation
in the presence of an inorganic salt permitted complete decom-
position of the intermediate triazolium alkoxides. In the method
described earlier,5 the carbenes were isolated by filtration of the
inorganic salt, concentration of the filtrate and recrystallisation of
the crystalline residues in order to remove the remaining azolium
alkoxide impurities.


The reactions of carbenes 1a–d with diethyl malonate (pKa = 13)
were carried out in refluxing toluene for 2–4 h under conditions
such that evolved ethanol was removed by a controlled stream
of nitrogen. If this procedure is not followed, the reaction times
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increase to ∼40 h and the transformations are incomplete.
Following work-up of the reaction mixtures, the zwitterionic
compounds 5a–d were obtained in isolated yields of 51–81%. The
outcomes of the reactions can be rationalized on the basis of initial
nucleophilic attack of the carbene on the ester functional group
to form intermediate 5A (Scheme 2), followed by loss of EtOH
to produce the zwitterionic compounds 5a–d. It is noteworthy
that C–H insertion products are not observed in these processes.
Moreover, this new transformation can be considered to be a
carbene analogue of the Claisen reaction of esters.


Scheme 2 Reagents and conditions: (i) CH2(COOEt)2, D; (ii) D (− EtOH).


The reaction of 1a with 1,3-dimethylbarbituric acid (pKa =
4.68) results in protonation of the substrate and affords salt
6a. Compound 6a is a stable compound that does not undergo
further reaction. Less acidic malononitrile (pKa = 9) and ethyl
acetoacetate (pKa = 11) also undergo reaction with carbene 1b to
afford salts 6b and 6c, respectively. Compound 6b was isolated as
a toluene solvate. Carbon–hydrogen insertion was not observed in
any of these reactions.


Compounds 1 and 3–6 are colorless crystalline solids that
were characterized by elemental analysis, 1H, 13C NMR, IR and
mass spectroscopy. The molecular structure of compound 5a was
established by single-crystal X-ray diffraction.


The 1H NMR spectra of salts 4c,d feature the signals for the
tert-butyl group (d 1.72–1.76 ppm), aromatic protons (d 7.3–
7.7 ppm) and the C5-H proton of the triazolium nucleus (d 10.65–
10.73 ppm). The 1H NMR spectra of carbenes 1c,d exhibit similar
signals for the tert-butyl (d 1.78–1.79 ppm) and aromatic protons (d
6.5–7.3 ppm). However, the chemical shift for the latter is notably
upfield relative to that of the salt. The 13C NMR spectra of 1c,d
exhibit resonances for the tert-butyl carbon atoms (d 30.2–30.4
and ipso-C 59.2–59.4 ppm), aromatic nuclei (d 115.0–164.0 ppm),
C3 (d 148.7–150.7 ppm) and the C5 atoms (d 206.6–208.6 ppm)
of the triazole nucleus. The 1H NMR spectra of zwitterionic
compounds 5a–d are characterized by the presence of resonances
for the tert-butyl protons (d 1.80–1.87 ppm), aromatic protons
(d 7.0–7.5 ppm), the ethyl group of an ester fragment (d 1.12–


1.16 and 3.91–3.96 ppm), and the CHC group of an aliphatic
fragment (d 4.78–4.84 ppm). The 13C NMR spectrum (see Fig. 1
for the atom numbering scheme) is distinguished by the presence
of resonances for the tert-butyl carbon atoms (d 28.6–28.8 and
65.8–66.1 ppm), the carbon atoms of the ethyl group (d 14.5–14.7
and 58.0–58.1 ppm) and benzene nuclei (d 115.8–134.0 ppm), the
triazole atoms C1 and C2 (d 149.0–150.5; 153.9–154.6 ppm), C21
of the aliphatic fragment (d 90.3–90.6 ppm), and two signals for
the carbonyl group (d 163.7–164.4 and 170.9–171.2 ppm). The
former signal was assigned to the C19=O group, and the latter to
the C21=O moiety. The IR spectrum of 5a shows the absence of
typical carbonyl stretching vibrations. The detection of a vibration
at 1653 cm−1 is consistent with the proposed delocalized structure
for 5a. The mass spectra of compounds 5a,c show molecular ions
[MH]+ corresponding to the monomers (m/z 392.5 for 5a; 410.0
for 5c). The molecular ions of compounds 5b–d undergo further
decomposition by elimination of isobutene and malonyl fragments
(see the Experimental section).


Fig. 1 X-Ray crystal structure of zwitterionic compound 5a.†


Crystals of compound 5a suitable for X-ray diffraction study
were grown from diethyl ether solution. The X-ray data† confirm
the ionic character of the triazole ring. Significant structural
features are the somewhat elongated bonds of both C=O groups
(123.6 and 126.6 pm), a shortened C19–C20 bond (137.3 pm) and,
to a lesser extent, a shortened C20–C21 aliphatic linkage (141.9
pm) (see Fig. 1 and Fig. 2). The C1–C19 bond distance of 152.6
pm corresponds to that of a typical C–C single bond, and the
C19=O1 carbonyl group is twisted with respect to the plane of
the triazolium nucleus. The benzene rings attached to C2 and N3


Fig. 2 Selected bond lengths (pm) and angles (◦) for compound 5a.
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subtend dihedral angles of 26.9 and 71.1◦, respectively, in relation
to the plane of the triazolium ring. All the foregoing structural data
are consistent with the proposed zwitterionic structure for 5a.


The 1H NMR spectra of the triazolium salts 6a–c include signals
that can be assigned to the protons of both the cation and the
anion. Thus, the singlets at d 9.70–10.90 ppm can be assigned to
the C5-H proton of the cation, and the singlet at d 3.50–4.05 ppm
is attributable to the C2-H proton of the anion. Collectively, these
data confirm the ionic structure for 6a–c. The spectra for salts 6b,c
exhibit broad C5-H signals due to facile proton exchange.


Conclusion


In summary, we have demonstrated that the stable heteroaromatic
carbenes 1-tert-butyl-3,4-diaryl-1,2,4-triazol-5-ylidenes 1a–d react
with the ester functional group of diethyl malonate to produce
the heterocyclic zwitterionic derivatives 5a–d. These reactions
represent the first example of the carbene version of the Claisen
reaction of esters. No evidence was found for C–H insertion reac-
tions. It is known that less acidic C–H compounds either undergo
insertion reactions with stable carbenes (for example, acetonitrile,
ketones, sulfones, and acetylenes) or do not react (for example,
dimethyl sulfoxide, alkylarenes, and saturated hydrocarbons). The
reactions of 1a with the appreciably more acidic C–H compounds,
1,3-dimethylbarbituric acid, malononitrile and ethyl acetoacetate,
produce the salts 6a–c via the protonation of the carbene.


Experimental


General methods


All experiments with the 1,2,4-triazol-5-ylidenes 1a–d were carried
out under an argon atmosphere. All solvents were dried by
standard methods prior to use. 1H and 13C NMR chemical shifts
are reported relative to tetramethylsilane (TMS, d = 0.00) as
internal standard. Mass spectra were taken on an Agilent 1100
Series chromatomass spectrometer (APCI, 3 kV, chromatography:
a column-Zorbax SB-C18, eluent acetonitrile–water 95 : 5 with
0.1% formic acid). IR spectra were measured as Nujol mulls,
and thin-layer chromatography was performed on silica gel with
chloroform or a 10 : 1 mixture of chloroform and methanol as
eluent, followed by development with iodine. Elemental analyses
were carried out at the Analytical Laboratory of the Litvinenko
Institute of Physical Organic and Coal Chemistry.


General procedure for the synthesis of
1-tert-butyl-3,4-diphenyl-1,2,4-triazol-5-ylidenes 1a–d


Potassium tert-butoxide (280 mg, 2.55 mmol) was added to a
dispersion of salt 4a–d (2.65 mmol) in anhydrous tetrahydrofuran
(10 mL) and stirred at room temperature for 0.5 h. The solvent was
evaporated and the product was extracted with a further portion
of tetrahydrofuran (10 mL). The latter solution was re-evaporated
and the residue was stirred with petroleum ether (5 mL). The
resulting solid was filtered off and dried to afford carbenes 1a–d.
The new fluorine-containing carbenes 1c,d are characterized as
detailed below.


1-tert-Butyl-3-phenyl-4-p-fluorophenyl-1,2,4-triazol-5-ylidene
(1c). Yield 79%. Mp 180–182 ◦C (from toluene). Found: C, 73.1;


H, 6.0; F, 6.3; N, 14.3. Calcd for C18H18FN3: C, 73.2; H, 6.1; F, 6.4;
N, 14.2%. dH (200 MHz, C6D6, Me4Si) 1.78 (9H, s, CH3C), 6.53
(2H, m, Ar), 7.02 (5H, m, Ar), 7.31 (2H, m, Ar). dC (50.3 MHz,
C6D6, Me4Si) 30.2 (CH3C), 59.2 (CH3C), 115.1, 115.6 (C3, ArN,
J 22.8 Hz), 125.2 (C1, Ar-C), 128.3, 128.5, 129.39, 129.51 (Ar),
135.5 (C1, ArN), 150.7 (C3), 159.1, 164.0 (C–F, J 246.9 Hz), 206.6
(C5).


1-tert-Butyl-3-o-chlorophenyl-4-p-fluorophenyl-1,2,4-triazol-5-
ylidene (1d). Yield 71%. Mp 103–105 ◦C (from toluene). Found:
C, 65.8; H, 5.2; Cl, 10.7; F, 5.8; N, 12.6. Calcd for C18H17ClFN3:
C, 65.6; H, 5.2; Cl, 10.8; F, 5.8; N, 12.7%. dH (200 MHz, C6D6,
Me4Si) 1.79 (9H, s, CH3C), 6.51 (2H, m, Ar), 6.72 (2H, m, Ar),
6.94 (1H, m, Ar), 7.13 (3H, m, Ar). dC (50.3 MHz, C6D6, Me4Si)
30.4 (CH3C), 59.4 (CH3C), 115.0, 115.5 (C3, ArN, J 22.8 Hz),
126.7, 126.8 (C2, ArN, J 8.3 Hz), 126.4, 129.7, 130.9, 131.9 (Ar),
128.0 (C1, Ar-C), 134.1 (C–Cl), 135.6, 135.7 (C1, ArN, J 3.0 Hz)
(Ar), 148.7 (C3), 159.0, 163.9 (C–F, J 246.5 Hz), 208.6 (C5).


Procedure for the synthesis of 3a–d


These were obtained by the ring transformations of the respective
oxadiazoles 2a,b with anilines in the presence of trifluoroacetic
acid at 180 ◦C according to the literature method.10,11 Isolation
of the new compounds 3c,d was carried out by washing the
unpurified products with diethyl ether and then, if necessary, by
recrystallization from the indicated solvent.


3-Phenyl-4-p-fluorophenyl-1,2,4-triazole (3c). Yield 50%. Mp
137–139 ◦C (from DMF). Found: C, 70.5; H, 4.2; F, 8.0; N,
17.6. Calcd for C14H10FN3: C, 70.3; H, 4.2; F, 7.9; N, 17.6%. dH


(200 MHz, C6D6, Me4Si) 7.41 (9H, m, Ar), 8.89 (1H, s, CHN).


3-o-Chlorophenyl-4-p-fluorophenyl-1,2,4-triazole (3d). Yield
55%. Mp 128–130 ◦C (from DMF). Found: C, 61.5; H, 3.2; Cl,
13.0; F, 6.8; N, 15.4. Calcd for C14H9ClFN3: C, 61.4; H, 3.3; Cl,
13.0; F, 6.9; N, 15.4%. dH (200 MHz, C6D6, Me4Si) 7.31 (4H, m),
7.51 (3H, m), 7.69 (1H, d, J 6.2 Hz) (Ar), 9.05 (1H, s, CHN).


General procedure for the preparation of
1-tert-butyl-3,4-diaryl-1,2,4-triazolium perchlorates (4a–d)


A mixture of sodium iodide (20.2 g, 0.135 mol), tert-butyl chloride
(15 mL, 0.135 mol) and the triazole 3a–d (0.05 mol) in acetic
acid (20 mL) was refluxed until the reaction was complete as
monitored by TLC (typically 20 h). The reaction mixture was
diluted with 0.5 L of water, heated until boiling, following which a
small amount of sodium sulfite along with 1 g of activated carbon
was added, and the mixture was filtered. A solution of sodium
perchlorate (8.58 g, 0.07 mol) in water (20 mL) was then added
and the resulting precipitate was filtered off and dried to give 67–
85% of salts 4a–d. The new compounds 4c,d are characterized as
indicated below.


1-tert-Butyl-3-phenyl-4-p-fluorophenyl-1,2,4-triazolium perchlo-
rate (4c). Yield 85%. Mp 212–214 ◦C (from ethoxyethanol).
Found: C, 54.5; H, 5.0; Cl, 9.1; F 4.8; N, 10.5. Calcd for
C18H19ClFN3O4: C, 54.6; H, 4.8; Cl, 9.0; F, 4.8; N, 10.6%. dH


(200 MHz, DMSO-d6, Me4Si) 1.76 (9H, s, CH3C), 7.74 (9H, m,
Ar), 10.65 (1H, s, CHN).
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1-tert-Butyl-3-o-chlorophenyl-4-p-fluorophenyl-1,2,4-triazolium
perchlorate (4d). Yield 79%. Mp 179–181 ◦C (from
ethoxyethanol). Found: C, 50.5; H, 4.2; Cl, 16.5; F 4.5; N,
9.9. Calcd for C18H18Cl2FN3O4: C, 50.3; H, 4.2; Cl, 16.5; F, 4.4;
N, 9.8%. dH (200 MHz, DMSO-d6, Me4Si) 1.72 (9H, s, CH3C),
7.36–7.70 (8H, m, Ar), 10.73 (1H, s, CHN).


1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (5a)


Diethyl malonate (0.125 mL, 0.78 mmol) was added to a solution
of triazolylidene 1a (100 mg, 0.361 mmol) in anhydrous toluene
(2 mL) and the reaction mixture was refluxed for 4 h under
conditions such that the evolved ethanol was removed by a stream
of dry nitrogen gas. The toluene was evaporated and the solid
residue 5a (100 mg, 71%) was washed with petroleum ether, filtered
off and recrystallized from n-octane to afford 57.0 mg (40%) of the
pure product 5a. Mp 160–162 ◦C. Found: C 70.7, H 6.6, N 11.0.
Calcd for C23H25N3O3: C 70.6, H 6.4, N 10.7%. dH (200 MHz,
CDCl3, Me4Si) 1.14 (3H, t, J 7.1 Hz, CH3CH2C), 1.80 (s, 9H,
CH3C, t-Bu), 3.93 (2H, quart, J 7.1 Hz, CH3CH2C), 4.81 (1H, s,
C5-H–N), 7.42 (10H, m, Ar). dC (50.3 MHz, CDCl3, Me4Si) 14.7
(CH3CH2C), 28.8 (CH3C, t-Bu), 58.0 (CH3CH2C), 65.8 (CH3C,
t-Bu), 90.5 (C2–CO), 123.6 (C1, Ar-C), 127.2, 128.8 (enhanced
int.), 129.5, 130.8, 131.4 (Ar), 132.1 (C1, ArN), 150.5 (C5), 154.6
(C3), 164.4 (C1=O), 171.1 (C3=O). m/z (APCI): 392.5 (MH+),
C23H26N3O3 requires 392.5. CCDC reference number 607811. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b712885a


1-tert-Butyl-3-phenyl-4-p-bromophenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (5b)


Obtained according to the method described above for compound
5a. Yield 50%. Mp 54–56 ◦C (precipitation from ether by
petroleum ether). Found: C 58.8, H 5.0, Br 17.2; N 9.1. Calcd
for C23H24BrN3O3: C 58.7, H 5.1, Br 17.0; N 8.9%. dH (200 MHz,
CDCl3, Me4Si). 1.15 (3H, t, J 7.1 Hz, CH3CH2), 1.87 (9H, s,
CH3C, t-Bu), 3.94 (2H, quart, J 7.1 Hz, CH3CH2C), 4.82 (1H, s,
C5-H–N), 7.52 (9H, m, Ar). dC (50.3 MHz, CDCl3, Me4Si) 14.6
(CH3CH2), 28.7 (CH3C, t-Bu), 58.1 (CH3CH2), 65.9 (CH3C, t-
Bu), 90.6 (C2–CO), 123.2 (C1, Ar-C), 125.1 (C–Br), 131.5 (C1,
ArN), 127.7, 128.7, 130.9, 132.7, 133.0 (Ar), 150.3 (C5), 154.4
(C3), 164.0 (C1=O), 171.1 (C3=O). m/z (APCI): 356.9 (M+ −
Me2C=CH2 + H+), 299.9 (3b + H+ or M+ − Me2C=CH2 + H+ −
COCH2COOEt). C23H24BrN3O3 requires 470.4.


1-tert-Butyl-3-phenyl-4-p-fluorophenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (5c)


Obtained according to the method described above for compound
5a. Yield 73%. Mp 143–145 ◦C (from octane). Found: C 67.8, H
6.0, F 4.7; N 10.3. Calcd for C23H24FN3O3: C 67.5, H 5.9, F 4.6;
N 10.3%. dH (200 MHz, CDCl3, Me4Si) 1.12 (3H, t, J 7.1 Hz,
CH3CH2), 1.84 (9H, s, CH3C, t-Bu), 3.91 (quart, 2H, J 7.1 Hz,
CH3CH2C, Et), 4.78 (1H, s, C5-H–N), 7.11 (2H, dd, 3J 8.0 Hz,
3JF 9.1 Hz, C3-H, ArN), 7.38 (7H, m, Ar). dC (50.3 MHz, CDCl3,
Me4Si) 14.6 (CH3CH2, Et), 28.7 (CH3C, t-Bu), 58.0 (CH3CH2),
65.8 (CH3C, t-Bu), 90.3 (C5), 116.4, 116.8 (C3, ArN, J 18.0 Hz),
123.3 (C1, Ar-C), 127.5 (C1, ArN), 129.1 (C2, ArN, J 36.4 Hz),


128.6, 128.7, 131.4 (Ar), 150.4 (C5), 154.6 (C3), 160.8, 165.8 (C–F,
J 252.4 Hz), 164.2 (C1=O), 171.2 (C3=O). m/z (APCI): (MH+)
409.5, C23H26N3O3 requires 410.0; 354.2 (M+ − Me2C=CH2), 296.3
(M+ − COCH2COOEt), 240.2 (3c + H+ or M+ − COCH2COOEt −
Me2C=CH2).


1-tert-Butyl-3-o-chlorophenyl-4-p-fluorophenyl-1,2,4-triazolium
5-(2-carbethoxyvinyl-1-oxide) (5d)


Obtained according to the method described above for compound
5a. Yield 75%. Mp 50–51 ◦C (precipitation from ether by
petroleum ether). Found: C 62.3, H 5.3, Cl 8.1, F 4.3, N 9.4.
Calcd for C23H23ClFN3O3: C 62.2, H 5.2, Cl 8.0, F 4.3; N 9.5%.
dH (200 MHz, CDCl3, Me4Si) 1.16 (3H, t, J 7.1 Hz, CH3CH2),
1.87 (9H, s, CH3C, t-Bu), 3.96 (2H, quart, J 7.1 Hz, CH3CH2),
4.84 (1H, s, C5-H–N), 7.00 (2H, dd, 3J 8.0 Hz, 3JF 9.1 Hz, C3-
H, ArN), 7.39 (m, 6H, Ar). dC (50.3 MHz, CDCl3, Me4Si) 14.5
(CH3CH2), 28.6 (CH3C, t-Bu), 58.0 (CH3CH2), 66.1 (CH3C, t-
Bu), 90.6 (C2–CO), 115.8, 116.2 (C3, ArN, J 23.3 Hz), 122.9
(C1, Ar-C), 127.1 (C1, ArN, J 12.6 Hz), 128.8 (C2, ArN, J
36.4 Hz), 126.9, 130.0, 132.3, 132.8 (Ar), 134.0 (C–C1), 149.0
(C5), 153.9 (C3), 160.6, 165.6 (C–F, J 254.5 Hz), 163.7 (C1=O),
170.9 (C3=O). m/z (APCI): 388.1 (M+ − Me2C=CH2), 330.2
(M+ − COCH2COOEt), 274.1 (3d or M+ − COCH2COOEt −
Me2C=CH2), C23H23ClFN3O3 requires 443.9 (M+).


1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium 1,3-dimethylbarbiturate
(6a)


A mixture of 1,3-dimethylbarbituric acid (110 mg, 0.721 mmol)
and triazolylidene 1 (200 mg, 0.72 mmol) in anhydrous toluene
(3 mL) was stirred for 1.5 h. The volume of the reaction mixture
was reduced by 50% and the resulting product was recrystallized
from a mixture of toluene and acetonitrile (10 : 1). The solid
product was filtered off and washed with petroleum ether to give
250 mg (75%) of salt 6a. Mp 172–174 ◦C (from 10 : 1 toluene–
acetonitrile). Found: C 66.7, H 6.5, N 16.2. Calcd for C24H27N5O3:
C 66.5, H 6.3, N 16.2%. dH (200 MHz, CD3CN, Me4Si) 1.77 (9H, s,
CH3C), 2.99 (6H, s, CH3N), 4.05 (4H, s, CHC), 7.48 (10H, m, Ar),
10.47 (1H, s, CHN).


1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium dicyanomethanide (6b)


Obtained by the same procedure as that described for salt 6a from
malononitrile (173 mg, 2.70 mmol) and triazolylidene 1a (500 mg,
1.80 mmol) in toluene (2 mL). Yield 384 mg (63%). Mp 147–
149 ◦C (from 1 : 1 toluene–acetonitrile). Found: C 73.7, H 6.3, N
20.3. Calcd for C21H21N5: C 73.4, H 6.2, N 20.4%. dH (200 MHz,
CD3CN, Me4Si) 1.76 (s, 9H, CH3C, t-Bu), 3.50 (s, 1H, CH), 7.4–7.6
(m, 10H, Ar), 9.70 (broad s, 1H, C5-H).


1-tert-Butyl-3,4-diphenyl-1,2,4-triazolium ethyl acetoacetate (6c)


Obtained by the same procedure as that described for salt 6a
from ethyl acetoacetate (351 mg, 2.70 mmol) and triazolylidene 1a
(500 mg, 1.80 mmol) in toluene (2 mL). Yield 420 mg (67%). Mp
131–133 ◦C (from toluene). Found: C 70.7, H 7.1, N 10.2. Calcd
for C24H29N3O3: C 70.7, H 7.2, N 10.3%. dH (200 MHz, DMSO-
d6, Me4Si) 1.,02 (3H, s, CH3CH2), 1.76 (9H, s, CH3C, t-Bu), 1.89
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(3H, s, CH3CO), 3.74 (2H, m, CH2CH3), 4.00 (1H, broad s, CH),
7.2–7.8 (10H, m, Ar), 10.90 (1H, broad s, C5-H).
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Mannose-binding proteins on the surface of antigen-presenting cells (APCs) are capable of recognizing
and internalizing foreign agents in the early stages of immune response. These receptors offer a
potential target for synthetic vaccines, especially vaccines designed to stimulate T cells. We set out to
synthesize a series of fluorescein-labelled O-mannosylated peptides using manual solid phase peptide
synthesis (SPPS) on pre-loaded Wang resin, in order to test their ability to bind mannose receptors on
human APCs in vitro. A flexible and reliable method for the synthesis of fluorescein-labelled
O-mannosylated glycopeptides was desired in order to study their lectin-binding properties using flow
cell cytometry. Two synthetic strategies were investigated: incorporation of a fluorescein label into the
peptide chain via a lysine side chain e-amino group at the final stage of standard Fmoc solid phase
peptide synthesis or attachment of the fluorescein label to the Na-amino group of a lysine with further
incorporation of a mannosylated peptide unit through the side chain Ne-amino group. The latter
strategy proved more effective in that it facilitated SPPS by positioning the growing mannosylated
peptide chain further removed from the fluorescein label.


Introduction


The ability of chemical synthesis to provide glycopeptides in
homogeneous form plays a pivotal role for the advancement
of glycobiology.1 For example there is current interest in the
design and synthesis of synthetic vaccine formulations capable
of stimulating the immune system for use against diseases caused
by infectious agents and for the treatment of cancer. In particular,
new vaccines are needed that are capable of strongly stimulating T
cells, which recognise unique peptides bound to MHC molecules
on the surface of pathogen-infected cells and tumour cells.
Peptides are attractive agents for incorporation into vaccines
because they can be synthesized and purified without the need for
biological processes and because they are flexible and inexpensive
to manufacture.2 Nevertheless, peptides often show poor stability
in biological fluids3 and are often not targeted efficiently to the cells
responsible for initiating an immune response, namely antigen-
presenting cells (APCs).


APCs capture pathogen- or tumour-derived protein antigens,
and process them into MHC-bound peptides that are trans-
ported to the cell surface for presentation to T cells.4 APCs
express receptors capable of recognizing and internalising foreign
agents. Several of these receptors are C-type lectins that bind
carbohydrates5 and mannose receptors in particular, and are
known to take up and present mannosylated antigens to T cells.6


Indeed within this lectin family there are a number of proteins
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apart from the classically-described mannose receptor (also known
as CD206) that are expressed on APCs.7 APC membrane lectins
that mediate efficient sugar-specific endocytosis could be poten-
tially exploited for glycotargeting tumour antigens to enhance
antigen presentation to different subsets of T cells. Burgdorf et al.8,9


have recently demonstrated that mannose-mediated endocytosis
of the model antigen soluble ovalbumin (OVA) targets early
endosomes enabling its cross-presentation to CD8+ T cells. In
order to direct a synthetic vaccine to these receptors, ligands
capable of binding to mannose receptors on APC should ideally
be incorporated into the vaccine construct. Many high affinity
glycopeptide binding ligands for mannose lectins have been
produced based on assembly of clustered patches of mannose
ligands to enhance binding to the protein receptors relying on
the cluster effect.10–12 Most of these constructs have relied on use
of mannosylation through the side chain Ne-amino group of a
lysine residue.13,14 An additional complication in the field is that
although most mannose receptors are probably multimeric, and
the highest affinity ligands will probably engage more than one
carbohydrate-recognition domain (CRD), the spacing between
these CRDs is poorly defined. One high-resolution (1.8 Å) crystal
structure15 of the head and neck part of rat serum mannose-
binding protein A, a soluble homologue of the mannose receptor,
is available. This structure showed that the individual CRDs are
separated from each other by 53 Å. This suggests that assembly of
a polymannosylated scaffold with the mannose units spaced 53 Å
apart provides an avenue for investigation of ligand binding.


We therefore postulate that placement of mannose units care-
fully positioned at defined distance on a linear peptide scaffold may
provide an alternative strategy for targeting the mannose receptor
on human APCs. With this idea in mind we have focused on
targeting mannose receptors through O-mannosylated serine units
dispersed at defined sites along a linear peptide scaffold. Our
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initial attention has therefore focused on the efficient synthesis of
O-mannosylated polyalanine peptide scaffolds of differing chain
length and mannose configurations in order to evaluate their
specificity for targeting human APCs in vitro. Thus, in the work
reported herein a set of glycopeptides containing O-mannosylated
serine residues was prepared with the aim of developing a suitable
APC-binding motif that can not only be conjugated to antigenic
peptides known to stimulate T cells,16 but also subsequently spaced
appropriately to allow multivalent binding to more than one
carbohydrate recognition domain of mannose receptor multimers.
Given that the exact binding requirements for the mannose
receptor are as yet unknown our initial intention was to produce
a series of fluorescently-labelled O-mannosylated peptides that
could be analysed in cellular immunology screens.


Results and discussion


The most efficient and versatile method for the preparation of
O-glycopeptides employs protected glycosylated amino acids as
building blocks in a sequential assembly of peptides.1 It was
decided to establish an O-linked mannosyl linkage by incorpo-
ration of a mannosylated serine residue into an alanine based
peptide scaffold. Previous reports on the synthesis of peptides
containing O-mannosylated serines are rare17 especially given the
additional requirement for introduction of a fluorescent label.
Moreover, a comparison of the O-mannosylation of serine residues
on resin-bound assembled peptides with the incorporation of O-
mannosylated serine units into SPPS concluded that the synthesis
of glycopeptides containing O-mannosylated serine units via this
latter method is in fact the method of choice.18 A fluorescent label
could be introduced in the final stages of SPPS via attachment
of 5(6)-carboxyfluorescein to a side chain Ne-amino group of
a lysine residue that is indirectly attached to Wang resin. Thus
our initial synthetic strategy focused on solid phase glycopeptide
assembly proceeding via coupling through the Na-amino group of
the lysine residue that was attached to pre-loaded alanine Wang
resin. After SPPS that included introduction of the mannosylated
serine residue, the orthogonally Mtt-protected Ne-amino group of


the lysine residue was deprotected and the 5(6)-carboxyfluorescein
label introduced.


Preparation of glycosyl amino acid Fmoc-[Man(OBz)4a1-]Ser


The initial synthetic strategy outlined above required access to
an Fmoc-protected a-mannosylated serine building block. A brief
screening of methods to effect mannosylation of Fmoc-protected
serine derivatives with several mannosyl donors led us to the con-
clusion that the optimum procedure involved mannosylation of
Fmoc-protected allyl serine (5) with tetra-O-benzoyl-a-D-mannose
trichloroacetimidate (3) using trimethylsilyl trifluoromethanesul-
fonate (20 mol%) in dichloromethane at −40 ◦C for 3 h affording
Fmoc-[Man(OBz)4a1-]Ser allyl ester (6) in 71% yield (Scheme 1).
Deprotection of the allyl ester using Pd(PPh3)4 and phenylsilane
in dichloromethane afforded Fmoc-[Man(OBz)4a1-]Ser (7) in 70%
yield. Protection of the serine carboxyl group as an allyl ester
proved more effective than either the use of a benzyl ester or a
pentafluorophenyl ester in that the pentafluorophenyl ester proved
more difficult to purify and degraded upon prolonged storage
whilst deprotection of a benzyl ester by hydrogenolysis proved
unreliable in our hands and the lability of the Fmoc group under
hydrogenolysis conditions has been reported.19 Use of an allyl
ester offered the advantage of its facile preparation, stability under
a variety of glycosylation conditions20 and its small size that
does not hinder the glycosylation step.21 The use of a benzoyl-
protected mannosyl donor rather than an acetate-protected man-
nosyl donor was also advantageous in that the benzoyl groups
reduced the possibility of orthoester formation.22 Mannosyl
trichloroacetimidate 3 was readily prepared via perbenzoylation of
mannose to pentabenzoate 1,23 selective hydrolysis of the anomeric
benzoate group to tetrabenzoate 224 and finally conversion to
trichloroacetimidate 325 upon treatment with trichloroacetonitrile
and potassium carbonate. Fmoc-Ser allyl ester (5) was readily
prepared by treatment of serine with Fmoc-OSu affording Fmoc-
Ser (4)26 in 97% yield followed by allylation of the ester group
to Fmoc-Ser allyl ester (5)27 in 87% yield using allyl bromide in
dichloromethane under phase transfer conditions.


Scheme 1 Reagents and conditions: (a) BzCl, py, 66%; (b) ethanolamine, THF, 54%; (c) K2CO3, Cl3CCN, CH2Cl2, 94%; (d) Fmoc-OSu, Na2CO3, dioxane,
97%; (e) CH2=CHCH2Br, NaHCO3, Aliquot 336, H2O, CH2Cl2, 24 h, 87%; (f) SiMe3OTf (20%), CH2Cl2, −40 ◦C, 3 h, 71%; (g) Pd(PPh3)4, PhSiH3,
CH2Cl2, 1.5 h, 70%.
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Synthesis of the mannosylated peptides: H2N-[Man(OH)4a1-]Ser-
(Ala)n-[Lys{5(6)-carboxyfluorescein}]-Ala-OH (8) (n = 3), (9)
(n = 4) and (10) (n = 6)


The synthesis of the H2N-[Man(OH)4a1-]Ser-(Ala)n-[Lys{5(6)-
carboxyfluorescein}]-Ala-OH glycopeptides 8 (n = 3), 9 (n =
4) and 10 (n = 6) was initiated by deprotection of the Fmoc
group from Fmoc-Ala-Wang resin using 20% piperidine in DMF
followed by HBTU–HOBt mediated coupling of Fmoc-Lys(Mtt)-
OH (Scheme 2) and capping of unreacted amino groups using
acetic anhydride in NMP. The required number of alanine units
(n = 3, 4 or 6) were then introduced in a similar fashion also
using HBTU–HOBt as the coupling agent with a capping step
to minimize the formation of deletion sequences. Finally the
Fmoc-[Man(OBz)4a1-]Ser residue was introduced into the series
of alanine-based glycopeptides using the more powerful coupling


agent HATU in the presence of HOAt, collidine and DMAP in
DMF with a longer reaction time (overnight).


The Mtt group was removed from the Ne-amino group of the
lysine residue using 2% TFA in dichloromethane and a 5(6)-
carboxyfluorescein label was then introduced via DIC-mediated
coupling in the presence of HOBt in DMF overnight. Aminolysis
of the additional 5(6)-carboxyfluorescein molecules bound to the
phenols of the labelled peptide using six cycles of the 20% piperi-
dine deprotection protocol also effected concomitant removal
of the Fmoc group from the newly introduced mannosylated
serine residue.28 Subsequent cleavage of the mannosylated peptide
from the resin using 95% TFA with triisopropylsilane and water
as scavengers, concentration in vacuo and trituration with cold
diethyl ether gave the crude benzoate-protected glycopeptides.
These crude glycopeptides were purified by reverse-phase HPLC
before final removal of the mannose benzoate protecting groups


Scheme 2 Reagents and conditions: (a) 20% piperidine in DMF, rt; (a*) 6 cycles of 20% piperidine in DMF; (b) Fmoc-Lys(Mtt)-OH, HBTU, HOBt,
iPr2EtN, DMF, rt, 1.5 h; (c) cat. HOBt, Ac2O, iPr2EtN, NMP, 2 × 5 min, rt; (d) Fmoc-Ala-OH coupling, HBTU, HOBt, iPr2EtN, DMF, (e) repeat steps
(d), (c), (a) twice (n = 3), three times (n = 4) or five times (n = 6); (f) Fmoc-[Man(OH)4a1-]Ser-OH, HATU, HOAt, collidine, DMAP, DMF, rt, overnight;
(g) 2% TFA in CH2Cl2, rt; (h) 5(6)-carboxyfluorescein, DIC, HOBt, DMF, rt, overnight; (i) TFA, iPr3SiH, H2O, rt, 2 h; (j) cat. NaOMe in MeOH, rt,
pH 11.7–11.8, 3 h.
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with catalytic NaOMe in MeOH. A final purification step using
reverse-phase HPLC gave glycopeptides 8, 9 and 10 in 5%, 6% and
5% overall yield respectively.


The structure of glycopeptide 9 was confirmed by MALDI-TOF
analysis (observed [MH + Na]+ 1132.4115) and 1H NMR spec-
troscopy thus supporting the assigned structure. Similar analyses
(ESI-MS) supported the successful formation of glycopeptides 8
and 10.


Synthesis of the mannosylated peptides: 5(6)-carboxyfluorescein-
Lys-[(Ala)n-{Man(OH)4a1-}Ser]-Gly-OH (11) (n = 3), (12) (n =
4) and (13) (n = 6)


The procedure described above in which the glycopeptide chain
is elaborated through the Na-amino group of lysine was found
to be problematic as complete removal of the Ne Mtt group
proved difficult even after prolonged treatment with 2% TFA in
dichloromethane. The overall yields of the glycopeptides were also
very disappointing. Hence, a second strategy was implemented
using Dde (1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl) as the
Ne protecting group of a lysine residue. In this revised strategy
it was also decided to introduce the fluorescein label by initial
coupling of 5(6)-carboxyfluorescein through the Na-amino group
of the lysine residue attached to Gly-Wang resin (Scheme 3).28


The mannosylated peptide chain was then attached to this pre-
labelled resin (Scheme 4) via the side chain Ne-amino group of the
same lysine residue. Using this improved method three additional
glycopeptides, with three (11), four (12), and six (13) alanine
residues in the peptide chain were successfully prepared.


This revised method provides a modular approach for the
construction of libraries of fluorescently-labelled glycopeptides.
The nature of the glycosylated amino acid can be varied as can
the composition of the basic peptide framework. For example,
introduction of a mannosylated hydroxyproline unit provides
access to a peptide chain in which the mannose residue is placed
within a turn. More importantly, it was hoped that by positioning
the large fluorescein label on the Na-amino group of the resin-
bound lysine unit, with the growing mannosylated peptide chain
extending from Ne lysine side chain amino group, the overall yield
of the glycopeptides would be improved.


With the above ideas in mind, the synthesis of trityl-protected
5(6)-carboxyfluorescein-Lys(Dde)-Gly-Wang resin was under-
taken as outlined (Scheme 3). The procedure was based on the
work of Brock et al.28 who extended the applicability of 5(6)-
carboxyfluorescein-labelled peptides in SPPS by on-resin intro-
duction of the trityl group as a protecting group strategy for 5(6)-
carboxyfluorescein. Introduction of O-trityl protecting groups to
the polymer-bound carboxyfluorescein prevented reaction of the
hydrazine used for removal of the lysine Dde group with the enone
tautomers of the phenolic groups.28 In the present work we have
extended this protocol to the synthesis of 5(6)-carboxyfluorescein-
labelled mannosylated peptides which can be readily evaluated
using flow cell cytometry based assays.


Thus, pre-loaded Fmoc-Gly-Wang resin was Fmoc-deprotected
and coupled to Fmoc-Lys(Dde)-OH (HBTU, HOBt in DMF).
After a capping step and Na-Fmoc deprotection, the Na-amino
group of the lysine residue was coupled to 5(6)-carboxyfluorescein
by activation with DIC and HOBt in DMF overnight. The
additional phenol-linked carboxyfluorescein was then cleaved
using 20% piperidine in DMF (six cycles) and the resultant phenols
protected as trityl ethers upon treatment with trityl chloride and
diisopropylamine in dichloromethane overnight. The trityl groups
on the fluorescein were chemically inert towards treatment with
2% hydrazine hydrate that was required for removal of the Dde-
protecting group in order to elaborate SPPS through the side chain
Ne-amino group of the lysine residue.


The synthesis of mannosylated peptides 11, 12 and 13 was then
undertaken starting from the same trityl-protected fluorescein-
labelled resin (Scheme 4). Removal of the Dde group allowed
coupling to an Fmoc-protected alanine mediated by HBTU and
HOBt. After a capping step the SPPS procedure was then repeated
two, three or five times to introduce the appropriate number of
alanine residues. Finally the mannosylated serine building block
was introduced onto the peptide chain using the more powerful
coupling agent HATU–HOAt with collidine and DMAP in DMF
overnight. Cleavage of the glycopeptide from the resin using 95%
TFA, triisopropylsilane and water at room temperature for 2 h
also effected cleavage of the trityl groups. Concentration in vacuo
and trituration with cold diethyl ether gave the crude benzoate-
protected glycopeptides that were purified by reverse-phase


Scheme 3 Reagents and conditions: (a) 20% piperidine in DMF, rt; (a*) 6 cycles of 20% piperidine in DMF; (b) Fmoc-Lys(Dde)-OH, HBTU, HOBt,
iPr2EtN, DMF, rt, 1.5 h; (c) cat. HOBt, Ac2O, iPr2EtN, NMP, 2 × 5 min, rt; (d) 5(6)-carboxyfluorescein, DIC, HOBt, DMF, rt, overnight; (e) trityl
chloride, iPr2EtN, CH2Cl2, rt, overnight.
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Scheme 4 Reagents and conditions: (a) 2% hydrazine hydrate in DMF, rt, 2 × 3 min; (b) Fmoc-Ala-OH, HBTU, HOBt, iPr2EtN, DMF, rt, 1.5 h; (c) cat.
HOBt, Ac2O, iPr2EtN, NMP, 2 × 5 min, rt; (d) 20% piperidine in DMF, rt; (e) repeat steps (b), (c), (d) twice (n = 3), three times (n = 4) or five times (n =
6), (f) Fmoc-[Man(OBz)4a1-]Ser-OH, HATU, HOAt, collidine, DMAP, DMF, rt, overnight; (g) TFA, iPr3SiH, H2O, rt, 2 h; (h) NaOMe in MeOH, rt,
pH 11.7–11.8, 3 h.


HPLC. Finally deprotection of the benzoate esters on the mannose
residue using catalytic NaOMe in MeOH and final purification by
reverse-phase HPLC gave glycopeptides 11, 12 and 13 in 33%, 15%
and 20% overall yield respectively. Pleasingly, the yields obtained
for this set of mannosylated peptides (11, 12 and 13) were thus
substantially improved compared to the yields obtained for the
previous set of mannosylated peptides (8, 9 and 10).


The structure of glycopeptide 11 was confirmed by 1H NMR
spectroscopy and MALDI-TOF analysis (observed [MH +
Na]+ 1047.7072) thus supporting the assigned structure. Similar
analyses supported the successful formation of glycopeptides
12 and 13.


Conclusion


In summary two sets of fluorescein-labelled peptides containing
mannosylated serine units incorporated into peptide scaffolds with
different numbers of alanines attached to an Na-amino group
or a side chain Ne-amino group of lysine have been successfully
synthesized. These mannosylated peptides will be tested in vitro for


their ability to bind to mannose receptors on human APC subsets.
It was found that incorporation of benzoyl-protected Fmoc-
[Man(OBz)4a1-]Ser into a polyalanine peptide chain was more
facile and proceeded in better overall yield when the peptide chain
was assembled through the side chain Ne-amino of lysine rather
than through the Na-amino of the lysine residue. It is postulated
that differential positioning of the fluorescein label relative to the
growing peptide chain in the two alternative synthetic strategies
together with the associated differences in solid phase reaction
dynamics, contributes to a more efficient synthetic method. This
strategy also makes use of Fmoc-Lys(Dde) in preference to Fmoc-
Lys(Mtt) thus reducing the exposure of the acid-sensitive Wang
resin bound glycopeptide to 2% TFA in dichloromethane that is
required for removal of the Mtt group. Furthermore, prolonged
treatment with 2% TFA can result in cleavage of the peptide from
the resin.29 More significantly, adopting this improved strategy
allows the initial synthesis of a fluorescein-preloaded Wang resin
that can be used for the modular synthesis of diverse peptide
scaffolds prepared in an analogous fashion to those reported
herein.
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Experimental


General


All reagents were purchased as reagent grade and used without
further purification. Solvents were dried according to standard
methods.30 Solvents for RP HPLC were purchased as HPLC
grade and used without further purification. Fmoc-Gly-Wang
resin and Fmoc-Lys(Dde) were purchased from IRIS Biotech
GmbH; Fmoc-Ala-Wang resin, Fmoc-Ala, HOBt and HBTU
were purchased from Advanced ChemTech; Fmoc-Lys(Mtt)
was purchased from Biochem; HOAt was purchased from
Acros Organics; HATU, Fmoc-Ala-TentaGel S PHB resin and
5(6)-carboxyfluorescein (isomeric mixture) were purchased from
Fluka. Analytical thin layer chromatography was performed using
0.2 mm plates of Kieselgel F254 (Merck) and compounds were
visualised by ultraviolet fluorescence or by staining with 4%
sulfuric acid in ethanol or ethanolic ninhydrin solution (0.3%
ninhydrin in ethanol + 1% v/v acetic acid), followed by heating
the plate for a few minutes. Flash chromatography was carried out
on Kieselgel F254 S 0.063–0.1 mm (Riedel de Hahn) silica gel with
indicated solvents. Infrared spectra were obtained using a Perkin
Elmer Spectrum One Fourier Transform infrared spectrometer
as a thin film between sodium chloride plates. Absorption
maxima are expressed in wavenumbers (cm−1) with the following
abbreviations: s = strong, m = medium, w = weak, br = broad
and v = varying.


Melting points were determined on an Electrothermal R© melting
point apparatus and are uncorrected. Optical rotations were
determined at the sodium D line (589 nm), at 20 ◦C with a Perkin-
Elmer 341 polarimeter and are given in units of 10−1 deg cm2 g−1.
Nuclear magnetic resonance (NMR) spectra were recorded as
indicated on either a Bruker AVANCE DRX300 (1H, 300 MHz,
13C, 75 MHz), a Bruker AVANCE DRX400 spectrometer (1H,
400 MHz, 13C, 100 MHz) or on a Bruker AVANCE DRX600
spectrometer (1H, 600 MHz). Chemical shifts are reported in
parts per million (ppm) relative to the tetramethylsilane signal
recorded at dH 0.00 ppm in CDCl3–SiMe4 solvent, or the residual
methanol signal at dH 3.34 ppm in CD3OD solvent, or the residual
water signal at dH 4.79 ppm in D2O solvent. The 13C values
were referenced to the residual chloroform signal at dC 77.0 ppm
in CDCl3–SiMe4 solvent or the residual methanol signal at dC


49.15 ppm in CD3OD solvent. 1H NMR shift values are reported
as chemical shift (dH), relative integral, multiplicity (s, singlet; d,
doublet; t, triplet; q, quartet; m, multiplet; br s, broad singlet; dd,
doublet of doublets; ddt, doublet of doublet of triplets), coupling
constant (J in Hz) and assignments. 13C values are reported
as chemical shift (dC), degree of hybridisation and assignment.
Assignments were made with the aid of DEPT135, COSY, HSQC
and HMBC experiments. The ratio of 5-carboxyfluorescein and
6-carboxyfluorescein regioisomers was assumed to be 60 : 40 for
the assignment of 1H NMR data. Low resolution mass spectra
were recorded on a VG-70SE mass spectrometer operating at a
nominal accelerating voltage of 70 eV (FAB). High resolution mass
spectra were recorded using a VG-70SE spectrometer at a nominal
resolution of 5000 to 10 000 as appropriate. Major and significant
fragments are quoted in the form x (y%), where x is the mass
to charge ratio and y is the percentage abundance relative to the
base peak. Electrospray ionization mass spectra (ESI-MS) were


recorded on a Thermo Finnigan Surveyor MSQ Plus spectrometer.
Accurate mass spectra were recorded using Matrix-assisted laser
desorption/ionisation-time of flight mass spectrometry (MALDI-
TOF MS) on a Voyager-DE spectrometer using a-cyano-4-
hydroxycinnamic acid (CHCA) as matrix. Analytical RP HPLC
was performed using a Waters 600 System using an analytical
column (Phenomenex Jupiter C4, 300 Å, 150 mm × 4.6 mm, 5 lm
or Phenomenex Jupiter C18, 300 Å, 150 mm × 4.6 mm, 5 lm) at a
flow rate of 1 mL min−1, using a linear gradient of 10% B to 100% B
over 35 min with detection at 254 nm; buffer A = 0.1% TFA–H2O,
buffer B = 0.1% TFA–CH3CN. Semi-preparative RP HPLC was
performed using a Waters 600 System using a semi-preparative
column (Waters XTerra R© Prep. C18, 300 mm × 19 mm, 10 lm, or
Phenomenex Jupiter C4, 300 Å, 250 mm × 10 mm, 5 lm) at a flow
rate of 10 mL min−1 or 13 mL min−1, using a linear gradient of
0.1% TFA–H2O (buffer A) and 0.1% TFA–CH3CN (buffer B) with
detection at 254 nm. Gradient systems were adjusted according to
the elution profiles and peak profiles obtained from the analytical
RP HPLC chromatograms.


Synthesis of mannosylated building blocks


1,2,3,4,6-Penta-O-benzoyl-a-D-mannopyranose (1)23. D-
Mannose (1.00 g, 5.55 mmol) and a catalytic amount of DMAP
were dissolved in pyridine (12 mL). After cooling the reaction
mixture to 0 ◦C in an ice bath, benzoyl chloride (4.8 mL,
41.63 mmol) was added and the mixture was left stirring
overnight at room temperature and concentrated in vacuo. The
residue was dissolved in CH2Cl2 (ca. 150 mL) and H2O was added
carefully with cooling and vigorous stirring to decompose excess
benzoyl chloride. The product was extracted with CH2Cl2, the
organic phase was washed with brine (1×), NaHCO3(sat) (2×),
and brine (1×), dried (MgSO4) and concentrated in vacuo. The
crude product was dissolved in a mixture of acetone–methanol
(1 : 1, ca. 14 mL), and left overnight. The solution was then
diluted with methanol (7 mL), left for 2 h, further diluted with
methanol (14 mL) and left for two days at 4 ◦C. Precipitated
crystals were collected by filtration, washed with a small amount
of methanol and dried in air to give the title compound (1) as
a white solid (2.58 g, 66%); mp 152–153 ◦C (from methanol)
(lit.,23 152–153 ◦C); [a]20


D −19.4 (c 1.78, CHCl3) (lit.,23 −18.6); Rf


0.46 (ethyl acetate–hexane, 3 : 5); mmax(film)/cm−1 3064 w (Ar–H),
1728 s (C=O), 1601 m, 1584 m (C–C, Ar), 1271 s (C–O), 756 s
(C–H, Ar), 713 s (C–C, Ar); dH (400 MHz; CDCl3) 4.52 (1H, dd,
JAB 12.3, J6A,5 3.6, H-6A), 4.59–4.63 (1H, m, H-5), 4.72 (1H, dd,
JAB 12.3, J6B,5 2.5, H-6B), 5.94 (1H, dd, J2,3 3.1, J2,1 2.0, H-2), 6.10
(1H, dd, J3,4 10.2, J3,2 3.1, H-3), 6.32 (1H, t, J4,3 = J4,5 10.2, H-4),
6.65 (1H, d, J1,2 1.9, H-1), 7.26–7.69 (15H, m, Ph), 7.86–8.22
(10H, m, Ph); dC (100 MHz; CDCl3) 62.3 (CH, C-6), 66.1 (CH,
C-4), 69.4 (CH, C-2), 69.9 (CH, C-3), 69.9 (CH, C-5), 91.3 (CH,
d, JC-1,H-1 178.7, C-1), 128.3, 128.4, 128.6, 128.7 (CH, Ph), 129.7,
129.9, 130.1 (quat., Ph), 133.0, 133.3, 133.5, 133.6, 134.0 (CH,
Ph), 163.7, 165.1, 165.2, 165.6, 165.9 (quat., COOBz). NMR data
were in agreement with those reported in the literature.31


2,3,4,6-Tetra-O-benzoyl-a-D-mannopyranose (2). 1,2,3,4,6-
Penta-O-benzoyl-a-D-mannopyranose (1) (1.00 g, 1.43 mmol)
was dissolved in dry THF (8 mL) and ethanolamine (0.094 mL,
1.57 mmol) was added dropwise. The mixture was stirred
overnight, during which time a white precipitate appeared. The


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 112–121 | 117







precipitate was filtered, the solvent was removed in vacuo and
the crude mixture was purified by flash chromatography (ethyl
acetate–hexane, 3 : 5) to yield the title compound (2) as white
foam (0.46 g, 54%); [a]20


D −79.5 (c 1.02, CHCl3) (lit.,24 −81.0); Rf


0.29 (ethyl acetate–hexane, 3 : 5); mmax(film)/cm−1 3447 s br (O–H),
1728 s (C=O), 1601 m, 1584 m (C–C, Ar), 1267 s (C–O), 708 s
(C–C, Ar); dH (400 MHz; CDCl3) 3.50 (1H, br s, OH), 4.45 (1H,
dd, JAB 12.2, J6A,5 3.7, H-6A), 4.65–4.69 (1H, m, H-5), 4.77 (1H,
dd, JAB 12.2, J6B,5 2.6, H-6B), 5.54 (1H, d, J1,2 1.7, H-1), 5.74–5.75
(1H, m, H-2), 6.01 (1H, dd, J3,4 10.1, J3,2 3.2, H-3), 6.18 (1H, t,
J4,3 = J4,5 10.1, H-4), 7.26–7.60 (12H, m, Ph), 7.84–8.13 (8H, m,
Ph); dC (100 MHz; CDCl3) 62.7 (CH2, C-6), 66.8 (CH, C-4), 68.9
(CH, C-5), 69.7 (CH, C-3), 70.8 (CH, C-2), 92.4 (CH, d, JC-1,H-1


173.1, C-1), 128.3, 128.5, 128.6 (CH, Ph), 129.0, 129.1, 129.3,
129.8 (quat., Ph), 129.8, 133.1, 133.2, 133.5 (CH, Ph), 165.5,
165.6, 166.3 (quat., COOBz). NMR data were in agreement with
those reported in the literature.32


2,3,4,6-Tetra-O-benzoyl-a-D-mannopyranosyl trichloroacetim-
idate (3)25. 2,3,4,6-Tetra-O-benzoyl-a-D-mannopyranose (2)
(13.86 g, 23.23 mmol) was dissolved in dry CH2Cl2 (140 mL) under
N2, and potassium carbonate (4.62 g, 63.87 mmol) was added. The
reaction mixture was stirred for 10 min and trichloroacetonitrile
(9.2 mL, 91.74 mmol) was added dropwise. The mixture was
vigorously stirred overnight under N2, filtered, concentrated
in vacuo and the crude mixture was purified by flash column
chromatography (ethyl acetate–hexane, 1 : 2) to yield the title
compound (3) as white foam (16.15 g, 94%); [a]20


D −36.9 (c
1.3, CHCl3) (lit.,33 −37); Rf 0.66 (ethyl acetate–hexane, 1 : 2);
mmax(film)/cm−1 3441 m, 3337 m (=NH), 3054 w, 3032 w (Ar–H),
1730 s (C=O), 1679 v (C=N), 1601 m, 1584 m (C–C, Ar), 1265 s
(C–O), 1106 s (O–C–C), 756 s (C–H, Ar), 708 s (C–C, Ar); dH


(400 MHz; CDCl3) 4.51 (1H, dd, JAB 12.3, J6A,5 4.0, H-6A), 4.64
(1H, ddd, J5,4 10.2, J5,6A 4.0, J5,6B 2.3, H-5), 4.74 (1H, dd, JAB 12.3,
J6B,5 2.3, H-6B), 5.95 (1H, dd, J2,3 3.3, J2,1 1.9, H-2), 5.99 (1H, dd,
J3,4 10.2, J3,2 3.3, H-3), 6.24 (1H, t, J4,3 = J4,5 10.2, H-4), 6.58 (1H,
d, J1,2 1.9, H-1), 7.25–7.63 (12H, m, Ph), 7.83–8.11 (8H, m, Ph),
8.87 (1H, s, NH); dC (100 MHz; CDCl3) 60.3 (CH2, C-6), 66.0
(CH, C-4), 68.8 (CH, C-2), 69.8 (CH, C-3), 71.5 (CH, C-5), 90.6
(quat., CCl3C(=NH)), 94.6 (CH, C-1), 128.3, 128.4, 128.6, 128.7,
128.8, 128.9 (CH, Ph), 129.7, 129.8, 129.9 (quat., Ph), 133.1, 133.3,
133.5, 133.7 (CH, Ph), 159.8 (quat., CCl3C(=NH)), 165.1, 165.3,
165.4, 166.0 (quat., COOBz). NMR data were in agreement with
those reported in the literature.25


N-(9-Fluorenylmethoxycarbonyl)-L-serine (4). For the prepa-
ration of N-(9-fluorenylmethoxycarbonyl)-L-serine (4), the same
procedure as for N-(9-fluorenylmethoxycarbonyl)-L-tyrosine34


was employed. L-Serine (2.00 g, 19.03 mmol) was suspended in
a mixture of 10% aqueous Na2CO3 (35 mL) and 1,4-dioxane
(15 mL) and cooled in an ice bath. N-Fluorenylmethoxycarbonyl
succinimide (6.74 g, 19.98 mmol) was dissolved in 1,4-dioxane
(25 mL) by gentle heating and the solution was added over 30 min
via a dropping funnel with efficient stirring. The reaction mixture
was stirred overnight and the solvent was removed in vacuo. The
suspension was diluted with H2O (150 mL), washed with Et2O
(2×) and the aqueous phase was acidified with citric acid to
pH 3.5 (pH paper). The aqueous phase was extracted with ethyl
acetate (3×), the organic phases were combined, dried (MgSO4),
filtered, the solvent was removed in vacuo and the crude product


was recrystallized from CH2Cl2–light petroleum (bp 60–80 ◦C) to
give the title compound (4) as a white solid (6.04 g, 97%); mp
88–90 ◦C (from CH2Cl2–light petroleum (bp 60–80 ◦C))(lit.,35 86–
88 ◦C); [a]20


D +14.7 (c 0.95, ethyl acetate) (lit.,36 +14.8); Rf 0.31
(ethyl acetate–hexane + 10% v/v acetic acid, 3 : 1); mmax(Nujol
mull)/cm−1 3363 m, 3304 m (N–H, O–H), 1728 s, 1687 s (C=O),
1261 s, 1056 s (C–O), 759 s, 737 s (C–H, Ar); dH (400 MHz; MeOD)
3.84 (1H, dd, JAB 11.3, JSerb-HA,Sera-H 4.0, Serb-HA), 3.90 (1H, dd, JAB


11.3, JSerb-HB,Sera-H 5.0, Serb-HB), 4.20 (1H, t, JCH,CH2 6.9, CH Fmoc),
4.27–4.38 (3H, m, CH2 Fmoc and Sera-H), 7.28 (2H, t, J 7.4, CH
Fmoc Ph), 7.36 (2H, t, J 7.4, CH Fmoc Ph), 7.65 (2H, d, J 6.8,
CH Fmoc Ph), 7.76 (2H, d, J 7.8, CH Fmoc Ph); dC (100 MHz;
MeOD) 48.3 (CH, Fmoc), 57.8 (CH, Sera), 63.1 (CH2, Serb), 68.2
(CH2, Fmoc), 120.9, 126.3, 128.2, 128.8 (CH, Fmoc), 142.6, 145.2,
145.3 (quat., Fmoc), 158.6 (quat., CONH), 173.8 (quat., COOH).


N-(9-Fluorenylmethoxycarbonyl)-L-serine allyl ester (5)27. A
solution of N-(9-fluorenylmethoxycarbonyl)-L-serine (4) (2.00 g,
6.11 mmol) and sodium bicarbonate (0.52 g, 6.17 mmol) in H2O
(20 mL) was added to a solution of tricaprylmethylammonium
chloride (aliquot 336) (1.93 g, 5.99 mmol) and allyl bromide
(3.90 g, 32.23 mmol) in CH2Cl2 (38 mL). The suspension was
stirred vigorously at room temperature for 24 h under N2. H2O
(50 mL) was added to the reaction mixture and the suspension
was extracted with CH2Cl2 (3×). The combined organic layers
were dried (Na2SO4), filtered, concentrated in vacuo and the crude
product was purified by flash chromatography (ethyl acetate–
hexane, 2 : 3) to yield the title compound (5) as a white solid
(2.24 g, 87%); mp 76–78 ◦C (lit.37 82.5–84 ◦C); [a]20


D +0.4 (c 7.5,
ethyl acetate) (lit.,37 +0.3), Rf 0.77 (ethyl acetate–hexane, 1 : 1);
mmax(Nujol mull)/cm−1 3448 m, 3377 m, 3303 m (N–H, O–H),
1741 s, 1675 s (C=O), 1213 s, 1052 s (C–O), 763 s, 740 s (C–H,
Ar); dH (400 MHz; CDCl3) 2.75 (1H, br s, OH), 3.88–4.01 (2H,
m, Serb-H2), 4.20 (1H, t, JCH,CH2 6.9, CH Fmoc), 4.34–4.47 (3H,
m, CH2 Fmoc and Sera-H), 4.66 (2H, m, OCH2CH=CH2), 5.23
(1H, dd, J 10.5, JAB 1.1, OCH2CH=CHAHB), 5.32 (1H, dd, J 17.2,
JAB 1.1, OCH2CH=CHAHB), 5.83–5.93 (2H, m, OCH2CH=CH2


and NH), 7.29 (2H, t, J 7.4, CH Fmoc Ph), 7.38 (2H, t, J 7.4,
CH Fmoc Ph), 7.58 (2H, d, J 6.7, CH Fmoc Ph), 7.74 (2H, d,
J 7.4, CH Fmoc Ph); dC (100 MHz; CDCl3) 47.0 (CH, Fmoc),
56.1 (CH, Sera), 60.4 (CH2, Serb), 66.2 (CH2, OCH2CH=CH2),
67.1 (CH2, Fmoc), 118.8 (CH2, OCH2CH=CH2), 119.9, 125.0,
127.0, 127.7 (CH, Fmoc Ph), 131.3 (CH, OCH2CH=CH2), 141.2,
143.6, 143.7 (quat., Fmoc), 156.2 (quat., CONH), 170.2 (quat.,
COOAllyl). NMR data were in agreement with those reported in
the literature.37


N-(9-Fluorenylmethoxycarbonyl)-O-(2,3,4,6-tetra-O-benzoyl-a-
D-mannopyranosyl)-L-serine allyl ester (6). 2,3,4,6-Tetra-O-
benzoyl-a-D-mannopyranosyl trichloroacetimidate (3) (1.78 g,
2.40 mmol) and N-(9-fluorenylmethoxycarbonyl)-L-serine allyl
ester (5) (0.90 g, 2.44 mmol) were dried together under high
vacuum for 8 h prior to the reaction. Activated powdered 4 Å
molecular sieves were added and the mixture was stirred in dry
CH2Cl2 (10 mL) under N2 for 30 min. The suspension was cooled
to −40 ◦C and trimethylsilyl trifluoromethanesulfonate (0.09 mL,
0.48 mmol) was quickly added. The reaction mixture was stirred
under N2 for 3 h, triethylamine was added to neutralise the mixture
(pH paper) and the temperature of the solution was slowly raised to
room temperature. The mixture was filtered, the yellowish solution
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was washed with NaHCO3(sat) (2×), brine (2×), dried (Na2SO4),
filtered, the solvent was removed in vacuo and the crude product
was purified by flash chromatography with gradient elution (ethyl
acetate–hexane, 1 : 3 to 1 : 2) to yield the title compound (6) as
white foam (1.62 g, 71%); [a]20


D −26.3 (c 1.02, CHCl3); Rf 0.59
(ethyl acetate–hexane, 2 : 3); mmax(film)/cm−1 3425 m, 3351 m (N–
H), 1731 s (C=O), 1601 m, 1584 m (C–C, Ar), 1266 s (C–O),
759 s, 741 s (C–H, Ar), 710 s (C–C Ar); dH (400 MHz; CDCl3)
4.18 (2H, m, Serb-H2), 4.25 (1H, t, JCH,CH2 6.9, CH Fmoc), 4.40–
4.52 (4H, m, CH2 Fmoc and H-6A and H-5), 4.69–4.85 (4H, m,
Sera-H and H-6B and OCH2CH=CH2), 5.12 (1H, m, H-1), 5.31
(1H, dd, J 10.3, JAB 1.0, OCH2CH=CHAHB), 5.41 (1H, dd, J 17.1,
JAB 1.0, OCH2CH=CHAHB), 5.69 (1H, m, H-2), 5.88 (1H, dd, J3,4


10.1, J3,2 3.0, H-3), 5.95–6.05 (1H, m, OCH2CH=CH2), 6.09–6.16
(2H, m, H-4 and NH), 7.26–8.12 (28H, m, Ph); dC (100 MHz;
CDCl3) 47.0 (CH, Fmoc), 54.4 (CH, Sera), 62.6 (CH2, C-6), 66.5
(CH2, OCH2CH=CH2), 66.7 (CH, C-4), 67.4 (CH2, Fmoc), 69.4
(CH, C-5), 69.6 (CH2, Serb), 69.7 (CH, H-3), 70.1 (CH, H-2),
98.5 (CH, d, JC-1,H-1 172.8, C-1), 119.6 (CH2, OCH2CH=CH2),
119.9, 125.1, 127.0, 127.6, 128.3, 128.4, 128.6, 128.8, 128.9, 129.0,
129.6, 129.7 (CH, Ph), 131.2 (CH, OCH2CH=CH2), 133.0, 133.2,
133.4, 133.5 (quat., Ph), 141.2, 143.7 (quat., Fmoc), 156.0 (quat.,
CONH), 163.6, 165.2, 165.4, 166.1 (quat., COOBz), 169.4 (quat.,
COOAllyl); m/z (FAB) 946.3080 (MH+, C55H48NO14 requires
946.3075), 946 (MH+, 3%), 579 (18), 178 (39), 154 (60), 136 (43)
120 (8), 105(100) and 89 (14).


N-(9-Fluorenylmethoxycarbonyl)-O-(2,3,4,6-tetra-O-benzoyl-a-
D-mannopyranosyl)-L-serine (7). N-(9-Fluorenylmethoxycar-
bonyl)-O-(2,3,4,6-tetra-O-benzoyl-a-D-mannopyranosyl)-L-serine
allyl ester (6) (1.53 g, 1.62 mmol) was dissolved in CH2Cl2 (15 mL)
and the mixture was degassed under an argon atmosphere.
Pd(PPh3)4 (0.08 g, 0.06 mmol) was added and argon was bubbled
through the yellowish solution for 10 min. PhSiH3 (0.8 mL,
6.48 mmol) was then added and the mixture was stirred under
argon for 1.5 h during which time the colour of the mixture
turned black. Upon completion of the reaction (TLC, ethyl
acetate–hexane, 2 : 1 + 10% v/v acetic acid) the solvent was
removed in vacuo and the crude product was purified twice by
flash chromatography (CH2Cl2–methanol, 9 : 1). The resultant
brown solid was lyophilised from tert-butanol to yield the title
compound (7) as a pale yellow amorphous powder (1.03 g, 70%);
[a]20


D −11.7 (c 1.44, CHCl3); Rf 0.29 (ethyl acetate–hexane, 1 : 1 +
10% v/v acetic acid); mmax(film)/cm−1 3427 m, 3348 m (N–H),
3300–2500 br (O–H), 2958 s, 2898 s (C–H), 1728 s (C=O), 1601
m, 1584 m (C–C, Ar), 1515 w (N–H), 1451 m (C–O–H), 1265 s
(C–O), 1109 s (O–C–C), 1095 s (C–O–C), 759 s, 742 s (C–H,
Ar); dH (400 MHz; CDCl3) 4.17–4.29 (3H, m, CH Fmoc and
Serb-H2), 4.34–4.38 (2H, m, CH2 Fmoc), 4.45–4.55 (2H, m, H-5
and H-6A), 4.65–4.73 (2H, m, H-6B and Sera-H), 5.17 (1H, m,
H-1), 5.74 (1H, m, H-2), 5.99 (1H, dd, J3,4 9.9, J3,2 2.7, H-3), 6.13
(1H, t, J4,3 = J4,5 9.9, H-4), 6.56 (1H, br s, NH), 7.20–8.08 (28H,
m, Ph); dC (100 MHz; CDCl3) 47.0 (CH, Fmoc), 54.6 (CH, Sera),
62.7 (CH2, C-6), 66.6 (CH, C-4), 67.3 (CH2, Fmoc), 69.1 (CH2,
Serb), 69.3 (CH, C-5), 70.3 (CH, C-2 and C-3), 98.2 (CH, C-1),
119.8, 125.1, 127.5, 128.3, 128.4, 128.5, 128.6, 128.7, 129.0, 129.7
(CH, Ph), 132.0, 132.2 (quat., Ph), 141.1, 143.8 (quat., Fmoc),
156.2 (quat., CONH), 165.4, 166.0, 166.1 (quat., COOBz), 171.3
(quat., COOH); m/z (FAB) 906.2792 (MH+, C52H44NO14 requires


906.2762), 906 (MH+, 3%), 579 (12), 178 (24), 120 (11), 105 (66)
and 89 (22).


General method for the synthesis of glycopeptides38


Glycopeptides were assembled manually using Fmoc solid phase
peptide synthesis (SPPS) using a fritted glass reaction vessel.
Pre-loaded Fmoc-Ala-Wang resin (0.7 mmol g−1) (for com-
pounds 8 and 9), pre-loaded Fmoc-Ala-TentaGel S PHB resin
(0.2 mmol g−1) (for compound 10†) or 5(6)-carboxyfluorescein-
Lys-Gly-Wang resin (0.8 mmol g−1) (for compounds 11, 12, and
13) was shaken in DMF for 30 min prior to the synthesis, followed
by filtration. Na-Fmoc protecting group was deprotected with 20%
piperidine solution in DMF (1 × 5 min, 1 × 20 min). Coupling
of Fmoc-AA was performed using method 1, coupling of Fmoc-
[Man(OBz)4a1-]Ser was performed using method 2 and coupling
of 5(6)-carboxyfluorescein was performed using method 3.


Coupling method 1 (Fmoc-AA)


Na-Protected amino acid (4 eq.) was dissolved in DMF, HOBt
(4 eq.) and HBTU (3.9 eq.) were then added and shaken until
dissolved. The solution was transferred to the reaction vessel and
shaken for 2 min, followed by the addition of iPr2EtN (8 eq.). The
mixture was shaken for 1.5 h, filtered, washed with DMF (3×),
ethanol (3×) and CH2Cl2 (3×).


Coupling method 2 (Fmoc-[Man(OBz)4a1-]Ser)


Fmoc-[Man(OBz)4a1-]Ser (7) (1.5 eq.) was dissolved in NMP,
HOAt (1.5 eq.) and HATU (1.45 eq.) were then added and shaken
until dissolved. The solution was transferred to the reaction vessel
and shaken for 2 min, followed by the addition of collidine (4.5 eq.).
The mixture was shaken overnight, filtered, washed with DMF
(3×), ethanol (3×) and CH2Cl2 (3×).


Coupling method 3 (5(6)-carboxyfluorescein)


5(6)-Carboxyfluorescein (2.5 eq.) was dissolved in DMF. HOBt
(2.5 eq.) was added, the mixture was shaken until dissolved and
the solution was transferred to the reaction vessel which was then
shaken for 2 min, followed by the addition of DIC (2.5 eq.).
The mixture was shaken overnight, filtered, washed with DMF
(3×) and treated with 20% piperidine solution in DMF 6 times
(1 × 5 min, 1 × 20 min) to remove additional ester-bound 5(6)-
carboxyfluorescein, washed with DMF (3×), ethanol (3×) and
CH2Cl2 (3×).


Unreacted amino groups were capped after each coupling step
by treatment of the resin with Ac2O (0.5 M in NMP), iPr2EtN
(0.125 M in NMP) and a catalytic quantity of HOBt in NMP. For
removal of the Mtt group from the Ne-amino group of the lysine
residue the glycopeptidyl resin (compounds 8, 9 and 10) was
treated with 2% TFA in CH2Cl2. The mixture was washed with
2% TFA in CH2Cl2 (5×), shaken with 2% TFA in CH2Cl2 for
5 min, filtered, and the cycle was repeated (3×), followed by
washing with CH2Cl2 (5×). The procedure was repeated until the
yellow colour of the filtrate almost disappeared (12×). Removal


† Synthesis of glycopeptide 10 using Fmoc-Ala-Wang (loading
0.66 mmol g−1) was unsuccessful hence Fmoc-Ala-TentaGel S PHB resin
(0.2 mmol g−1) was used.
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of the Dde protecting group from the Ne-amino group of the
lysine residue (for compounds 11, 12 and 13) was performed using
2% hydrazine hydrate solution in DMF (2 × 3 min). The Kaiser
test39 was performed after each coupling and deprotection step.
Cleavage of the resin and simultaneous removal of the protecting
groups from the glycopeptides was achieved by treatment of the
glycopeptidyl resin with 95 : 2.5 : 2.5 (v/v/v) TFA : TIS : H2O
for 2 h. Glycopeptides were precipitated from cold Et2O, isolated
by centrifuge, lyophilised from CH3CN–H2O and purified by RP
HPLC prior to final removal of the mannose benzoate protecting
groups.


Removal of benzoate protecting groups


The benzoate groups were removed by dissolution of the glycopep-
tides in methanol (3 mL) and treatment with 1 M NaOMe solution
in methanol in pH 11.7–11.8 for 3 h. When all starting material
had disappeared as judged by analytical RP HPLC, the solution
was neutralised with a portion of dry ice, the solvent was removed
in vacuo, and the crude product was purified by RP HPLC and
lyophilised from CH3CN–H2O.


H2N-[Man(OH)4a1-]Ser-(Ala)3-[Lys{5(6)-carboxyfluorescein}]-
Ala-OH (8). Using the standard peptide synthesis procedure
as outlined above, the crude benzoyl-protected glycopeptide was
purified by RP HPLC on a Waters XTerra R© Prep. C18 column at
a flow rate of 13 mL min−1, using a linear gradient of 10% B to
100% B over 35 min. Removal of benzoate protecting groups of
the mannose moiety, followed by purification by RP HPLC on a
Phenomenex Jupiter C4 column, at a flow rate of 10 mL min−1,
using a linear gradient of 10% B to 100% B over 35 min, yielded
glycopeptide 8 as a yellow amorphous solid (3.20 mg, 5%); Rt


14.54 min (Phenomenex Jupiter C18); m/z (ESI-MS) 1038.4 ([M +
H]+ requires 1038.4).


H2N-[Man(OH)4a1-]Ser-(Ala)4-[Lys{5(6)-carboxyfluorescein}]-
Ala-OH (9). Using the standard peptide synthesis procedure
as outlined above, the crude benzoyl-protected glycopeptide was
purified by RP HPLC on a Phenomenex Jupiter C4 column, at
a flow rate of 10 mL min−1, using a linear gradient of 10% B to
100% B over 35 min. Removal of benzoate protecting groups of
the mannose moiety, followed by purification by RP HPLC on a
Phenomenex Jupiter C4 column, at a flow rate of 10 mL min−1,
using a linear gradient of 10% B to 100% B over 35 min, yielded
glycopeptide 9 as a yellow amorphous solid (5.22 mg, 6%);
Rt 14.40 min (Phenomenex Jupiter C4); dH (600 MHz; D2O)
1.19–1.28 (15H, m, 5 × Alab-H3), 1.41–1.89 (6H, m, 3 × Lys-H2),
3.11–3.41 (2H, m, Lys-H2), 3.49–3.55 (2H, m, H-5 and H-4),
3.62–3.70 (2H, m, H-3 and H-6A), 3.75–3.83 (3.2H, m, Serb-H2


and H-6B and H-2), 4.05–4.28 (7.8H, m, Sera-H and Serb-H2 and
5 × Alaa-H and Lysa-H), 4.73–4.84 (H-1 signal obscured by HOD
signal), 6.67–6.69 (2H, m, CH Fluoro Ph), 6.81 (2H, br s, CH
Fluoro Ph), 6.95–6.96 (2H, m, CH Fluoro Ph), 7.27–7.28 (0.6H,
m, CH Fluoro Ph), 7.47 (0.4H, br s, CH Fluoro Ph), 7.92–8.02
(1.6H, m, CH Fluoro Ph), 8.27 (0.4H, br s, CH Fluoro Ph); m/z
(MALDI-TOF) 1132.4115 ([MH + Na]+ requires 1132.4203).


H2N-[Man(OH)4a1-]Ser-(Ala)6-[Lys{5(6)-carboxyfluorescein}]-
Ala-OH (10). Using the standard peptide synthesis procedure
as outlined above, crude benzoyl-protected glycopeptide was
purified by RP HPLC on Phenomenex Jupiter C4 column, at a


flow rate of 10 mL min−1, using a linear gradient of 10% B to
100% B over 35 min. Removal of benzoate protecting groups of
the mannose moiety, followed by purification by RP HPLC on
Phenomenex Jupiter C4 column, at a flow rate of 10 mL min−1,
using a linear gradient of 10% B to 100% B over 35 min, yielded
glycopeptide 10 as a yellow amorphous solid (2.72 mg, 5%); Rt


13.40 min (Phenomenex Jupiter C18); m/z (ESI-MS) 1251.5 ([M +
H]+ requires 1251.5).


5(6)-Carboxyfluorescein(Trt)2-Lys(Dde)-Gly-Wang resin28


Fmoc-Gly-Wang resin (0.8 mmol g−1) was shaken in DMF for
30 min prior to the synthesis. The Na-Fmoc protecting group was
removed using 20% piperidine solution in DMF (1 × 5 min, 1 ×
20 min) and 5(6)-carboxyfluorescein was coupled using method
3 as described above, washed with DMF (3×), CH2Cl2 (5×)
and dried under a flow of N2. Trityl chloride (12 eq.) was then
added, followed by addition of CH2Cl2 and iPr2EtN (12 eq.),
the reaction mixture was shaken overnight, filtered, washed with
CH2Cl2 (5×), dried under a flow of N2 and a fresh portion of the
tritylation reagents was added and the procedure was repeated
to yield 5(6)-carboxyfluorescein(Trt)2-Lys(Dde)-Gly-Wang resin
which was used for further synthesis (compounds 11, 12 and 13).
A sample of the trityl-protected fluorescein-labelled resin (25.0 mg)
was Dde deprotected using 2% hydrazine hydrate solution in DMF
(2 × 3 min), cleaved using 95 : 2.5 : 2.5 (v/v/v) TFA : TIS : H2O
for 2 h, precipitated from cold Et2O, isolated by centrifuge and
lyophilised from CH3CN–H2O to yield 5(6)-carboxyfluorescein-
Lys-Gly-OH; Rt 13.08 min (Phenomenex Jupiter C18); m/z (ESI-
MS) 562.3 ([M + H]+ requires 562.2).


5(6)-Carboxyfluorescein-Lys[(Ala)3-{Man(OH)4a1-}Ser]-Gly-
OH (11). Using the standard peptide synthesis procedure as
outlined above, crude benzoyl-protected glycopeptide was purified
by RP HPLC on a Waters XTerra R© Prep. C18 column at a flow
rate of 10 mL min−1, using a linear gradient of 10% B to 100%
B over 35 min. Removal of benzoate protecting groups of the
mannose moiety, followed by purification by RP HPLC on a
Waters XTerra R© Prep. C18 column at a flow rate of 10 mL min−1,
using a linear gradient of 1% B to 50% B over 35 min, yielded
glycopeptide 11 as a yellow amorphous solid (5.75 mg, 33%);
Rt 13.45 min (Phenomenex Jupiter C18); dH (600 MHz; MeOD)
1.30–1.38 (9H, m, 3 × Alab-H3), 1.39–1.62 (4H, m, 2 × Lys-H2),
1.83–2.01 (2H, m, Lys-H2), 3.14–3.16 (1.2H, m, Lys-H2), 3.21–
3.23 (0.8H, m, Lys-H2), 3.50–3.54 (1H, m, H-5), 3.58–3.61 (1H,
m, H-4), 3.67–3.72 (2H, m, H-3 and H-6A), 3.77–3.81 (1.2H, m,
Serb-H2), 3.82–4.03 (4H, m, H-6B and H-2 and Glya-H2), 4.12–
4.16 (2.8H, m, Serb-H2 and Sera-H and Alaa-H), 4.23–4.29 (1H,
m, Alaa-H), 4.38–4.44 (1H, m, Alaa-H), 4.53–4.56 (0.6H, m, Lysa-
H), 4.65–4.68 (0.4H, m, Lysa-H), 4.82 (1H, br s, H-1), 6.54–6.57
(2H, m, CH Fluoro Ph), 6.59–6.63 (2H, m, CH Fluoro Ph), 6.67–
6.70 (2H, m, CH Fluoro Ph), 7.30–7.32 (0.6H, m, CH Fluoro
Ph), 7.72 (0.4H, br s, CH Fluoro Ph), 8.08–8.26 (1.6H, m, CH
Fluoro Ph), 8.53 (0.4H, br s, CH Fluoro Ph); m/z (MALDI-TOF)
1047.7072 ([MH + Na]+ requires 1047.3674).


5(6)-Carboxyfluorescein-Lys[(Ala)4-{Man(OH)4a1-}Ser]-Gly-
OH (12). Using the standard peptide synthesis procedure as
outlined above, crude benzoyl-protected glycopeptide was purified
by RP HPLC on a Waters XTerra R© Prep. C18 column at a flow
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rate of 10 mL min−1, using a linear gradient of 10% B to 100%
B over 35 min. Removal of benzoate protecting groups of the
mannose moiety, followed by purification by RP HPLC on a
Waters XTerra R© Prep. C18 column at a flow rate of 10 mL min−1,
using a linear gradient of 1% B to 50% B over 35 min, yielded
glycopeptide 12 as a yellow amorphous solid (3.74 mg, 15%); Rt


11.80 min (Phenomenex Jupiter C18); dH (400 MHz; D2O) 1.26–
1.42 (12H, m, 4 × Alab-H3), 1.53–2.04 (6H, m, 3 × Lys-H2), 3.09–
3.32 (2H, m, Lys-H2), 3.67–3.71 (2H, m, H-5 and H-4), 3.77–3.86
(2H, m, H-3 and H-6A), 3.89–4.08 (5.2H, m, Serb-H2 and H-6B


and H-2 and Glya-H2), 4.21–4.30 (3.8H, m, 2 × Alaa-H and Sera-
H and Serb-H2), 4.33–4.34 (1H, m, Alaa-H), 4.39–4.44 (1H, m,
Alaa-H), 4.48–4.52 (0.6H, m, Lys-Ha), 4.64–4.67 (0.4H, m, Lys-
Ha), 4.91 (1H, br s, 1 × H-1), 6.72–6.76 (2H, m, CH Fluoro Ph),
6.86 (2H, br s, CH Fluoro Ph), 6.93–7.00 (2H, m, CH Fluoro Ph),
7.31–7.33 (0.6H, m, CH Fluoro Ph), 7.67 (0.4H, br s, CH Fluoro
Ph), 8.13–8.22 (1.6H, m, CH Fluoro Ph), 8.51 (0.4H, br s, CH
Fluoro Ph); m/z (MALDI-TOF) 1094.4402 ([M + H]+ requires
1094.4080).


5(6)-Carboxyfluorescein-Lys[(Ala)6-{Man(OH)4a1-}Ser]-Gly-
OH (13). Using the standard peptide synthesis procedure as
outlined above, crude benzoyl-protected glycopeptide was purified
by RP HPLC on a Waters XTerra R© Prep. C18 column at a flow
rate of 10 mL min−1, using a linear gradient of 10% B to 100%
B over 35 min. Removal of benzoate protecting groups of the
mannose moiety, followed by purification by RP HPLC on a
Waters XTerra R© Prep. C18 column at a flow rate of 10 mL min−1,
using a linear gradient of 1% B to 50% B over 35 min, yielded
glycopeptide 13 as a yellow amorphous solid (15.9 mg, 20%); Rt


13.68 min (Phenomenex Jupiter C18); dH (600 MHz; D2O) 1.09–
1.36 (18H, m, 6 × Alab-H3), 1.36–1.89 (6H, m, 3 × Lys-H2), 3.03–
3.18 (2H, m, Lys-H2), 3.51–3.56 (2H, m, H-5 and H-4), 3.61–3.66
(2H, m, H-3 and H-6A), 3.69–3.72 (1.2H, m, Serb-H2), 3.74–3.84
(2H, m, CH-6B and H-2), 3.90–3.97 (2H, m, Glya-H2), 4.04–4.39
(7.8H, m, Serb-H2 and Sera-H and 6 × Alaa-H), 4.46–4.54 (1H,
m, Lysa-H), 4.84 (1H, br s, H-1), 6.54–6.58 (2H, m, CH Fluoro
Ph), 6.67 (2H, br s, CH Fluoro Ph), 6.75–6.80 (2H, m, CH Fluoro
Ph), 7.13–7.15 (0.6H, m, CH Fluoro Ph), 7.52 (0.4H, br s, CH
Fluoro Ph), 7.97–8.03 (1.6H, m, CH Fluoro Ph), 8.34 (0.4H, br s,
CH Fluoro Ph); m/z (MALDI-TOF) 1298.8071 ([M + Na + K]+


requires 1298.4347).
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Alkylation and oxidation of 2H-2-imidazolines, followed by regioselective deprotection, thionation and
microwave-assisted Liebeskind–Srogl reaction, efficiently led to 2-aryl-2-imidazolines as new analogues
of p53-hdm2 interaction inhibitors (Nutlins).


Introduction


The 2-imidazoline scaffold is found in many biologically active
small molecules that target numerous pharmaceutically relevant
binding sites and receptors.1 Although substitution patterns are
diverse, most biologically active 2-imidazolines are substituted at
C2. For example, the Nutlins, which are highly functionalised
2-imidazolines that shown both in vitro and in vivo antitumor
activity, all contain a C2 aryl moiety that is believed to be
essential.2 The Nutlins are strong inhibitors of hdm2, a protein
that negatively modulates the transcriptional activity and stability
of the p53 tumor suppressor protein.3 C2-Substituted imidazolines
can be prepared by the condensation of a diamine with an
imidate, but variation of the substituents is not straightforward.4


Alternatively, a trimethylsilyl chloride mediated multicomponent
reaction (MCR) between oxazolones, aldehydes and amines can
be employed.5 However, this leads to the formation of C2-
functionalised 2-imidazolines with trans-oriented C4/C5 phenyl
groups. Although some reports exist of methods that give cis-
oriented C4/C5 phenyl groups,5 these seem less efficient for the
synthesis of Nutlin analogues, which require cis-oriented C4/C5
phenyl groups.


Recently, we reported a versatile MCR involving amines,
aldehydes and isocyanoacetates to access 2H-2-imidazolines.6 All
substituents can be varied easily by the choice of readily available
reagents. Furthermore, the reaction generally favours formation of
the diastereomer with cis-oriented aryl functionalities at C4/C5.


aDepartment of Chemistry, Vrije Universiteit Amsterdam, De Boelelaan
1083, 1081, HV, Amsterdam, The Netherlands. E-mail: orru@few.vu.nl;
Fax: +31 20 5987488; Tel: +31 20 5987447
bPharmaceutical Sciences & Chemistry, University of Pittsburgh, BST3
10019, Pittsburgh, PA, 15261, USA


Scheme 1 2H-2-Imidazolines 4–7 obtained from a 3-component reaction (3-CR).


Consequently, our method could be exploited to synthesise
new, Nutlin-type, p53-hdm2 interaction inhibitors. The approach
renders analogues containing an additional carboxylate that may
serve to enhance water solubility. However, the 2H-2-imidazolines
that result from our MCR should be arylated at C2. Here, we
present an efficient synthetic strategy to achieve this.


Results and discussion


Four relevant 2H-imidazolines (Scheme 1, 4–7) were selected as
starting materials for our synthetic study. The two cis-oriented
p-chlorophenyl (PCP) groups in the backbone of analogues 4
and 5 are also found in Nutlins, where they seem crucial for
the interaction with the Trp23 and Leu26 pockets of hdm2.2


The imidazolines 6 and 7, containing a 5-indolyl substituent, are
also highly relevant, since, according to NMR studies of Nutlins
bound to hdm2,4 these may improve binding to the Trp23 domain
of hdm2. Thus, application of the MCR using isocyanoacetate
17 in combination with two different aldehydes (2) and amines
(3) provides the corresponding 2H-2-imidazolines 4–7 in high
yields.


Direct C2 functionalisation of 4–7 proved not to be straight-
forward, and a procedure for selective C2 arylation had to be
developed. Recently, Liebeskind and Srogl reported the Pd(0)-
catalyzed, Cu(I)-mediated coupling of thioether-type species with
boronic acids under neutral conditions.8 The high thiophilicity
of the soft Cu(I) carboxylate cofactor facilitates selective C–C
coupling with isothioureas even in the presence of a Suzuki-active
bromide.9 This elegant procedure has been used to directly arylate
dihydropyrimidine-2-thiones under microwave irradiation.10 We
envisioned the mild and easy sulfoxidation of 2H-2-imidazolinium
salts through the reaction of in situ-generated N-heterocyclic
carbenes with elemental sulfur as an appropriate method to
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Scheme 2 Possible route for C2 functionalisation of 2H-2-imidazolines.


synthesise precursors for Liebeskind–Srogl reactions (Scheme 2).11


Strategic choice of R1 and R3 groups should allow selective
deprotection of N1 or N3, leading to Nutlin analogues.


Methylation and sulfoxidation of imidazoline 4 affords the
cyclic thiourea 9 in good yield (Scheme 3). Chromatographic
separation of the diastereomers was achieved but cleavage of the p-
methoxybenzyl (PMB) group could not be realised. Both oxidative
and acidic conditions cause decomposition, probably because
of the sensitive thiocarbonyl group. Therefore, an alternative
route was considered. Imidazolidin-2-thiones can be prepared by
the thionation of imidazolidin-2-ones using Lawesson’s reagent.12


For this, oxidation of 2H-2-imidazolines was required. Although
(low-yielding) oxidations of benzimidazoles with mCPBA are
known,13 this procedure proved unsuitable for the direct oxidation
of imidazolines. In contrast, mCPBA-mediated oxidation of
imidazolinium salt 8 affords cyclic urea 10 as a mixture of
diastereomers, in a combined yield of 82% (Scheme 3). For a
clean reaction it proved important to add the mCPBA to a cooled
solution of 8. The diastereomers of 10 are conveniently separated
by chromatography.


Scheme 3 Oxidation and thionation of C2.


Treatment of trans-10 with TFA (to cleave off the PMB-group)
and subsequent thionation provides the Liebeskind–Srogl precur-
sor 12 with a C5 ester function in very high yields (Scheme 4).14


Scheme 4 Synthesis of Liebeskind–Srogl precursor 12.


With the above-described methodology available, we now
turned to the synthesis of Liebeskind–Srogl precursors containing
the ester functionality at C4. Clean formation of imidazolinium
salt 13 from 5 can be achieved using PMBBr and NaI under
Finkelstein conditions (Scheme 5). Oxidation then gives cyclic urea
14 in reasonable yield, and the diastereomers could be separated
chromatographically. Deprotection and subsequent thionation of
trans-14 both went smoothly, affording efficiently the desired
Liebeskind–Srogl precursor 16.14


With 12 and 16 in hand, we could now perform the Liebeskind–
Srogl reactions (Table 1). Reactions were run in sealed vessels with
controlled single-mode microwave heating. Initially, coupling re-
actions between boronic acids and 12 or 16 were performed under


Table 1 Liebeskind–Srogl arylation of 12 and 16


Product T/◦C Isolated yield (%)


17 100 14
17 130 51
18 100 24
18 130 41
19 100 34
19 130 65
20 100 6
20 130 55


Scheme 5 Synthesis of Liebeskind–Srogl precursor 16.


conditions reported by Kappe et al. (PhB(OH)2, Pd(PPh3)4, Cu(I)
thiophene-2-carboxylate, THF, microwave, 100 ◦C, 30 min).10


These conditions, however, gave only traces of C2-arylated
products. Conditions were further refined with respect to the
solvent, and the reactions proceeded much better in DMF instead
of THF. Also, the reaction temperature appears crucial and is
important for achieving good conversions to the desired cross-
coupling products. Although not fully optimized yet, running the
reaction at 130 ◦C for 1 h ultimately led to efficient Liebeskind–
Srogl cross-coupling of 12 and 16 with two different boronic acids,
and the corresponding 2-aryl-2-imidazolines 17–20 were isolated
in good yields.


Conclusion


In conclusion, a versatile route toward C2-functionalized 2-
imidazolines containing Nutlin-like backbones has been de-
veloped. Besides the 3-component reaction to access 2H-2-
imidazolines, key steps involve the oxidation at C2 and the
Liebeskind–Srogl coupling of cyclic thioureas with boronic acids.
The analogues 17–20 have been prepared in good overall yields
(23% to 35%) starting from commercially available aldehydes
and amines. The high overall yields and the flexibility make this
procedure amenable to library synthesis of potential p53-hdm2
interaction inhibitors.
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Experimental


General


All reactions were carried out under atmospheric conditions,
unless stated otherwise. Standard syringe techniques were applied
for transfer of air-sensitive reagents and dry solvents. Melting
points were measured using a Stuart Scientific SMP3 melting
point apparatus and are uncorrected. Infrared (IR) spectra
were obtained from CHCl3 films on NaCl tablets (unless noted
otherwise), using a Matteson Instuments 6030 Galaxy Series
FT-IR spectrophotometer, and wavelengths (m) are reported
in cm−1. 1H and 13C nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance 400 (400.13 MHz and
100.61 MHz respectively) or a Bruker Avance 250 (250.13 MHz
and 62.90 MHz respectively) with chemical shifts (d) reported in
ppm downfield from tetramethylsilane. MS and HRMS spectral
data were recorded on a Finnigan Mat 900 spectrometer or in the
Laboratory of Organic Chemistry of the Wageningen University
(NL) on a Finnigan MAT95 spectrometer. Chromatographic
purification refers to flash chromatography using the indicated
solvent (mixture) and Baker 7024-02 silica gel (40 l, 60 Å).
Thin layer chromatography was performed using silica plates
from Merck (Kieselgel 60 F254 on aluminium with fluorescence
indicator. Compounds on TLC were visualised by UV-detection
unless stated otherwise. THF was dried and distilled from sodium
benzophenone ketyl prior to use. DCM was dried and distilled
from CaH2 prior to use. Toluene was distilled from sodium prior
to use. DMF was dried and distilled from phenylzinc iodide
prior to use. Other commercially available reagents were used as
purchased.


Microwave experiments


Microwave-assisted reactions were performed in a Discover (CEM
Corporation) single-mode microwave instrument producing con-
trolled irradiation at 2450 MHz, using standard sealed microwave
glass vials. Reaction temperatures were monitored with an IR
sensor on the outside wall of the reaction vials. Reaction times
refer to hold times at the indicated temperatures, not to total
irradiation times.


1-(4-Chlorophenyl)-2-methoxy-2-oxoethanaminium chloride.
p-Chlorophenylglycine (8.62 g, 46.5 mmol) was dissolved in
MeOH (110 mL). The solution was cooled to 0 ◦C and thionyl
chloride (6.8 mL, 93 mmol) was added dropwise. The reaction
mixture was heated under reflux for 3 h. Cooling to rt followed
by concentration in vacuo afforded the title compound as a white
solid (10.98 g, quant.) 1H NMR (250 MHz, D2O) d (ppm) 7.54 (d,
J = 8.6 Hz, 2H), 7.49 (d, J = 8.6 Hz, 2H), 5.30 (s, 1H), 3.82 (s,
3H).


Methyl 2-amino-2-(4-chlorophenyl)acetate.1-(4-Chlorophenyl)-
2-methoxy-2-oxoethanaminium chloride (3.33 g, 14.1 mmol) was
suspended in EtOAc (100 mL). Saturated NaHCO3 (aq.) (80 mL)
was added and the suspension was stirred until the organic layer
was clear and slightly orange. The layers were separated and
the aqueous layer was extracted twice with EtOAc. The organic
layers were combined, washed with brine and dried with Na2SO4.
Filtration and concentration in vacuo afforded the title compound
as a yellow–orange solid (2.79 g, 99%) 1H NMR (250 MHz,


CDCl3) d (ppm) 7.36 (s, 4H), 4.67 (s, 1H), 3.73 (s, 3H), 2.60 (br s,
2H).


Methyl 2-(4-chlorophenyl)-2-formamidoacetate. Methyl 2-
amino-2-(4-chlorophenyl)acetate (2.79 g, 14.0 mmol) was dis-
solved in ethyl formate (80 mL), and a small crystal of pTSA
was added. The reaction mixture was refluxed overnight, cooled
to rt and the solvent was evaporated. The product was dissolved in
DCM, washed with water, dried with Na2SO4, and concentrated
in vacuo to afford the title compound as a yellow solid (3.15 g,
99%) 1H NMR (200 MHz, CDCl3) d (ppm) 8.22 (s, 1H), 7.31 (s,
4H), 6.86 (br s, 1H), 5.62 (d, J = 7.2 Hz, 1H), 3.72 (s, 3H); 13C
NMR (63 MHz, CDCl3) d (ppm) 176.6 (C), 170.6 (C), 160.5 (CH),
134.6 (C), 129.2 (2 × CH), 129.0 (2 × CH), 54.4 (CH3), 53.2 (CH);
HRMS (EI, 70 eV) calculated for C10H10ClNO3 (M+) 227.0349,
found 227.0346.


Methyl 2-(4-chlorophenyl)-2-isocyanoacetate 1. This reaction
was carried out under an inert atmosphere of dry nitrogen. Methyl
2-(4-chlorophenyl)-2-formamidoacetate (910 mg, 4.0 mmol) was
dissolved in DCM (10 mL) and cooled to −30 ◦C. Triphos-
gene (504 mg, 1.7 mmol) and N-methylmorpholine (1.57 mL,
14.3 mmol) were added slowly. The solution turned darker orange,
and after 30 minutes at −30 ◦C the temperature was raised to −5 ◦C
and kept at this temperature for an additional 3 hours, during
which time the solution slowly turned darker. The reaction mixture
was quenched in 20 mL of ice-water. The layers were separated,
and the aqueous layer was extracted with Et2O. The organic
layers were combined, washed with brine and dried with Na2SO4.
Concentration in vacuo followed by flash column chromatography
(cyclohexane–ethyl acetate = 4 : 1), afforded 1 as an orange oil
(640 mg, 77%). 1H NMR (250 MHz, CDCl3) d (ppm) 7.42 (br s,
4H), 5.35 (s, 1H), 3.80 (s, 3H); 13C NMR (63 MHz, CDCl3) d
(ppm) 165.6 (C), 162.2 (C), 135.8 (C), 130.2 (C), 129.4 (2 × CH),
128.0 (2 × CH), 59.6 (C), 53.9 (CH3); IR (neat) 2954 (m), 2148
(s), 1753 (s), 1493 (s), 1435 (m), 1250 (m), 1211 (m), 1092 (s), 1014
(s); HRMS (EI, 70 eV) calculated for C10H8ClNO2 (M+) 209.0244,
found 209.0248.


General Procedure I for the synthesis of 2-imidazolines


Reactions were carried out under an inert atmosphere of dry
nitrogen at a concentration of 1 M of aldehyde 2, 1 M of amine
3, and 0.5 M of isocyanide 1 in dry DCM or MeOH. Na2SO4 and
the aldehyde were added, at rt, to a stirred solution of the amine.
After the mixture was stirred for 2 h, the isocyanide was added and
the reaction mixture was stirred at rt for an additional 18 h. The
reaction mixture was filtered and concentrated in vacuo. The crude
product was purified by flash column chromatography (c-hexane–
EtOAc–Et3N = 2 : 1 : 0.01, gradient, unless stated otherwise).


Methyl 4,5-bis(4-chlorophenyl)-1-(4-methoxybenzyl)-4,5-dihydro-
1H-imidazole-4-carboxylate 4. According to General Procedure
I, reaction between p-methoxybenzylamine (2.74 g, 20 mmol), p-
chlorobenzaldehyde (2.80 g, 20.0 mmol) and isocyanoacetate 1
(2.07 g, 9.9 mmol) in DCM, followed by column chromatography
(EtOAc–Et3N = 1 : 0.01), afforded 4 (3.96 g, 85%) as a 71 : 29
mixture of diastereomers as a yellow solid. 1H NMR (250 MHz,
CDCl3) d (ppm) 7.47 (d, J = 43.0 Hz, 1H), 7.36–7.21 (m, 3H +
4H), 7.10–6.98 (m, 4H + 4H), 6.89–6.76 (m, 5H + 5H), 5.28 (s,
1H), 4.64 (s, 1H), 4.36–4.31 (m, 1H + 1H), 3.82 (s, 3H), 3.74 (s,
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3H), 3.83–3.74 (m, 4H + 1H), 3.28 (s, 3H); 13C NMR (63 MHz,
CDCl3) d (ppm) 173.5 (C), 170.6 (C), 159.4 (C), 156.7 (CH), 155.9
(CH), 141.6 (C), 135.9 (C), 134.9 (C), 134.4 (C), 133.7 (2 × C),
133.6 (2 × C), 133.2 (C), 120.0 (2 × CH), 129.4 (2 × CH), 129.3
(2 × CH), 129.0 (2 × CH), 128.8 (2 × CH), 128.3 (2 × CH), 128.2
(2 × CH), 128.08 (2 × CH), 128.06 (2 × CH), 127.8 (2 × CH),
127.1 (C), 126.9 (C), 114.1 (2 × CH), 114.2 (2 × CH), 84.7 (C),
83.8 (C), 72.4 (CH3), 68.5 (CH3), 55.1 (CH3 + CH3), 53.1 (CH),
52.1 (CH), 48.6 (CH2), 48.1 (CH2); IR (neat) 1730 (s), 1602 (s);
HRMS (EI, 70 eV) calculated for C25H22Cl2N2O3 (M+) 468.1007,
found 468.1002.


Methyl 1-butyl-4,5-bis(4-chlorophenyl)-4,5-dihydro-1H-imida-
zole-4-carboxylate 5. According to General Procedure I, reac-
tion between n-butylamine (730 mg, 10.0 mmol), p-chlorobenz-
aldehyde (1.40 g, 10.0 mmol) and isocyanoacetate 1 (990 mg,
4.74 mmol) in DCM, followed by column chromatography
(EtOAc–Et3N = 1 : 0.01), afforded 5 (1.61 g, 84%) as a 74 : 26
mixture of diastereomers as a pale yellow oil. 1H NMR (250 MHz,
CDCl3) d (ppm) 7.69 (d, J = 8.7 Hz, 2H), 7.39–7.34 (m, 4H), 7.30–
7.26 (m, 3H + 1H), 7.05–7.01 (m, 2H + 2H), 6.90–6.86 (m, 2H +
2H), 5.51 (s, 1H), 4.81 (s, 1H), 3.77 (s, 3H), 3.28 (s, 3H), 3.20–3.08
(m, 1H + 1H), 2.89–2.78 (m, 1H + 1H), 1.54–1.13 (m, 4H + 4H),
0.92–0.79 (m, 3H + 3H); 13C NMR (100.6 MHz, CDCl3) d (ppm)
173.8 (C), 170.6 (C), 156.8 (CH), 156.1 (CH), 141.9 (C), 136.1 (C),
135.2 (C), 134.4 (C), 134.0 (C), 133.6 (C), 133.5 (C), 133.1 (C),
129.8 (2 × CH), 129.2 (2 × CH), 128.8 (2 × CH), 128.4 (2 × CH),
128.17 (2 × CH), 128.15 (2 × CH), 128.08 (2 × CH), 127.8 (2 ×
CH), 84.65 (C), 83.9 (C), 73.5 (CH3), 68.7 (CH3), 53.1 (CH), 52.1
(CH), 44.8 (CH2), 44.5 (CH2), 30.2 (CH2), 30.0 (CH2), 19.8 (CH2),
19.7 (CH2), 13.6 (CH3), 13.5 (CH3); IR (neat) 1729 (s), 1599 (s);
HRMS (EI, 70 eV) calculated for C21H22Cl2N2O2 (M+) 404.1058,
found 404.1046.


tert-Butyl 3-(4-(4-chlorophenyl)-1-(4-methoxybenzyl)-4-(methoxy-
carbonyl)-4,5-dihydro-1H-imidazol-5-yl)-1H-indole-1-carboxylate
6. According to General Procedure I, reaction between p-meth-
oxybenzylamine (384 mg, 2.8 mmol), N-Boc-indolecarbox-
aldehyde (690 mg, 2.8 mmol) and isocyanoacetate 1 (419 mg,
2.0 mmol) in DCM, followed by column chromatography,
afforded 6 (364 mg, 76%) as a 58 : 42 mixture of diastereomers as
an orange–pink solid. 1H NMR (400 MHz, DMSO-d6, 360 K): d
(ppm) 8.09 (d, J = 8.3 Hz, 1H), 7.90 (d, J = 8.3 Hz, 1H), 7.63 (s,
1H), 7.61–7.56 (m, 3H + 3H), 7.54 (s, 1H), 7.48 (d, J = 7.8 Hz,
1H), 7.38–7.32 (m, 2H + 2H), 7.25–7.20 (m, 1H + 1H), 7.09–7.01
(m, 1H), 7.03 (d, J = 8.6 Hz, 2H), 6.97 (br s, 1H + 1H), 6.91 (d,
J = 8.6 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.73 (d, J = 8.7 Hz,
2H), 5.58 (s, 1H), 4.99 (s, 1H), 4.46 (d, J = 15.1 Hz, 1H), 4.39 (d,
J = 14.9 Hz, 1H), 3.86–3.82 (m, 1H + 1H), 3.75 (s, 3H), 3.70 (s,
3H), 3.64 (s, 3H), 3.07 (s, 3H), 1.67 (s, 9H), 1.59 (s, 9H); 13C NMR
(100.6 MHz, DMSO-d6, 360 K) d (ppm) 172.5 (C), 170.2 (C),
158.4 (C), 158.3 (C), 156.8 (CH), 156.1 (CH), 148.5 (C), 148.2
(C), 142.2 (C + C), 137.3 (C + C), 134.8 (C + C), 131.7 (C), 131.2
(C), 128.72 (4 × CH), 128.67 (4 × CH), 128.3 (CH), 128.1 (C +
C), 128.1 (2 × CH), 127.4 (2 × CH), 126.4 (CH), 125.4 (CH),
124.0 (CH), 123.6 (CH), 122.0 (CH), 121.8 (CH), 119.6 (CH),
119.4 (C), 115.8 (C), 114.3 (CH), 114.0 (CH), 113.54 (2 × CH),
113.46 (2 × CH), 83.8 (C + C), 83.4 (C + C), 65.1 (CH), 61.4
(CH), 54.8 (CH3), 54.7 (CH3), 52.0 (CH3), 50.8 (CH3), 47.5 (CH2),
47.3 (CH2), 27.4 (3 × CH3), 27.3 (3 × CH3); IR (KBr) 1733 (s),


1599 (s), 1512 (s), 1452 (s), 1370 (s), 1248 (s), 1153 (s), 1089 (s);
HRMS (EI, 70 eV) calculated for C32H32ClN3O5 (M+) 573.2030,
found 573.2036.


tert-Butyl 3-(1-butyl-4-(4-chlorophenyl)-4-(methoxycarbonyl)-
4,5-dihydro-1H-imidazol-5-yl)-1H-indole-1-carboxylate 7. Ac-
cording to General Procedure I, reaction between n-butylamine
(1.10 g, 15.0 mmol), N-Boc-indolecarboxaldehyde (3.68 g,
15.0 mmol) and isocyanoacetate 1 (2.89 g, 13.8 mmol) in MeOH,
followed by column chromatography, afforded 7 (5.9 g, 84%) as a
76 : 24 mixture of diastereomers as a pale yellow solid. 1H NMR
(400 MHz, CDCl3, 328 K) d (ppm) 8.14 (d, J = 8.4 Hz, 1H), 7.95
(d, J = 8.3 Hz, 1H), 7.71 (d, J = 8.6 Hz, 1H), 7.62 (s, 1H), 7.57
(d, J = 7.9 Hz, 1H), 7.35–6.99 (m, 6H + 5H), 6.88 (d, J = 8.3 Hz,
2H + 2H), 5.83 (s, 1H), 5.04 (s, 1H), 3.74 (s, 3H), 3.16 (s, 3H),
3.13–3.04 (m, 1H + 1H), 2.90–2.84 (m, 1H + 1H), 1.69 (s, 9H),
1.63 (s, 9H), 1.52–1.45 (m, 2H), 1.37–1.12 (m, 2H + 4H), 0.85 (t,
J = 7.3 Hz, 3H), 0.77 (t, J = 7.3 Hz, 3H); 13C NMR (100.6 MHz,
CDCl3) d (ppm) 174.0 (C), 156.4 (CH), 156.1 (CH), 149.4 (C),
149.3 (C), 136.9 (2 × C), 133.6 (C), 128.1 (3 × CH + 5 × CH),
127.3 (2 × CH), 125.5 (CH), 124.1 (CH + CH), 122.7 (CH + CH),
120.1 (CH), 115.6 (C), 115.3 (CH), 114.9 (CH), 84.3 (C), 83.9 (C),
67.9 (CH), 62.6 (CH), 53.2 (CH3), 52.1 (CH3), 44.8 (CH2), 44.3
(CH2), 30.3 (CH2), 30.2 (CH2), 28.2 (3 × CH3), 28.1 (3 × CH3),
19.8 (CH2), 19.7 (CH2), 13.6 (CH3), 13.5 (CH3); the aliphatic
CH signals could only be found with gs-HSQC measurements at
328 K; the quaternary carbons of the minor diastereomer of 7
could not be detected; IR (KBr) 2957 (s), 1734 (s), 1599 (s), 1570
(m), 1452 (s), 1370 (s), 1257 (s), 1155 (s), 1089 (s); HRMS (EI, 70
eV) calculated for C28H32ClN3O4 (M+) 509.2081, found 509.2082.


4,5-Bis(4-chlorophenyl)-1-(4-methoxybenzyl)-4-(methoxycarbo-
nyl)-3-methyl-4,5-dihydro-1H-imidazolium iodide 8. Methyl
iodide (447 mg, 3.15 mmol) was added to a solution of
imidazoline 4 (1.408 g, 3 mmol) in DCM (20 mL). The reaction
mixture was stirred at rt for 18 h and concentrated in vacuo to
afford 8 (1.83 g, quant.) as a 68 : 32 mixture of diastereomers as a
pale yellow solid. 1H NMR (250 MHz, CDCl3) d (ppm) 10.65 (s,
1H), 10.52 (s, 1H), 7.48–7.29 (m, 4H + 2H), 7.20–7.17 (m, 4H +
6H), 7.01–6.91 (m, 2H + 2H), 6.91–6.83 (m, 2H + 2H), 5.73 (s,
1H), 5.45 (d, J = 14.1 Hz, 1H), 5.31 (d, J = 14.4 Hz, 1H), 5.14 (s,
1H), 4.23–4.13 (m, 1H + 1H), 3.96 (s, 3H), 3.80 (s, 3H + 3H), 3.56
(s, 3H), 3.34 (s, 3H), 3.26 (s, 3H); 13C NMR (63 MHz, CDCl3) d
(ppm) 168.9 (C), 165.8 (C), 160.5 (C), 160.2 (C), 160.1 (CH), 158.4
(CH), 136.9 (2 × C), 135.8 (C), 135.6 (C), 132.9 (C), 131.3 (2 ×
CH), 131.0 (4 × CH), 130.5 (2 × CH), 130.0 (2 × CH), 129.9 (C),
129.8 (2 × CH), 129.3 (2 × CH), 129.1 (2 × CH), 128.9 (2 × CH),
128.88 (2 × CH), 128.84 (C), 123.4 (2 × C), 123.1 (C), 114.7 (2 ×
CH), 114.6 (2 × CH), 80.6 (C), 80.2 (C), 74.1 (CH3), 70.2 (CH3),
55.4 (2 × CH3), 54.6 (CH), 53.2 (CH), 50.5 (CH2), 50.4 (CH2),
34.9 (CH3), 33.3 (CH3); IR (neat) 1745 (s), 1642 (s), 1611 (s).


Methyl 4,5-bis(4-chlorophenyl)-1-(4-methoxybenzyl)-3-methyl-
2-thioxoimidazolidine-4-carboxylate 9. This reaction was carried
out under an inert atmosphere of dry argon. A Schlenk tube was
charged with imidazolinium iodide 8 (608 mg, 1.0 mmol), KOtBu
(118 mg, 1.05 mmol) and S8 (256 mg, 1.0 mmol). THF (30 mL)
was added and the reaction mixture was stirred at rt for 2 h.
Then, water was added and the mixture was extracted with EtOAc
(3×). The organic layers were dried with Na2SO4 and concentrated
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in vacuo. Purification using flash column chromatography (toluene
visualisation on TLC with UV and with iodine) afforded 9a
(229 mg, 45%) and 9b (92 mg, 18%) as white solids.


9a (most polar isomer): 1H NMR (250 MHz, CDCl3) d (ppm)
7.12–7.03 (m, 6H), 6.82 (d, J = 8.6 Hz, 2H), 6.85–6.66 (m, 4H),
5.74 (d, J = 14.7 Hz, 1H), 5.29 (s, 1H), 3.84 (s, 3H), 3.82 (s, 3H),
3.76 (d, J = 14.7 Hz, 1H), 3.26 (s, 3H); 13C NMR (63 MHz, CDCl3)
d (ppm) 170.5 (C), 159.2 (2 × C), 134.6 (C), 134.5 (C), 132.0 (C),
131.3 (C), 129.8 (4 × CH), 128.6 (2 × CH), 128.51 (2 × CH),
128.45 (2 × CH), 127.5 (C), 113.9 (2 × CH), 77.8 (C), 68.1 (CH3),
55.2 (CH3), 53.3 (CH), 49.1 (CH2), 34.2 (CH3); IR (neat) 1751 (s),
1610 (m); HRMS (EI, 70 eV) calculated for C26H24Cl2N2O3S (M+)
514.0885, found 514.0902.


9b (least polar isomer): Mp 120–121 ◦C; 1H NMR (250 MHz,
CDCl3) d (ppm) 7.36 (d, J = 8.5 Hz, 2H), 2.50 (d, J = 8.7 Hz, 2H),
7.11–7.04 (m, 6H), 6.81 (d, J = 8.6 Hz, 2H), 5.79 (d, J = 14.6 Hz,
1H), 4.73 (s, 1H), 3.80 (s, 3H), 3.62 (d, J = 14.6 Hz, 1H), 3.28
(s, 3H), 3.08 (s, 3H); 13C NMR (63 MHz, CDCl3) d (ppm) 183.0
(C), 168.1 (C), 159.5 (C), 136.3 (C), 135.4 (C), 135.0 (C), 133.3
(C), 130.2 (4 × CH), 129.1 (2 × CH), 128.1 (4 × CH), 127.2 (C),
114.0 (2 × CH), 77.5 (C), 70.8 (CH3), 55.3 (CH3), 52.2 (CH), 48.7
(CH2), 33.1 (CH3); IR (neat) 1737 (s), 1612 (m); HRMS (EI, 70 eV)
calculated for C26H24Cl2N2O3S (M+) 514.0885, found 514.0899.


Methyl 4,5-bis(4-chlorophenyl)-1-(4-methoxybenzyl)-3-methyl-
2-oxoimidazolidine-4-carboxylate 10. To a cooled (0 ◦C) solution
of imidazolinium iodide 8 (611 mg, 1.0 mmol) in DCM (20 mL),
85% mCPBA (610 mg, 3.0 mmol) was added. The yellow solution
abruptly turned red. The reaction mixture was stirred at rt for
18 h, washed twice with saturated Na2CO3 (aq.), dried with
Na2SO4 and concentrated in vacuo. Purification using flash column
chromatography (c-hexane–EtOAc = 4 : 1) afforded trans-10
(289 mg, 58%) and cis-10 (120 mg, 24%) as white solids.


trans-10 (most polar isomer): Mp 88–90 ◦C; 1H NMR
(250 MHz, CDCl3) d (ppm) 7.09–6.95 (m, 6H), 6.81–6.68 (m,
6H), 5.03 (s, 1H), 4.96 (d, J = 14.8 Hz, 1H), 3.79 (s, 3H), 3.79 (s,
3H), 3.52 (d, J = 14.8 Hz, 1H), 2.94 (s, 3H); 13C NMR (63 MHz,
CDCl3) d (ppm) 171.2 (C), 160.2 (C), 159.2 (C), 134.3 (C), 134.1
(C), 132.7 (C), 132.1 (C), 130.0 (4 × CH), 128.6 (2 × CH), 128.4
(2 × CH), 128.3 (2 × CH), 128.0 (C), 113.9 (2 × CH), 73.8 (C),
64.3 (CH3), 55.3 (CH3), 53.0 (CH), 45.5 (CH2), 29.6 (CH3); IR
(neat) 1738 (s), 1710 (s), 1611 (m); HRMS (EI, 70 eV) calculated
for C26H24Cl2N2O4 (M+) 498.1113, found 498.1096.


cis-10 (least polar isomer): Mp 143–145 ◦C; 1H NMR (200 MHz,
CDCl3) d (ppm) 7.29–6.90 (m, 10H), 6.73 (d, J = 8.7 Hz, 2H),
4.95 (d, J = 14.6 Hz, 1H), 4.39 (s, 1H), 3.72 (s, 3H), 3.40 (d,
J = 14.6 Hz, 1H), 3.26 (s, 3H), 2.66 (s, 3H); 13C NMR (63 MHz,
CDCl3) d (ppm) 168.9 (C), 159.5 (C), 159.3 (C), 136.4 (C), 135.0
(C), 134.6 (C), 133.7 (C), 130.1 (2 × CH), 129.6 (2 × CH), 128.8
(4 × CH), 128.4 (2 × CH), 127.7 (C), 114.0 (2 × CH), 73.7 (C),
67.2 (CH3), 55.3 (CH3), 52.0 (CH), 45.2 (CH2), 28.6 (CH3); IR
(neat) 1741 (s), 1711 (s), 1611 (m); HRMS (EI, 70 eV) calculated
for C26H24Cl2N2O4 (M+) 498.1113, found 498.1107.


General Procedure II for the Cleavage of PMB groups


A 0.25–0.30 M solution of imidazolidinone was refluxed for
1 h. After cooling to rt followed by evaporation of TFA, the
crude product was dissolved in EtOAc, washed with saturated
NaHCO3 (aq.) solution and brine, dried with Na2SO4 and


concentrated in vacuo. Purification was performed using flash
column chromatography (c-hexane–EtOAc = 1 : 1, gradient).


trans-Methyl 4,5-bis(4-chlorophenyl)-3-methyl-2-oxoimidazol-
idine-4-carboxylate 11. According to General Procedure II,
deprotection of imidazolidinone trans-10 (455 mg, 0.88 mmol),
followed by column chromatography, afforded 11 (304 mg, 91%)
as a white solid. Mp 214–216 ◦C; 1H NMR (250 MHz, CDCl3) d
(ppm) 7.29–7.06 (m, 4H), 6.93 (d, J = 8.3 Hz, 2H), 6.72 (d, J =
8.4 Hz, 2H), 5.56 (s, 1H), 5.50 (br s, 1H), 3.92 (s, 3H), 2.89 (s,
3H); 13C NMR (63 MHz, CDCl3) d (ppm) 171.4 (C), 161.1 (C),
135.8 (C), 135.2 (C), 134.4 (C), 134.0 (C), 129.0 (2 × CH), 128.4
(4 × CH), 128.2 (2 × CH), 75.7 (C), 61.5 (CH3), 53.1 (CH), 29.1
(CH3); IR (KBr) 1734 (s), 1716 (s); HRMS (EI, 70 eV) calculated
for C18H16Cl2N2O3 (M+) 378.0538, found 378.0526.


cis-Methyl 4,5-bis(4-chlorophenyl)-3-methyl-2-oxoimidazolidine-
4-carboxylate. According to General Procedure II, deprotection
of imidazolidinone cis-10 (516 mg, 1.0 mmol), followed by column
chromatography, afforded the title compound (396 mg, 99%) as
a white solid. 1H NMR (250 MHz, CDCl3) d (ppm) 7.45 (d, J =
8.8 Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H),
7.12 (d, J = 8.5 Hz, 2H), 5.19 (s, 1H), 4.86 (s, 1H), 3.33 (s, 3H),
2.63 (s, 3H); 13C NMR (63 MHz, CDCl3) d (ppm) 168.6 (C), 160.8
(C), 136.1 (C), 135.8 (C), 135.1 (C), 135.0 (C), 129.1 (2 × CH),
128.8 (2 × CH), 128.75 (2 × CH), 128.72 (2 × CH), 76.0 (C), 65.1
(CH), 52.1 (CH3), 28.2 (CH3); IR (KBr) 1747 (s), 1720 (s), 1494
(m), 1435 (m); HRMS (EI, 70 eV) calculated for C18H16Cl2N2O3


(M+) 378.0538, found 378.0531.


General Procedure III for the thionation of imidazolidinones


Reactions were performed under an inert atmosphere of dry
nitrogen at a concentration of 0.020 M of imidazolidinone in
dry toluene. A reaction vessel was charged with imidazolidinone
(1 equiv.) and Lawesson’s reagent (1 equiv.). Toluene was added
and the suspension was heated to reflux temperature. The resulting
solution was refluxed for 18 h, cooled to room temperature and
concentrated in vacuo. The crude product was loaded on to a pre-
packed silica column. Impurities were eluted with toluene and
then the product was eluted with toluene–EtOAc = 4 : 1, gradient.
Visualisation on TLC was performed with UV and with iodine.


trans-Methyl 4,5-bis(4-chlorophenyl)-3-methyl-2-thioxoimida-
zolidine-4-carboxylate 12. According to General Procedure III,
thionation of imidazolidinone 11 (1.00 g, 2.64 mmol), followed
by column chromatography, afforded 12 (2.46 g, 93%) as a white
solid. 1H NMR (250 MHz, CDCl3) d (ppm) 7.06–6.99 (m, 4H),
6.84 (d, J = 8.3 Hz, 2H), 6.60–6.55 (m, 3H), 5.63 (s, 1H), 3.86
(s, 3H), 3.10 (s, 3H); 13C NMR (63 MHz, CDCl3) d (ppm) 184.4
(C), 170.3 (C), 134.9 (C), 134.5 (C), 133.9 (C), 130.7 (C), 128.8
(2 × CH), 128.6 (2 × CH), 128.4 (4 × CH), 80.0 (C), 65.0 (CH),
53.5 (CH3), 33.5 (CH3); IR (KBr) 3174 (br), 1737 (s), 1596 (w),
1491 (s), 1393 (m), 1256 (s); HRMS (EI, 70 eV) calculated for
C18H16Cl2N2O2S (M+) 394.0310, found 394.0303.


cis-Methyl 4,5-bis(4-chlorophenyl)-3-methyl-2-thioxoimidazol-
idine-4-carboxylate. According to General Procedure III,
thionation of cis-methyl 4,5-bis(4-chlorophenyl)-3-methyl-2-
oxoimidazolidine-4-carboxylate (374 mg, 0.98 mmol), followed
by column chromatography, afforded the title compound (336 mg,
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87%) as a white solid. 1H NMR (250 MHz, CDCl3) d (ppm) 7.40
(d, J = 8.9 Hz, 2H), 7.34 (d, J = 8.8 Hz, 2H), 7.25 (d, J = 8.3 Hz,
2H), 7.09 (d, J = 8.3 Hz, 2H), 8.95 (s, 1H), 5.04 (s, 1H), 3.28
(s, 3H), 2.92 (s, 3H); 13C NMR (63 MHz, CDCl3) d (ppm) 183.9
(C), 167.4 (C), 135.7 (C), 135.32 (C), 135.28 (C), 134.8 (C), 129.3
(2 × CH), 128.80 (2 × CH), 128.75 (2 × CH), 128.5 (2 × CH),
80.1 (C), 68.8 (CH), 52.4 (CH3), 32.3 (CH3); IR (KBr) 3162 (br),
1737 (s), 1596 (w), 1491 (s), 1393 (m), 1256 (s); HRMS (EI, 70 eV)
calculated for C18H16Cl2N2O2S (M+) 394.0310, found 394.0299.


1-Butyl-4,5-bis(4-chlorophenyl)-3-(4-methoxybenzyl)-4-(meth-
oxycarbonyl)-4,5-dihydro-1H-imidazolium iodide 13. p-Methoxy-
benzyl bromide (1.46 g, 7.28 mmol) was added to a solution of
imidazoline 5 (2.95 g, 7.28 mmol) and NaI (1.09 g, 7.28 mmol) in
acetone (90 mL). The reaction mixture was stirred at rt for 18 h,
filtered and concentrated in vacuo to afford 13 (4.75 g, quant.)
as a 74 : 26 mixture of diastereomers as a white solid. 1H NMR
(400 MHz, CDCl3) d (ppm) 9.40 (s, 1H), 9.27 (s, 1H), 7.68 (d, J =
8.6 Hz, 2H), 7.51 (d, J = 8.7 Hz, 2H), 7.47–7.42 (m, 2H + 2H), 7.22
(d, J = 8.6 Hz, 2H), 7.16–7.07 (m, 6H + 2H), 6.96 (d, J = 8.5 Hz,
2H), 6.91–6.86 (m, 4H), 6.16 (s, 1H), 5.59 (s, 1H), 5.21 (d, J =
14.5 Hz, 1H), 4.66 (d, J = 14.5 Hz, 1H), 4.52 (d, J = 13.6 Hz, 1H),
4.35 (d, J = 13.7 Hz, 1H), 3.89 (s, 3H), 3.89–3.82 (m, 1H), 3.84
(s, 3H), 3.82 (s, 3H), 3.79–2.65 (m, 1H), 3.38–3.35 (m, 1H), 3.36
(s, 3H), 3.26–3.19 (m, 1H), 1.71–1.57 (m, 2H + 2H), 1.32–1.21 (m,
2H + 2H), 0.90–0.84 (m, 3H + 3H); 13C NMR (101 MHz, CDCl3)
d (ppm) 169.0 (C), 166.0 (C), 160.1 (C), 158.6 (2 × CH), 156.2
(C), 136.9 (C), 136.8 (C), 135.9 (C), 135.8 (C), 133.2 (C), 132.2
(C), 131.7 (2 × CH), 130.3 (2 × CH), 130.1 (2 × CH), 129.93 (C),
129.89 (2 × CH), 129.7 (2 × CH), 129.5 (2 × CH), 129.4 (2 ×
CH), 129.20 (2 × CH), 129.17 (2 × CH), 129.1 (2 × CH), 128.6
(C), 125.7 (C), 124.0 (C), 114.8 (2 × CH), 114.6 (2 × CH), 80.7
(C), 80.6 (C), 76.9 (CH), 71.4 (CH), 55.4 (CH3), 55.3 (CH3), 54.4
(CH3), 53.0 (CH3), 50.6 (CH2), 50.3 (CH2), 47.6 (CH2), 47.3 (CH2),
29.3 (CH2), 29.0 (CH2), 19.6 (CH2), 19.5 (CH2), 13.5 (CH3), 13.4
(CH3); IR (KBr) 1641 (s), 1513 (m), 1250 (s).


Methyl 1-butyl-4,5-bis(4-chlorophenyl)-3-(4-methoxybenzyl)-2-
oxoimidazolidine-4-carboxylate 14. To a cooled (0 ◦C) solution
of imidazolinium iodide 13 (265 mg, 0.41 mmol) in DCM (8 mL),
85% mCPBA (247 mg, 1.22 mmol) was added. The yellow
solution abruptly turned dark orange. The reaction mixture was
stirred at rt for 18 h, while a colour change from dark orange
to light pink to dark red was observed. Then, the reaction
mixture was washed twice with saturated Na2CO3 (aq.), dried with
Na2SO4 and concentrated in vacuo. Purification using flash column
chromatography (pentane–EtOAc = 7 : 1, visualisation on TLC
with CerMOP [(NH4)6Mo7O24·4H2O (1.1 g L−1), Ce(SO4)2·4H2O
(4 g L−1) in H2SO4 (10%)]) afforded trans-14 (109 mg, 49%) and
cis-14 (36 mg, 16%) as white solids.


trans-14 (most polar isomer): 1H NMR (250 MHz, CDCl3) d
(ppm) 7.42–7.27 (m, 8H), 7.17–7.06 (m, 8H), 6.88–6.62 (m, 2H +
4H), 6.60 (d, J = 8.7 Hz, 2H), 5.58 (s, 1H), 4.96 (d, J = 15.9 Hz,
1H), 4.81 (s, 1H), 4.35 (d, J = 15.1 Hz, 1H), 4.18–4.11 (m, 1H +
1H), 3.81 (s, 3H), 3.79 (s, 3H), 3.73–3.60 (m, 1H + 1H), 3.38 (s,
3H), 3.23 (s, 3H), 2.75–2.64 (m, 1H + 1H), 1.54–1.22 (m, 4H +
4H), 0.99–0.85 (m, 3H + 3H); 13C NMR (63 MHz, CDCl3) d (ppm)
170.5 (C), 168.9 (C), 160.7 (C), 160.3 (C), 158.5 (2 × C), 137.3 (C),
134.9 (C), 134.6 (C), 134.3 (C), 134.1 (C), 133.8 (C), 132.7 (C),
132.6 (C), 130.9 (C), 130.3 (C), 129.7 (2 × CH), 128.9 (2 × CH),


128.7 (4 × CH + 4 × CH), 128.2 (2 × CH), 128.2 (2 × CH), 127.9
(2 × CH + 2 × CH), 113.7 (2 × CH), 113.4 (2 × CH), 74.0 (C),
73.8 (C), 69.1 (CH), 64.7 (CH), 55.24 (CH3), 55.20 55.2 (CH3), 52.7
55.2 (CH3), 51.8 55.2 (CH3), 46.8 (CH2), 46.0 (CH2), 42.0 (CH2),
41.8 (CH2), 29.0 (CH2), 28.8 (CH2), 20.0 (CH2), 19.9 (CH2), 13.74
(CH3), 13.67 (CH3); IR (KBr) 1707 (s), 1513 (s), 1244 (s); HRMS
(EI, 70 eV) calculated for C29H30Cl2N2O4 (M+) 540.1583, found
540.1587.


cis-14 (least polar isomer): 1H NMR (250 MHz, CDCl3) d (ppm)
7.42–7.27 (m, 8H), 7.17–7.06 (m, 8H), 6.88–6.62 (m, 2H + 4H),
6.60 (d, J = 8.7 Hz, 2H), 5.58 (s, 1H), 4.96 (d, J = 15.9 Hz, 1H),
4.81 (s, 1H), 4.35 (d, J = 15.1 Hz, 1H), 4.18–4.11 (m, 1H + 1H),
3.81 (s, 3H), 3.79 (s, 3H), 3.73–3.60 (m, 1H + 1H), 3.38 (s, 3H),
3.23 (s, 3H), 2.75–2.64 (m, 1H + 1H), 1.54–1.22 (m, 4H + 4H),
0.99–0.85 (m, 3H + 3H); 13C NMR (63 MHz, CDCl3) d (ppm)
170.5 (C), 168.9 (C), 160.7 (C), 160.3 (C), 158.5 (2 × C), 137.3 (C),
134.9 (C), 134.6 (C), 134.3 (C), 134.1 (C), 133.8 (C), 132.7 (C),
132.6 (C), 130.9 (C), 130.3 (C), 129.7 (2 × CH), 128.9 (2 × CH),
128.7 (4 × CH + 4 × CH), 128.2 (2 × CH), 128.2 (2 × CH), 127.9
(2 × CH + 2 × CH), 113.7 (2 × CH), 113.4 (2 × CH), 74.0 (C),
73.8 (C), 69.1 (CH), 64.7 (CH), 55.24 (CH3), 55.20 55.2 (CH3), 52.7
55.2 (CH3), 51.8 55.2 (CH3), 46.8 (CH2), 46.0 (CH2), 42.0 (CH2),
41.8 (CH2), 29.0 (CH2), 28.8 (CH2), 20.0 (CH2), 19.9 (CH2), 13.74
(CH3), 13.67 (CH3); IR (KBr) 1707 (s), 1513 (s), 1244 (s); HRMS
(EI, 70 eV) calculated for C29H30Cl2N2O4 (M+) 540.1583, found
540.1587.


Methyl 1-butyl-4,5-bis(4-chlorophenyl)-2-oxoimidazolidine-4-
carboxylate 15. According to General Procedure II, deprotection
of imidazolidinone trans-14 (2.15 g, 3.97 mmol), followed by
column chromatography, afforded 15 (1.57 g, 94%) as a white
solid. 1H NMR (250 MHz, CDCl3) d (ppm) 7.66 (d, J = 8.8 Hz,
2H), 7.43–7.38 (m, 4H), 7.29 (d, J = 8.5 Hz, 2H), 7.13–7.09 (m,
6H), 6.91 (d, J = 8.5 Hz, 2H), 5.90 (s, 1H), 5.50 (s, 1H), 5.47 (s,
1H), 4.77 (s, 1H), 3.82 (s, 3H), 3.65–3.51 (m, 1H + 1H), 3.35 (s,
3H), 2.60–2.48 (m, 1H + 1H), 1.47–1.35 (m, 2H), 1.33–1.13 (m,
2H + 2H), 1.10–1.07 (m, 2H), 0.90 (t, J = 7.3 Hz, 3H), 0.77 (t,
J = 7.1 Hz, 3H); 13C NMR (63 MHz, CDCl3) d (ppm) 172.5 (C),
169.3 (C), 160.0 (C), 159.4 (C), 139.3 (C), 135.0 (C), 134.7 (C),
134.5 (C), 134.3 (C), 134.2 (C), 133.5 (C), 133.1 (C), 128.9 (2 ×
CH), 128.9 (2 × CH), 128.49 (2 × CH), 128.46 (2 × CH), 127.3
(4 × CH), 127.2 (4 × CH), 70.3 (CH), 69.4 (C), 68.9 (C), 65.7
(CH), 53.5 (CH3), 52.6 (CH3), 41.0 (CH2), 40.6 (CH2), 29.4 (CH2),
29.3 (CH2), 19.7 (CH2), 19.6 (CH2), 13.6 (CH3), 13.5 (CH3); IR
(KBr) 3233 (br), 2956 (m), 1701 (s), 1492 (s), 1231 (s), 1092 (s);
HRMS (EI, 70 eV) calculated for C21H22Cl2N2O3 (M+) 420.1007,
found 420.0989.


Methyl 1-butyl-4,5-bis(4-chlorophenyl)-2-thioxoimidazolidine-4-
carboxylate 16. According to General Procedure III, thionation
of imidazolidinone 15 (250 mg, 0.59 mmol), followed by column
chromatography, afforded 16 as a white solid (245 mg, 94%). 1H
NMR (400 MHz, CDCl3) d (ppm) 7.63 (d, J = 8.7 Hz, 2H), 7.43
(d, J = 8.7 Hz, 2H), 7.39 (d, J = 8.6 Hz, 2H), 7.28–7.20 (m, 2H),
7.15–7.10 (m, 6H), 7.04 (d, J = 8.7 Hz, 2H), 6.86 (s, 1H), 6.84
(s, 1H), 5.70 (s, 1H), 4.92 (s, 1H), 4.22–4.14 (m, 1H), 4.09–4.05
(m, 1H), 3.83 (s, 3H), 3.38 (s, 3H), 2.79–2.72 (m, 1H), 2.67–2.63
(m, 1H), 1.57–1.49 (m, 2H), 1.35–1.26 (m, 2H + 2H), 1.09–1.03
(m, 2H), 0.92 (t, J = 7.3 Hz, 3H), 0.77 (t, J = 7.3 Hz, 3H); 13C
NMR (101 MHz, CDCl3) d (ppm) 182.9 (C), 181.8 (C), 171.4 (C),
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167.9 (C), 136.2 (C), 135.5 (C), 135.2 (C), 134.7 (2 × C), 133.4 (C),
132.6 (C), 131.9 (C), 129.2 (2 × CH), 128.7 (4 × CH), 128.7 (4 ×
CH), 127.2 (4 × CH), 126.8 (2 × CH), 74.4 (CH), 72.4 (C), 72.2
(C), 69.7 (CH), 53.8 (CH3), 52.8 (CH3), 45.0 (CH2), 44.3 (CH2),
29.1 (CH2), 28.9 (CH2), 19.7 (CH2), 19.4 (CH2), 13.7 (CH3), 13.5
(CH3); IR (KBr) 3162 (br), 2952 (s), 1729 (s), 1593 (m), 1491 (s),
1231 (s); HRMS (EI, 70 eV) calculated for C21H22Cl2N2O2S (M+)
436.0779, found 436.0777.


General Procedure IV for the microwave-assisted
Liebeskind–Srogl reactions


A dry microwave vessel was charged with imidazolidine-2-thione
(0.25 mmol), aryl boronic acid (0.38 mmol), Cu(I) thiophene-
2-carboxylate (144.7 mg, 0.75 mmol) and Pd(PPh3)4 (8.9 mg,
7.5 lmol). The vessel was flushed with Ar and sealed. Dry
DMF was added through the septum and the reaction mixture
was irradiated in the microwave at 130 ◦C for 1 h, unless
stated otherwise. After cooling, DMF was removed in vacuo at
50 ◦C. The crude mixture was diluted with saturated NaHCO3


(aq.) and extracted with DCM. The organic layer was washed
twice with saturated NaHCO3 (aq.), dried with Na2SO4 and
concentrated in vacuo. Purification was performed with flash
column chromatography (c-hexane–EtOAc–Et3N = 5 : 1 : 0.01,
gradient).


trans-Methyl 4,5-bis(4-chlorophenyl)-1-methyl-2-phenyl-4,5-
dihydro-1H-imidazole-5-carboxylate 17. According to General
Procedure IV, arylation of imidazolidin-2-thione 12 (100 mg,
0.25 mmol) with phenyl boronic acid (46 mg, 0.38 mmol) followed
by column chromatography afforded 17 (56 mg, 51%) as a yellow
solid together with starting material 12 (2 mg, 2%). 1H NMR
(250 MHz, CDCl3) d (ppm) 7.79–7.68 (m, 2H), 7.57–7.45 (m,
3H), 7.06 (d, J = 8.6 Hz, 2H), 7.03 (s, 4H), 6.79 (d, J = 8.5 Hz,
2H), 5.96 (s, 1H), 3.97 (s, 3H), 2.87 (s, 3H); 13C NMR (63 MHz,
CDCl3) d (ppm) 173.2 (C), 165.5 (C), 137.4 (C), 133.6 (C), 133.0
(C), 132.5 (C), 130.8 (C), 130.8 (CH), 129.5 (2 × CH), 128.7 (2 ×
CH), 128.5 (2 × CH), 128.4 (2 × CH), 128.1 (2 × CH), 127.6 (2 ×
CH), 81.1 (C), 76.0 (CH), 52.9 (CH3), 33.0 (CH3); IR (KBr) 1726
(s), 1589 (m), 1487 (m), 1379 (m), 1231 (m); HRMS (EI, 70 eV)
calculated for C24H20Cl2N2O2 (M+) 438.0902, found 438.0883.


trans-Methyl 4,5-bis(4-chlorophenyl)-2-(4-methoxyphenyl)-1-
methyl-4,5-dihydro-1H-imidazole-5-carboxylate 18. According
to General Procedure IV, arylation of imidazolidin-2-thione 12
(100 mg, 0.25 mmol) with p-methoxyphenyl boronic acid (58 mg,
0.38 mmol) followed by column chromatography afforded 18
(48 mg, 41%) as a yellow solid, together with starting material 12
(5 mg, 5%). 1H NMR (250 MHz, CDCl3) d (ppm) 7.69 (d, J =
8.4 Hz, 2H), 7.05 (d, J = 8.7 Hz, 2H), 7.01 (br s, 6H), 6.77 (d,
J = 8.5 Hz, 2H), 5.92 (br s, 1H), 3.96 (s, 3H), 3.88 (s, 3H), 2.89 (s,
3H); IR (KBr); HRMS (EI, 70 eV) calculated for C25H22Cl2N2O3


(M+) 468.1007, found 468.1002.


Methyl 1-butyl-4,5-bis(4-chlorophenyl)-2-phenyl-4,5-dihydro-1H-
imidazole-4-carboxylate 19. According to General Procedure IV,
arylation of imidazolidin-2-thione 16 (109 mg, 0.25 mmol) with
phenyl boronic acid (46 mg, 0.38 mmol) followed by column
chromatography afforded 19 (78 mg, 65%) as a yellow solid. 1H
NMR (250 MHz, CDCl3) d (ppm) 7.82 (d, J = 8.7 Hz, 2H), 7.68–
7.64 (m, 2H + 2H), 7.50–7.47 (m, 3H + 3H), 7.40–7.33 (m, 2H),


7.09–6.92 (m, 8H + 4H), 5.73 (s, 1H), 4.95 (s, 1H), 3.78 (s, 3H),
3.31–3.21 (m, 1H + 1H), 3.25 (s, 3H), 2.85–2.79 (m, 1H + 1H),
1.37–1.06 (m, 4H + 4H), 0.71 (t, J = 7.2 Hz, 3H), 0.59 (t, J =
7.2 Hz, 3H); 13C NMR (63 MHz, CDCl3) d (ppm) 174.5 (C), 171.4
(C), 167.7 (C), 167.1 (C), 143.1 (2 × C), 135.9 (C), 134.5 (C), 133.3
(C), 132.6 (C), 132.4 (C), 131.9 (C), 130.0 (2 × C), 131.0 (CH),
130.8 (C), 130.2 (2 × CH), 129.6 (2 × CH), 129.1 (2 × CH), 128.99
(2 × CH), 128.97 (2 × CH + 2 × CH), 128.9 (2 × CH), 128.8 (2 ×
CH + 2 × CH), 128.7 (2 × CH), 128.6 (2 × CH), 128.2 (2 × CH),
82.8 (C), 82.6 (C), 75.4 (CH), 70.3 (CH), 53.5 (CH3), 52.6 (CH3),
45.9 (CH2), 45.8 (CH2), 30.6 (CH2), 30.1 (CH2), 19.8 (CH2), 19.4
(CH2), 13.9 (CH3), 13.7 (CH3); IR (KBr) 2928 (s), 1726 (s), 1490
(s), 1241 (s); HRMS (EI, 70 eV) calculated for C25H23Cl2N2 (M+ −
CO2Me) 421.1238, found 421.1223; the molecular ion could not
be detected.


Methyl 1-butyl-4,5-bis(4-chlorophenyl)-2-(4-methoxyphenyl)-
4,5-dihydro-1H-imidazole-4-carboxylate 20. According to
General Procedure IV, arylation of imidazolidin-2-thione 16
(109 mg, 0.25 mmol) with p-methoxyphenyl boronic acid (58 mg,
0.38 mmol) followed by column chromatography afforded 20
(71 mg, 55%) as a yellow solid, together with starting material
16 (14 mg, 13%). 1H NMR (250 MHz, CDCl3) d (ppm) 7.81 (d,
J = 8.5 Hz, 2H), 7.68–7.60 (m, 2H + 2H), 7.39–7.36 (m, 2H),
7.08–6.90 (m, 10H + 6H), 5.70 (s, 1H), 4.90 (s, 1H), 3.87 (s, 3H +
3H), 3.77 (s, 3H), 3.33–3.23 (m, 1H + 1H), 3.23 (s, 3H), 2.88–2.80
(m, 1H + 1H), 1.33–1.01 (m, 4H + 4H), 0.85 (t, J = 6.0 Hz, 3H),
0.72 (t, J = 7.2 Hz, 3H); 13C NMR (63 MHz, CDCl3) d (ppm)
174.6 (C), 171.6 (C), 167.5 (C), 166.9 (C), 161.8 (C), 161.7 (C),
143.3 (2 × C), 137.5 (C), 136.2 (C), 134.6 (C), 134.0 (C), 133.7
(C), 133.3 (C), 130.7 (2 × CH), 130.5 (2 × CH), 130.2 (2 × CH +
2 × CH), 129.6 (2 × CH), 129.1 (2 × CH), 128.8 (2 × CH), 128.7
(2 × CH), 128.6 (2 × CH), 128.1 (2 × CH), 123.1 (C), 123.0 (C),
114.6 (2 × CH), 114.3 (2 × CH), 82.8 (C), 82.5 (C), 75.5 (CH),
70.3 (CH), 55.8 (CH3 + CH3), 53.5 (CH3), 52.5 (CH3), 46.3 (CH2),
46.2 (CH2), 30.2 (CH2), 30.1 (CH2), 20.1 (CH2), 19.8 (CH2), 14.0
(CH3), 13.8 (CH3); IR (KBr) 2924 (s), 1734 (s), 1611 (s), 1490 (s),
1251 (s); HRMS (EI, 70 eV) calculated for C26H25Cl2N2 (M+ −
CO2Me) 451.1344, found 451.1336; the molecular ion could not
be detected.
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Two gem-difluoromethylenated nucleoside moieties of liposidomycins, 3 and 4, were designed and
synthesized. Compound 3 was assembled from lactol 5 and gem-difluoromethylenated nucleoside 6. In
the synthesis of target molecule 4, the coupling of the trichloroacetimidate derivative of
gem-difluoromethylenated furanose 7 with nucleoside 8 in the presence of TMSOTf gave the
unexpected compound 16 when CH3CN was used as solvent. This results from acetonitrile acting as a
nucleophile and participating in the glycosylation reaction. This unusual process may be correlated with
the presence of the electron-withdrawing gem-difluoro substituents at the C-2 position of furanose.
Compound 3 demonstrated 29% inhibition of MraY at 11.4 mM.


Introduction


Phospho-MurNAc-pentapeptide translocase (MraY)1 is an es-
sential enzyme for bacteria.2 It catalyzes a key step during the
synthesis of precursors of peptidoglycan, which provides much of
the strength and rigidity to withstand the high internal osmotic
pressure within the cell. Consequently, MraY is a target of
choice for the discovery of new antibacterial agents in view of
bringing a solution to today’s problem of antibiotic resistance.3


Liposidomycins (LPMs), isolated from the fermentation broth of
Streptomyces griseosporeus in 1985 by Kimura and Isono et al.,4


are a family of fatty acyl nucleoside natural products containing
uracil as the nucleoside, a ribofuranoside, a diazepine, and a lipid
region (Fig. 1). LPMs were found to be potent and selective
inhibitors of MraY,5 and selectively inhibited the biosynthesis
of undecaprenol pyrophosphate N-acetylmuramyl pentapeptide.
In 2000, Dini and co-workers synthesized a simplified analogue
16 of LPMs based on the structure–activity relationship (SAR)
analysis between LPMs and tunicamycins (TCMs).7 Compound 1
displayed a moderate inhibitory activity against MraY (IC50 =
50 lM) and was identified as the key fragment responsible
for preserving a reasonable inhibitory activity of this family
of naturally occurring inhibitors of MraY. Later, a number of
analogues of 1 were synthesized and tested against MraY.8 These
studies showed that an unmodified uracil moiety, a hydroxy group
in the 3′′-position and a primary amine group in the 5′′-position
were crucial for the inhibition of MraY. Conversely, the absence of
the 3′-hydroxyl gave rise to an inhibitor 2, which was five times
more potent (IC50 = 10 lM). When the 2′-hydroxyl of 2 was
removed, the activity decreased significantly (IC50 = 120 lM),
and so, in our opinion, the 2′-hydroxyl may also be important for
the inhibition of MraY.
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China. E-mail: flq@mail.sioc.ac.cn; Fax: +86-21-64166128
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† Electronic supplementary information (ESI) available: Additional syn-
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It is well known that introduction of fluorine atom(s) or
fluorine-containing groups into an organic compound can bring
about remarkable changes in the physical, chemical and biological
properties.9 Fluorine has a small van der Waals radius (1.35 Å)
which closely resembles that of hydrogen (1.20 Å).10 Therefore,
replacement of a hydrogen by fluorine in a bioactive molecule is
expected to cause minimal steric perturbations with respect to
the molecule’s mode of binding to receptors or enzymes. The
substitution of fluorine for hydrogen also can profoundly affect
chemical reactivity, because of the powerful electron-withdrawing
properties of fluorine relative to hydrogen and the increased stabil-
ity of the carbon–fluorine bond relative to the carbon–hydrogen
bond. Moreover, Gemcitabine11 (2′-deoxy-2′,2′-difluorocytidine)
has been approved by FDA for treatment of inoperable pancreatic
cancer and of 5-fluorouracil-resistant pancreatic cancer. The high
antiviral and antineoplastic activities of Gemcitabine reveals that
the replacement of the gem-difluoromethylene group (CF2) at the
C-2 position of the furanose may bring about special influences of
biological activities of nucleoside analogues. Based on the above
consideration and our ongoing efforts to develop biologically
interesting fluorine-containing compounds, we designed target
molecule 3, with a CF2 group replacing the methylene group (CH2)
at the 3′-position of 2, and target molecule 4, with a CF2 group
replacement at the 2′′-position (the 2′-hydroxyl is crucial for the
inhibition of MraY, as described above). Herein, we describe the
synthesis and inhibition activities of the gem-difluoromethylenated
compounds 3 and 4.


Results and discussion


Based on retrosynthetic analysis (Scheme 1), the stereocontrolled
construction of the glycosidic linkage turns out to be the key
for the synthesis of 3. The stereoselective formation of the 1,2-
trans-b-furanoside linkage could be performed by glycosylation
utilizing donor substrates containing a neighbouring participating
group, and thus furanose 5 has a 2-O-acetyl group. Recently, we
have developed a practical route to the gem-difluoromethylenated
nucleoside 6.12 The target molecule 4 could be prepared by the
coupling of gem-difluoromethylenated lactol 7 with nucleoside 8,13
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Fig. 1 Design of gem-difluoronucleoside analogues of the liposidomycins.


Scheme 1 Retrosynthetic analysis of target molecules 3 and 4.


the gem-difluoromethylenated furanose 7 being a key intermediate
in this synthesis. The gem-difluoromethylene group is frequently
formed through the difluorination of a carbonyl group using
fluorinating reagents such as (diethylamino)sulfur trifluoride
(DAST).14 However, very few sterically hindered five-membered
cyclic ketones have been difluorinated by DAST. Furthermore,
in the example of difluorination of an a,a′-disubstituted five-
membered cyclic ketone, the carbonyl group is relatively un-
hindered, yet the yield is low (25%).15 Recently, the application
of fluorine-containing building blocks for synthesis of gem-
difluoromethylenated furanoses has been reported.11a,12,16 Thus,
the gem-difluoromethylenated furanose 7 will be prepared from
the corresponding fluorine-containing building block.


The lactol 5 was synthesized starting from D-ribose (Scheme 2).
D-Ribose was transformed into known 1,2,3-tri-O-acetyl-5-azido-
5-deoxy-D-ribofuranose 9 in 38% yield over five steps.17 The
selective removal of the anomeric acetate of 9 was a key step for
the preparation of 5. Although hydrazine acetate was widely used


Scheme 2


for the selective removal of the anomeric acetate of pyranoses
containing an azido group,18 Hui and co-workers reported that
the selective removal of the anomeric acetate of tetra-O-acetyl-a-
L-arabinofuranose in the presence of hydrazine acetate gave the
corresponding hemiacetal in poor yield (∼20%) but the yield
was improved to quantitative in the presence of HBr/HOAc.19


Accordingly, treatment of compound 5 with HBr/HOAc in
CH2Cl2 provided 2,3-di-O-actyl-5-azido-5-deoxy-D-ribofuranose
in 51% yield.


With lactol 5 and nucleoside 6 in hand, the coupling reaction of
these two compounds was carried out (Scheme 3). Treatment of 5
with CCl3CN–DBU afforded the corresponding trichloroacetimi-
date derivative in 76% yield, which was treated with nucleoside
6 using TMSOTf as an activator in the presence of 4 Å MS
in CH3CN, to give the b-anomer 10. The neighbouring group
participation of the acetyl group benefited the formation of our
desired b-anomer (the absolute configuration of compound 10 was
determined by a NOESY experiment on compound 11). Removal
of the acetyl groups of 10 with saturated methanolic ammonia
produced 11 in 95% yield. Finally, hydrogenation of 11 with Pd/C
in methanol for 30 minutes afforded the target molecule 3 in 82%
yield. It was noteworthy that the hydrogenation time was very
important for the conversion of the azido group of 11 to the amino
group. With a longer recation time (>30 minutes), the hydrogena-
tion gave a complex mixture, and the over-hydrogenated product
may have been formed. Boojamra et al. previously also found


Scheme 3 Reagents and conditions: (a) (i) CCl3CN, DBU, CH2Cl2, 76%,
(ii) 6, 4 Å MS, TMSOTf, CH3CN, 68%; (b) NH3, MeOH, 95%; (c) Pd/C,
MeOH, H2, 82%.


158 | Org. Biomol. Chem., 2008, 6, 157–161 This journal is © The Royal Society of Chemistry 2008







that hydrogenation of nucleoside produced the dihydronucleoside
analogue.20


The gem-difluoromethylenated furanose 7 was prepared from
gem-difluorohomoallyl alcohol 12 (Scheme 4). Compound 12 was
prepared from 1-(R)-glyceraldehyde acetonide and 3-bromo-3,3-
difluoropropene according to our recent report.16d Utilizing the
kinetic resolution method and optimized reaction conditions, the
benzylation of 12 with BnBr in the presence of NaH (0.8 equiv.)
and catalytic tetrabutylammonium iodide (TBAI) afforded the
desired single anti-isomer 13 in 79% yield. Removal of the
isopropylidene ketal of 13 with one equivalent of p-toluenesulfonic
acid (PTSA) in MeOH gave diol 14 in 91% yield. Selective ben-
zoylation of the primary hydroxyl group in 14 with BzCl afforded
the benzoate 15 in 90% yield. The conversion of 15 to furanose
7 was achieved in 86% yield by ozonization and subsequent
cyclization. The ratio of the two diastereoisomers in 7 was 56 : 44,
as determined by 19F NMR. These two diastereoisomers could not
be separated by silica gel chromatography.


Scheme 4 Reagents and conditions: (a) NaH, BnBr, TBAI, THF, 79%;
(b) PTSA, MeOH, 91%; (c) BzCl, Py, CH2Cl2, 86%; (d) O3, CH2Cl2, 86%.


With lactol 7 in hand, the procedures of the coupling of
5 and 6 were applied to coupling of 7 and 8. Accordingly,
treatment of lactol 7 with CCl3CN–DBU afforded the corre-
sponding trichloroacetimidate derivative in 87% yield (Scheme 5).
Unfortunately, the reaction of the trichloroacetimidate derivative
with nucleoside 8 in CH3CN, under the promotion of TMSOTf,
failed to give our desired product 17, but compound 16 was
obtained in 62% yield. The formation of 16 indicated that CH3CN
participated in the coupling reaction. Acetonitrile (CH3CN) is
usually used as the solvent in conventional glycosylation reactions
to favor products with the b-configuration.21 Wong et al. found
that in the fluorination–nucleophilic addition reaction of glycols,
when the nucleophile was added in stoichiometric amounts with
acetonitrile as the solvent, the acetonitrile participates in the
reaction by attack on the anomeric position, and consequent
addition of the nucleophile at the nitrile carbon to give the
fluorinated disaccharide product.22 Thus, a mechanism for the
formation of compound 16 is proposed (Scheme 5). As the
gem-difluoromethylene is an electron-withdrawing group, the
acetonitrile-containing intermediate II predominates over inter-
mediate I (prepared from the trichloroacetimidate derivative of
lactol 7 with activation by TMSOTf). The attack of nucleoside 8
upon II results in the formation of 16.


To avoid this undesirable reaction, nitromethane was used as
the solvent because it dissolves compound 8 well and remains
inert during the reaction (Scheme 6). As a result, the desired
product 17 was obtained as a mixture of b- and a-anomers with
the 72 : 28 ratio (determined by 19F NMR). The two anomers


Scheme 5 Reagents and conditions: (a) (i) CCl3CN, DBU, CH2Cl2, 87%;
(ii) 8, 4 Å MS, TMSOTf, CH3CN, 62%.


Scheme 6 Reagents and conditions: (a) (i) CCl3CN, DBU, CH2Cl2; (ii) 8,
4 Å MS, TMSOTf, CH3NO2, 32% over two steps; (b) NH3, MeOH, 88%;
(c) (i) Tf2O, pyridine, CH2Cl2; (ii) NaN3, acetone, 58% over two steps;
(d) BCl3, CH2Cl2, 63%.


could not be separated by silica gel chromatography. Treatment
of 17 with saturated methanolic ammonia smoothly produced
compound 18 with a free hydroxyl in the 5′′-position, which was
used for introduction of the azido group. Reaction of 18 with
trifluoromethanesulfonic anhydride in CH2Cl2 at −30 ◦C, followed
by treatment with sodium azide in acetone at room temperature,
gave the desired product 19. Finally, deprotection of 24 with BCl3
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gave the target molecule 4 and the a-isomer, which were readily
separated by column chromatography.


The stereochemistries of products 3 and 4 were established by
2D NMR NOESY experiment of compounds 11 (the precursor of
compound 3) and 4, respectively. As shown in Fig. 2, correlations
between H1′′ (5.15 ppm) and H4′′ (4.08–4.13 ppm) were clearly
observed in 4, which was identified as having the b-configuration at
the C-1′′ position. As for compound 11, the chemical shifts of H4′′,
H3′′ and H5′b were overlapped, so the correlations between H1′′


and H4′′ were not easily identified. However, correlations between
H1′′ (4.93 ppm) and H4′ (3.68 ppm) were clearly observed in 11,
which could thus be identified as having the b-configuration at the
C-1′′ position.


Fig. 2 NOE correlation of compounds 4 and 11.


Compounds 3 and 4 were evaluated for activity as an inhibitor of
MraY. A coupled MraY–MurG radiochemical assay was utilized,
whereby Micrococcus flavus membranes containing high levels of
MraY23 were solubilised and used to generate lipid intermediate
I in situ, to which was added purified Escherichia coli MurG and
UDP-[3H]GlcNAc. The 3H-labelled lipid intermediate II was ex-
tracted into n-butanol and analyzed for radioactivity. Compound
3 demonstrated 29% inhibition of MraY at a concentration of
11.4 mM, whereas compound 4 showed no inhibition at 10 mM
concentration.


In summary, two gem-difluoromethylenated nucleoside ana-
logues of liposidomycins, 3 and 4, were both synthesized. Com-
pound 3 was assembled from lactol 5 and gem-difluoromethyl-
enated nucleoside 6. The neighbouring group participation of the
2-O-acetyl group in 5 ensured the construction of the 1,2-trans-
b-furanoside linkage during the glycosylation reaction, which
resulted in the stereocontrolled formation of 3. In assembling 4, the
trichloroacetimidate derivative of the gem-difluoromethylenated
lactol 7 was coupled with nucleoside 9 with TMSOTf as an acti-
vator in CH3CN. However, acetonitrile was found to participate
as a nucleophile in the glycosylation reaction, resulting in the
production of 16. To avoid this undesirable reaction, nitromethane
was used as the solvent, resulting in the desired product 17,
from which the target molecule 4 was prepared in a few steps.
Compound 3 showed low activity as an inhibitor of MraY.


Experimental


Solubilisation of MraY


100 ll of Micrococcus flavus membranes23 (19 mg protein ml−1)
was added to 150 ll of solubilisation buffer (50 mM Tris-HCl
pH 7.5, 1 mM MgCl2, 2 mM 2-mercaptoethanol). The mixture was
shaken at 4 ◦C for 30 minutes and then centrifuged at 13 000 rpm
for 30 minutes. The supernatant had a protein concentration of
1.5 mg ml−1 and was used directly in the radiochemical assay.


Coupled MraY–MurG radiochemical assay


12.5 ll of freshly solubilised MraY was added directly to unde-
caprenyl phosphate (0.25 lg). 12.5 ll of buffer (400 mM Tris-HCl
pH 7.5, 100 mM MgCl2) was added followed by 9 ll of water, 5 ll
of UDP-MurNAc-pentapeptide solution (1 mM), 1 ll of MurG
solution (100 lg protein ml−1) and 5 ll of DMSO or inhibitor
solution (127 mM in DMSO). The mixture was incubated at
35 ◦C for 15 minutes and then 5 ll of UDP-[3H]GlcNAc (10 lM,
500 mCi mmol−1) was added and the mixture was incubated for a
further 15 minutes. The reaction was stopped by the addition of
50 ll of pyridinium acetate pH 4.6. 100 ll of n-butanol and 100 ll
of water were then added and the layers were mixed and then
separated by centrifugation. 100 ll of the top n-butanol phase
was removed, 50 ll of fresh n-butanol was added to it, and it
was then extracted with 100 ll of water. 100 ll of the n-butanol
phase was then removed and analyzed for radioactivity. Typically,
this procedure yielded 1000–2000 cpm per assay; duplicate assays
were routinely carried out, and yielded consistent data (±10%).
Control incubations were carried out containing no inhibitor, no
enzyme, and 50 lM ramoplanin (MurG inhibitor). Micrococcus
flavus membranes, UDP-MurNAc-pentapeptide and Escherichia
coli MurG were all prepared as described previously.23–25
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We have examined the kinetics of triple helix formation of oligonucleotides that contain the nucleotide
analogue 2′-O-(2-aminoethyl)-5-(3-amino-1-propynyl)uridine (bis-amino-U, BAU), which forms very
stable base triplets with AT. Triplex stability is determined by both the number and location of the
modifications. BAU-containing oligonucleotides generate triplexes with extremely slow kinetics, as
evidenced by 14 ◦C hysteresis between annealing and melting profiles even when heated at a rate as slow
as 0.2 ◦C min−1. The association kinetics were measured by analysis of the hysteresis profiles,
temperature-jump relaxation and DNase I footprinting. We find that the slow kinetics are largely due to
the decreased rate of dissociation; BAU modification has little effect on the association reaction. The
sequence selectivity is also due to the slower dissociation of BAU from AT than other base pairs.


Introduction


Triplex-forming oligonucleotides (TFOs) bind within the major
groove of duplex DNA forming Hoogsteen hydrogen bonds with
exposed groups on the base pairs.1,2 Their unique base–base recog-
nition properties make them ideal candidates as gene-recognition
agents for exploitation in medicine and biotechnology.2–7 The base
composition of the oligonucleotide dictates its binding orientation
and selectivity; those composed of pyrimidine bases bind in a
parallel orientation to the purine-strand of the duplex, generating
T.AT and C+.GC triplets.2 The application of these compounds is
currently restricted by several intrinsic limitations. Under physi-
ological pH and ionic conditions the binding of a TFO is weak,
predominantly due to the requirement for cytosine protonation
and charge repulsion between the three negatively charged strands.
TFOs are also restricted to binding to oligopurine.oligopyrimidine
sequences as there is no method for recognising TA or CG base
pairs (pyrimidine inversions) using natural nucleotides. We and
others have prepared nucleotide analogues to overcome these
restrictions and have used these in combination to generate
oligonucleotides which form stable triplexes at pH 7.0 at target
sites which contain pyrimidine interruptions.8–13


As well as improving the overall stability of triplexes, the
kinetic details of the binding of these modified TFOs is extremely
important. The biological activities of these molecules will not
only depend on increasing their affinity, but on their individual
association and dissociation rates.14 Ideally TFOs should bind
rapidly to their target sites and dissociate very slowly, while their in-
teraction with non-targeted sites must be much weaker and should
be characterised by fast dissociation. In this manner they may be
able to compete with, and selectively disrupt, the interaction of
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cellular DNA binding proteins, such as transcription factors and
polymerases. It is known that the rate of triplex formation is very
slow, about three orders slower than duplex formation.15–19 It is also
thought to proceed via a nucleation-zipper mechanism, dependent
on the formation of a quasi-stable intermediate consisting of a few
productive triplets, before a ‘zippering’ of the remainder of the
third strand around the duplex helix.20,21 The apparent rate of
triplex association therefore decreases with temperature, as lower
temperatures stabilise this intermediate. Triplex dissociation is also
slow, with reports suggesting half lives of between 30 minutes and
several days.15–17,22–24


In this study we have determined how the nucleoside ana-
logue 2′-O-(2-aminoethyl)-5-(3-amino-1-propynyl)uridine (bis-
amino-U; BAU: Fig. 1A) affects the kinetics of DNA triplex
formation. Previous studies have shown that bis-amino-U binds to
AT base pairs with a higher affinity and specificity than T.25–27 Here
we use fluorescence melting and DNase I footprinting experiments
to assess the kinetic details of the interaction of TFOs containing
this analogue with their intended target sites, and with sites that
differ by a single base pair.


Results


BAU.AT triplets


Hysteresis. In previous studies25 we showed that a single
BAU substitution at the centre of TFO-2 increases the Tm by
about 7 ◦C and slows the kinetics so that there is still hysteresis
between the melting and annealing profiles even with a rate of
temperature change of only 0.067 ◦C min−1. This hysteresis arises
as a result of slow steps in the association and/or dissociation
reactions. We have therefore analysed this hysteresis to estimate
the individual association and dissociation rate constants. The
fluorescence melting profiles for TFO-1 (central T.AT) and TFO-
2 (central BAU.AT) are shown in Fig. 2. Both oligonucleotides
produce hysteresis in their melting profiles, though note that in
this Figure the complex with TFO-2 is heated 30 times slower
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Fig. 1 (A) Chemical structures of the T.AT and BAU.AT triplets. (B) Sequences of the oligonucleotides used in fluorescence melting and temperature
jump experiments. The TFOs were labelled at the 5′-end with methyl red while the 5′-end of the purine-containing strand of each duplex was labelled with
fluorescein. TFOs -2, -3, -4 and -5 contain one or two substitutions with BAU (B). The duplex is boxed and ZY corresponds to each of the four base pairs
in turn. (C) Sequence of the oligonucleotides used in the footprinting experiments. TFOs -7, -8 and -9 contain one, two or three substitutions with BAU
(B). The duplex target is boxed and is found within the 110 bp tyrT(43–59) DNA fragment. This fragment was labelled at the 3′-end with [a-32P]dATP.


Fig. 2 (A) Representative annealing (down arrow, open symbols) and heating (up arrow, filled symbols) profiles for the interaction of TFO-1 and TFO-2
with the duplex target shown in Fig. 1B, ZY = AT. The profiles for TFO-1 were obtained at a rate of temperature change of 6 ◦C min−1 whilst the profiles
for TFO-2 were determined at 0.2 ◦C min−1. Fraction folded (a) plots for each triplex are included in the insets. (B) Representative Arrhenius plots for
the association (k1) and dissociation (k−1) constants for TFOs 1–5.


than that with TFO-1, demonstrating its much slower reaction
kinetics. Arrhenius plots derived from these curves are shown
in Fig. 2B. These plots are typical of those observed with other
triplexes and display a negative slope for the dissociation reaction
but a positive slope (apparent negative activation energy) for the
association process. The apparent association rate (k*) increases
at lower temperatures and is explained by invoking a nucleation-
zipper mechanism.17 Since the measured association rate constant
(k*) is a complex of other primary rates, we will not comment on the
absolute values, but note that the association rates are similar for
both oligonucleotides, suggesting that BAU does not significantly
affect the association process. In contrast the dissociation rate
constants are in different regions on this Arrhenius plot confirming


the much lower dissociation rate of BAU. The thermodynamic
parameters for these dissociation processes are presented in
Table 1, from which it can be seen that TFO-1 and TFO-2 have
similar activation energies (evident in the similar slopes of the
Arrhenius plots) and the major difference is in the pre-exponential
factor A. The estimated dissociation half-lives of these TFOs at
37 ◦C differ by an order of magnitude.


The effect of including a second BAU substitution was examined
using TFOs 3–5. The results are shown in Fig. 2 and Table 1.
When the two BAU residues are close together or separated
by two nucleotides (TFO-3 and TFO-4 respectively) the Tm is
increased further and the hysteresis becomes more pronounced.
The Arrhenius plots for their association parameters lie on
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Table 1 Dissociation kinetic parameters estimated for the interaction of TFO 1–5 with the target duplex shown in Fig. 1B (ZY = AT). Tm values were
determined from fluorescence melting curves measured at 0.2 ◦C min−1; in several instances there is hysteresis between the melting and annealing curves
and the Tms for annealing are shown in parentheses. The activation energy (Eoff) and pre-exponential factor (A) were calculated from Arrhenius plots.
These were derived from either the hysteresis between melting and annealing [determined at 6 ◦C min−1 (TFO-1) or 0.2 ◦C min−1 (TFO-2–5)] or from
temperature-jump experiments. In the hysteresis experiments the TFO concentration was 3 lM and the duplex was 0.25 lM. For the temperature-jump
data the TFO concentration was 0.25 lM and the duplex was 0.25 lM. All reactions were performed in 50 mM sodium acetate pH 5.0 containing 200 mM
NaCl


Hysteresis Temperature-jump


TFO Tm/◦C Eoff/kJ mol−1 LnA 37k−1/s−1 37t1/2/s Eoff/kJ mol−1 LnA


1 63.8 (63.4) 362 ± 4 125 ± 3 1.9 × 10−7 3.6 × 106 427 ± 12 148 ± 5
2 70.4 (64.6) 340 ± 12 114 ± 4 1.7 × 10−8 4.2 × 107 418 ± 6 140 ± 2
3 78.4 (64.1) 332 ± 12 108 ± 4 9.1 × 10−10 7.6 × 108


4 77.8 (64.8) 300 ± 11 97 ± 4 3.8 × 10−9 1.8 × 108


5 73.0 (64.9) 291 ± 14 95 ± 4 1.7 × 10−8 4.1 × 107


the same line as for TFO-1 and TFO-2, confirming that these
modifications have little or no effect on the association reaction.
In contrast the dissociation rates are even slower. Surprisingly the
activation energies are slightly lower than for TFO-1 and TFO-
2 (which alone would lead to a faster dissociation rate) and the
main effect is in the pre-exponential factor (A). Separating the
two BAU residues by seven nucleotides (TFO-5) does not increase
the Tm relative to TFO-2; the activation energy is lowered as too
is the pre-exponential factor. In this case these two effects cancel
each other and TFO-2 and TFO-5 display similar dissociation half
lives. The faster dissociation of TFO-5 compared to TFO-3 and
TFO-4 could either be due to the greater separation of the two
BAU residues or the nature of the flanking triplets. In TFO-4 each
BAU.AT triplet is flanked by T.AT and C+.GC, while in TFO-5
both BAU.AT triplets are flanked by C+.GC on each side.


Temperature-jump. We further explored the kinetics of triplex
formation by these TFOs by performing temperature jump
experiments on the same complexes.15 In these experiments the
complexes are first equilibrated at a temperature about 10 ◦C
below the Tm (estimated as the midpoint between the value for the
annealing and melting reactions); the temperature is then rapidly
increased by 5 ◦C and the changes in fluorescence are recorded as
the system relaxes to a new equilibrium. Representative relaxation
curves for TFO-1 and TFO-2 are shown in Fig. 3 for different
concentrations of each TFO. Each of these reaction profiles was
adequately fitted by a single exponential curve and Arrhenius plots
derived from these data are shown in Fig. 4A. For a simple process
the relaxation rate constant is equal to the sum of the association
and dissociation rates (k1[TFO] + k−1). Since k1 has a negative
activation energy (as shown above), the Arrhenius plots have a
parabolic shape with a minimum at the Tm (where k1[TFO] = k−1);
at temperatures below the Tm k1[TFO] is greater than k−1 and
the rate is dominated by the association rate constant, whereas
at higher temperatures k−1 > k1[TFO] and the relaxation rate
is dominated by k−1. The upturn in the Arrhenius plots at low
temperatures (to the right of the graph) is more pronounced
at higher TFO concentrations as the apparent association rate
increases. At temperatures below the Tm the Arrhenius plots are
linear at low oligonucleotide concentrations (for which association
will be slowest) and these were used to determine the kinetic
parameters for TFO-1 (T.AT) and TFO-2 (BAU.AT) that are
presented in Table 1. Although the values of Ea and A are
about 30% higher than those determined from the hysteresis


Fig. 3 Representative temperature-jump profiles for the interaction of
TFO-1 (panel A) and TFO-2 (panel B) with the target site containing a
central AT base pair. The TFO and target duplex concentrations were both
0.25 lM. Each curve was obtained by rapidly increasing the temperature
by 5 ◦C, measuring the time-dependent increases in fluorescence. The final
temperatures were 60, 61, 62, 63 and 64 ◦C for TFO-1 and 66, 67, 68, 69
and 70 ◦C for TFO-2, each increasing from right to left.


experiments, they follow the same pattern. The dominant factor
that is responsible for the slow dissociation of BAU is the pre-
exponential factor not the activation energy.


Similar experiments with TFO-3, TFO-4 and TFO-5 con-
firm the results from the hysteresis experiments. Representative
temperature-jump relaxation curves for all five oligonucleotides
at 70 ◦C are presented in Fig. 4B. These show similar profiles
for TFO-3 and TFO-4, which are both slower than TFO-2, while
TFO-5, in which the two BAU residues are separated by a greater
distance and flanked by C+.GC triplets has similar properties to
TFO-2. Arrhenius plots derived from the relaxation profiles with
3 lM TFO-3–5 are shown in Fig. 4A. It can be seen that the linear
portions of these plots (at high temperatures) have similar slopes
(activation energies), but are in different positions on the graph.
TFO-3 (inverted diamonds) and TFO-4 (squares) are very similar,
while TFO-5 (diamonds) shows faster dissociation.


BAU triplet mismatches


We have previously demonstrated that BAU retains the selectivity
for AT base pairs and has enhanced discrimination against CG
and TA base pairs.25 We therefore examined whether this dis-
crimination results from changes in the association or dissociation
rates and performed hysteresis and temperature-jump experiments
with TFO-1 and TFO-2 using duplex targets, in which the central
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Fig. 4 (A) Arrhenius plots showing the temperature dependence of the relaxation rate constants for TFO-1–5. The concentrations of TFO-1 and TFO-2
were 0.25 lM (open circles), 1 lM (filled circles), 3 lM (open triangles) 10 lM (filled triangles). For TFO-3 (inverted triangles), TFO-4 (squares) and
TFO-5 (diamonds) data for 3 lM oligonucleotide are presented. (B) Representative temperature-jump profiles for the interaction of TFOs 1–5 with the
target site containing a central AT base pair. The TFO concentration was 0.25 lM in each case and the temperature was rapidly increased from 65 to
70 ◦C. TFO-1 (circles), TFO-2 (triangles), TFO-3 (inverted triangles), TFO-4 (squares), TFO-5 (diamonds).


base pair was exchanged for each base pair in turn. Arrhenius
plots for the complexes containing these triplex mismatches are
presented in Fig. 5. A full quantitative analysis of these data is
not possible since, as we have previously noted, the melting curves
for complexes that contain triplex mismatches are biphasic,25 as
the triplex melts at much lower temperatures than the duplex. The
estimated kinetic parameters therefore contain large systematic
errors and so can only be used for a qualitative comparison
of the different complexes. Once again the association kinetics
(derived from the hysteresis profiles) show negative activation
energies and, although the individual curves do not overlap, they
are in similar regions (unlike the dissociation profiles). For TFO-
1 the association plots have similar slopes and those for T.CG
and T.TA are almost contiguous. Since the Arrhenius plots for
the association reaction are clearly not measuring primary kinetic
events they were not analysed further. In contrast the Arrhenius
plots for the dissociation reactions show clear differences between


the targets, with similar results obtained by the two techniques.
Looking first at the results for TFO-1 it can be seen that T.TA
has a faster dissociation than T.GC or T.CG, which are faster
than T.AT. The slower dissociation of T.CG may not be surprising
since this triplet has been used as a (poor) means of recognising
CG inversions. The slow dissociation of T.GC is also consistent
with the reported Tm values of TFOs that contain this triplet,
which are similar to those containing T.CG.25,28 For TFO-2, which
contains a central BAU residue, the association plots are again
almost contiguous, though with different slopes. As for TFO-1 the
dissociation plots for the four targets have different rates. BAU.AT
is much slower than the other three, though GC is considerably
slower than both BAU.TA and BAU.CG, which have similar
profiles. It is clear that, at these elevated temperatures around the
Tm of each complex, the major differences between the matched
and mismatched complexes arise from changes in the dissociation,
rather than the association rates.


Fig. 5 Arrhenius plots for the interaction of TFO-1 and TFO-2 with target sites containing ZY as each base pair in turn. Open symbols correspond
to data obtained from hysteresis experiments (TFO concentration 3 lM), whilst closed symbols correspond to data obtained from temperature-jump
experiments (TFO concentration 0.25 lM). ZY = CG (triangles); GC (diamonds) and TA (circles). The data from T.AT and B.AT are taken from Fig. 3
and 4. The dissociation data lie on lines with negative slopes, while the association data show positive slopes. The association data correspond to the
measured pseudo first-order rate constant k* = k1[TFO].
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DNase I footprinting


Association. We further compared the slow association rates
of BAU-containing TFOs by performing DNase I footprinting
reactions at different times after mixing the TFOs with a radiola-
belled fragment containing the target site.16,24 Typical association
reaction profiles for TFO-6 and TFO-7, containing a central
T or BAU respectively, are presented in Fig. 6, showing the
slow appearance of the footprint. The plots of relative band
intensity against time were fitted with exponential curves (Fig. 6B),
providing the apparent rate constants (kobs). These observed rate
constants are dependent on the total nucleic acid concentration
(kobs = k−1 + k1[NA]) and the insets to Fig. 6B show the
concentration dependence of the apparent rate constants, from
which the values of k1, presented in Table 2 were estimated. The
values of these association rate constants, around 103 M−1 s−1, are
similar to those reported in other studies. The association rates,
which are dependent on the magnesium concentration, are similar
for TFO-6 and TFO-7, confirming that the addition of a single
BAU residue does not significantly alter the association reaction.
In contrast to the hysteresis and temperature-jump data TFO-8,
containing two BAU residues and TFO-9, with three BAUs appear
to form faster than TFO-6 or TFO-7.


Dissociation. We observed the slow kinetics of dissociation of
TFO-6 and TFO-7 by adding a 10-fold excess of an oligonucleotide
complementary to the third strand, thereby sequestering the free
TFO as a short duplex and preventing its re-association with the
target duplex. The results of these experiments are shown in Fig. 7
and Table 2. At 20 ◦C the unmodified TFO-6 dissociated with a
half-life of about 50 minutes. In contrast no dissociation of TFO-
7, containing one BAU residue, was detected even after overnight


Table 2 Association and dissociation rate constants for the interaction
of TFOs 6–9 with the target site in the tyrT(43–59) fragment determined
by DNase I footprinting. The reactions were performed in 50 mM sodium
acetate, pH 5.0 containing 200 mM NaCl and 2.5 mM (*) or 5 mM (#)
MgCl2 at 20 ◦C, except for † which was measured at 30 ◦C


TFO k1/M−1 s−1 k−1/s−1


*6 2.4 × 103 2.4 × 10−4


*7 3.8 × 103 †3.6 × 10−4


#6 0.7 × 103


#7 0.6 × 103


#8 2.0 × 103


#9 1.0 × 104


incubation. On increasing the temperature to 30 ◦C dissociation
of TFO-6 was too fast to measure, while TFO-7 dissociated with
a half-life of about 30 minutes. No dissociation was detected for
TFO-8 or TFO-9 even at 30 ◦C.


Discussion


These results demonstrate that the enhanced stability of triplexes
containing the BAU.AT triplet relative to T.AT is largely due
to its slower dissociation rather than changes in the association
reaction. Surprisingly we find that the activation energy for the
dissociation reaction is largely unaffected by introducing a single
BAU modification and the slower dissociation is mainly due to a
decrease in the pre-exponential factor (A). The similar values of
Ea for TFOs 1 and 2 may not be surprising as they only differ
by a single modification at the centre of the oligonucleotides and
this region may not be involved in the primary dissociation event.
Since the pre-exponential factor is a function of the entropy of


Fig. 6 Determination of TFO association rates by DNase I footprinting. (A) DNase I cleavage patterns of the tyrT(43–59) DNA fragment in the
presence of 3 lM of TFO-6 and 7 at different times after adding the TFOs. The experiments were performed at 20 ◦C. The time (sec) after adding the
TFO is indicated at the top of each gel lane. The black bars show the TFO target site. (B) Plots of relative band intensity within the footprint against time
for each TFO. The insets show the concentration dependence of the apparent rate constants, from which the association rate constants, listed in Table 4,
were derived.
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Fig. 7 Determination of TFO dissociation rates by DNase I footprinting. (A) DNase I cleavage patterns of the tyrT(43–59) DNA fragment in the
presence of 3 lM of TFO-6 and 7. The complexes were equilibrated overnight at 20 ◦C before adding 30 lM of the complementary oligonucleotide
3′-AGAGAAAAAAGA. The time (sec) after adding the complementary oligonucleotides is shown at the top of the gel lanes. The black bars indicate the
TFO target site. (B) Plots of relative band intensity within the footprint against time for each TFO. The data for TFO-6 were obtained at 20 ◦C, while
those for TFO-7 correspond to 30 ◦C.


the activated state, this suggests that the enhanced stability of
BAU.AT may arise from the conformational organisation of the
third strand.


These conclusions relate to a given set of experimental condi-
tions (200 mM NaCl and pH 5.0). The difference between the
BAU and T bases may be altered at different salt concentrations
or pH. Since BAU provides two more positive charges than T the
differences may be magnified at lower ionic strengths, but reduced
at higher pH.


TFO-3 and TFO-4, in which the two BAU residues are
adjacent or separated by two nucleotides, show similar properties,
though the dissociation half-life for TFO-3 is longer. This is
consistent with studies with psoralen-linked TFOs that contain 2′-
aminoethoxy-T, which produce more stable complexes when the
modifications are close together,14,29 but contrasts to our previous
work which suggested that the most stable complexes are produced
when these modifications are evenly distributed along the third
strand.26 Further increasing the distance between the two BAU
residues (TFO-5) generates less stable complexes (equivalent to
the TFO containing only one BAU residue), though this may also
be due to the presence of C+.GC triplets adjacent to BAU.AT
in TFO-5. Although the stability of T.AT triplets is enhanced by
the presence of adjacent C+.GC triplets,15,30 analogues that bear
positively charged groups can be inhibited by adjacent C+.GC
triplets.31


The results with targets that generate triplet mismatches provide
further information on the stringency of BAU. This base analogue


is highly selective for AT relative to other base pairs, though it
binds better to GC than CG or TA.25 In contrast T.GC and T.CG
are more stable than T.TA. It is not clear why BAU stabilises the
interaction with GC but not CG, especially since the T.CG triplet
is known to provide the best means for recognizing CG inversions
using natural bases.32,33 It is possible that the additional contacts
or structural changes provided by BAU are not compatible with
the single hydrogen bond that is formed in the T.CG triplet. Once
again it is clear that discrimination between the different base
pairs is a consequence of changes in the dissociation, rather than
association, rate constants.


It is not possible to compare the results from footprinting with
those from hysteresis and temperature-jump experiments as they
used different length oligonucleotides (12-mers and 18-mers). The
ratio of k−1–k1 derived from the footprinting experiments gives a
value of 0.1 lM, which is similar to the dissociation constant of
this oligonucleotide.


Effective DNA triple helix formation in vivo will require not
only strong equilibrium binding, which we have achieved by
using the positively charged nucleotide analogue BAU, but fast
association (competing with various DNA binding proteins) and
long dissociation half-lives. The results presented in this paper
demonstrate that stability of the BAU.AT triplet is achieved
by slowing the dissociation reaction, with little effect on the
association kinetics. Different nucleic acid derivatives, or the
inclusion of many more modifications, will be required to improve
on the slow association kinetics.
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Experimental


Oligonucleotides


All oligonucleotides were synthesized on an Applied Biosystems
ABI 394 automated DNA/RNA synthesizer on the 0.2 lmol
or 1 lmol scale using the standard cycles of acid-catalysed
detritylation, coupling, capping and iodine oxidation procedures.
Phosphoramidite monomers and reagents were purchased from
Applied Biosystems or Link Technologies. The phosphoramidite
for BAU was prepared as previously reported.25,27 The oligonu-
cleotides were deprotected for 24 h in 2 ml of 30% aqueous
methylamine in the presence of phenol (5 mg). The deprotected
oligonucleotides were purified by reverse-phase HPLC on a
Brownlee Aquapore column (C8) using a gradient of acetonitrile in
0.1 M ammonium acetate. Purified oligonucleotides were analysed
by MALDI-TOF mass spectrometer in positive ion mode using
internal Tn standards.34 The sequences of the oligonucleotides used
in this work are shown in Fig. 1.


Fluorescence melting experiments


Kinetic parameters for the intermolecular triplexes shown in
Fig. 1B were obtained using fluorescence melting and temperature-
jump experiments as previously described.13,15,28,35 TFOs were
labelled at the 5′-end with methyl red and the 5′-end of the purine-
containing strand of each duplex was labelled with fluorescein. The
triplexes were prepared in 50 mM sodium acetate buffer containing
200 mM sodium chloride at pH 5.0. Melting experiments were
carried out in a total volume of 20 ll and each assay contained
0.25 lM duplex and 3 lM third strand (unless otherwise stated).


Hysteresis experiments. The method for estimating kinetic
parameters from non-equilibrium melting and annealing curves
has previously been reported.17,36,37 The hysteresis between these
curves arises because the complexes are heated or cooled at a rate
that is too fast to allow thermodynamic equilibrium, and indicates
the presence of slow steps in the association and/or dissociation
reactions. For triplexes, the extent of this hysteresis is dependent
on a range of factors such as the pH, the concentration of divalent
metal ions and the sequence context.


To ensure correct annealing, the triplexes were initially heated to
95 ◦C and then slowly cooled to room temperature. Although the
slowest rate of continuous temperature change by the LightCycler
is 0.1 ◦C sec−1, slower rates were obtained by increasing/decreasing
the temperature in 1 ◦C steps, leaving the samples to equilibrate
for a suitable length of time (typically 5 min). Hysteresis curves
were then obtained by heating the samples at a fast rate (typically
6 ◦C min−1) to 95 ◦C, leaving the samples to equilibrate for 5 min,
and then cooling the samples to 35 ◦C at the same rate. Recordings
were taken during both the heating and cooling cycles. The rate of
temperature change was adjusted for each triplex so as to obtain
optimal separation between the melting and annealing curves. Tm


values were determined from the first derivatives of the melting
profiles using the software provided. If ac and ah are the fractions
of the duplex that are occupied by the third strand in the cooling
and heating curves respectively, then d(ac)/dT = d(ac)/dt ×
(dT/dt)−1 and d(ah)/dT = d(ah)/dt × (dT/dt)−1, where t is time
and T is temperature. If k1 and k−1 are the triplex association
and dissociation rate then d(ac)/dt = k1[TFO](1 − ac) − k−1ac


and d(ah)/dt = k1[TFO](1 − ah) − k−1ah. By measuring d(ac)/dT ,
d(ah)/dT , ac and ah, the individual rate constants can be estimated
at each temperature.17,36,37 Since the third strand concentration is in
excess in these experiments it effectively remains constant during
the reaction (3 lM), yielding a pseudo first order process with a
rate constant k* given by k1[TFO]. In several instances the melting
curves revealed a biphasic profile corresponding to dissociation
of the duplex (with a decrease in fluorescence intensity) at higher
temperatures than dissociation of the third strand as previously
noted.25,35 This was especially noticeable with complexes that
contained a triplex mismatch. These were fitted by assuming a
coupled equilibrium in which the third strand dissociates first
yielding a species with high fluorescence, followed by dissociation
of the underlying duplex producing a random coil with a lower
fluorescence.


Temperature-jump experiments. The dissociation kinetics of
these intermolecular triplexes were determined by rapidly increas-
ing the temperature and following the subsequent slow changes in
fluorescence as the system relaxes to a new equilibrium.15,38,39 In
these experiments, the temperature was first increased slowly to a
temperature ∼10 ◦C below the Tm, and then left to equilibrate for
10 minutes. The temperature was then rapidly increased by 5 ◦C
(at 20 ◦C sec−1) recording the fluorescence as the system relaxes
to a new equilibrium. This temperature change causes some of
the triplex to dissociate, producing an increase in fluorescence
intensity. Successive temperature jumps were then recorded on the
same sample. The time-dependent changes in fluorescence were
fitted by an exponential function F t = F 0 + F f × (1 − e−kt) where
F 0 is the initial fluorescence, F t is fluorescence at time and F f is final
fluorescence. The temperature jump experiments each contained
0.25 lM intramolecular duplexes and between 0.25 and 10 lM
triplex-forming oligonucleotide. The observed relaxation rate con-
stant (k) will be a function of the oligonucleotide concentration,
the dissociation (k−1) and association (k1) rate constants, according
to the equation k = k−1 + k1[DNA], where [DNA] is the total
oligonucleotide concentration (third strand plus duplex). Values
of k1 and k−1 at each temperature were determined from the slope
of plots of k against [DNA]. Arrhenius plots for the dissociation
constants (k−1) showed the expected linear relationship between
ln(k−1) and 1/T , from which activation energies were derived and
values at 37 ◦C were obtained by extrapolation.


Quantitative DNase I footprinting experiments


DNA fragments. The tyrT(43–59) fragment contains a 17-base
oligopurine tract between positions 43 and 59.40 We have targeted
a 12 base pair region within this tract with the TFOs shown in
Fig. 1C. A 110 base pair radiolabelled fragment containing this
sequence was obtained by digesting the plasmid with EcoRI and
AvaI and labelling at the 3′-end of the EcoRI site using reverse
transcriptase and [a-32P]dATP. This was then separated from the
remainder of the plasmid DNA on an 8% (w/v) non-denaturing
polyacrylamide gel. After elution the fragment was dissolved in
10 mM Tris-HCl, pH 7.5, containing 0.1 mM EDTA to give about
10 cps ll−1 as determined on a hand held Geiger counter (<nM).


Association reactions. The association reactions were initiated
by mixing 30 ll of oligonucleotide (between 0.1 and 10 lM) with
15 ll of radiolabelled DNA at 20 ◦C.16,24 The oligonucleotides
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were diluted in 50 mM sodium acetate pH 5.0 containing 5 mM
magnesium chloride unless otherwise stated. The association
reaction was followed by removing 3 ll aliquots at various time
points (between 30 sec and 4 h) and digesting with 2 ll of DNase
I for 20 seconds (typically ∼0.05 units per mL, diluted in 200 mM
NaCl containing 2 mM MgCl2 and 2 mM MnCl2). The reaction
was stopped by adding 4 ll of 80% formamide containing 10 mM
EDTA, 10 mM NaOH and 0.1% (w/v) bromophenol blue.


Dissociation reactions. Triplexes were formed by mixing 30 ll
of appropriately diluted oligonucleotide (typically 3 lM) with
15 ll of radiolabelled DNA, and equilibrating overnight at an
appropriate temperature (20 or 30 ◦C). Dissociation was initiated
by adding a 10-fold excess of an oligonucleotide complementary
to the third strand, thereby sequestering the free TFO as a short
duplex.24,41 Since duplex formation is much faster than triplex
formation, the rate of disappearance of the footprint corresponds
to the dissociation of the third strand from its target. The reaction
was followed by removing 3 ll aliquots at various time points
(between 30 sec and 4 h) and digesting with DNase I as above.


Gel electrophoresis. The products of digestion were separated
on 10% polyacrylamide gels containing 8 M urea. Samples were
heated to 100 ◦C for 3 min, before rapidly cooling on ice and
loading onto the gel. Polyacrylamide gels (40 cm long, 0.3 mm
thick) were run at 1500 V for about 2 h and then fixed in 10%
(v/v) acetic acid. These were transferred to Whatman 3 MM paper
and dried under vacuum at 86 ◦C for 1 h. The dried gels were
subjected to phosphorimaging using a Molecular Dynamics Storm
phosphorimager.


Quantitative analysis. The association of the oligonucleotide
with its target site is revealed by the time-dependent appearance
of a footprint, while the dissociation is revealed by the time-
dependent disappearance of a footprint. The intensity of bands
within each footprint was estimated using ImageQuant software.
These intensities were then normalised relative to a band in the
digest which is not part of the triplex target site, and which was not
affected by addition of the oligonucleotides. For the association
reaction, pseudo-first order rate constants (kapp) were estimated
by fitting single exponential curves to the plots of band intensity
against time using SigmaPlot. Bimolecular rate constants (k1) were
estimated from the variation of the observed rate constants with
oligonucleotide concentration. For the dissociation reaction, the
first order rate constants (k−1) were estimated by fitting single
exponential curves to the plots of band intensity against time
using Sigmaplot.


Acknowledgements


This work was funded by the BBSRC and EU grant LSHB-CT-
2004-005204. Alex Tuck was supported by a Wellcome Vacation
Studentship.


References


1 G. Felsenfeld, D. R. Davies and A. Rich, J. Am. Chem. Soc., 1957, 79,
2023–2024.


2 H. E. Moser and P. B. Dervan, Science, 1987, 238, 645–650.
3 S. Buchini and C. J. Leumann, Curr. Opin. Chem. Biol., 2003, 7, 717–


726.
4 J. Y. Chin, E. B. Schleifman and P. M. Glazer, Front. Biosci., 2007, 12,


4288–4297.
5 K. R. Fox, Curr. Med. Chem., 2000, 7, 17–37.
6 C. Helene and J. J. Toulme, Biochim. Biophys. Acta, 1990, 1049, 99–


125.
7 M. M. Seidman and P. M. Glazer, J. Clin. Invest., 2003, 112, 487–494.
8 S. Buchini and C. J. Leumann, Angew. Chem., Int. Ed., 2004, 43, 3925–


3928.
9 K. R. Fox and T. Brown, Q. Rev. Biophys., 2005, 38, 311–320.


10 D. M. Gowers and K. R. Fox, Nucleic Acids Res., 1999, 27, 1569–1577.
11 J. S. Li, F. X. Chen, R. Shikiya, L. A. Marky and B. Gold, J. Am. Chem.


Soc., 2005, 127, 12657–12665.
12 J. Robles, A. Grandas, E. Pedroso, F. J. Luque, R. Eritja and M. Orozco,


Curr. Org. Chem., 2002, 6, 1333–1368.
13 D. A. Rusling, V. E. C. Powers, R. T. Ranasinghe, Y. Wang, S. D.


Osborne, T. Brown and K. R. Fox, Nucleic Acids Res., 2005, 33, 3025–
3032.


14 M. M. Seidman, N. Puri, A. Majumdar, B. Cuenoud, P. S. Miller and
R. Alam, Ann. N. Y. Acad. Sci., 2005, 1058, 119–127.


15 P. L. James, T. Brown and K. R. Fox, Nucleic Acids Res., 2003, 31,
5598–5606.


16 H. M. Paes and K. R. Fox, Nucleic Acids Res., 1997, 25, 3269–3274.
17 M. Rougee, B. Faucon, J. L. Mergny, F. Barcelo, C. Giovannangeli, T.


Garestier and C. Helene, Biochemistry, 1992, 31, 9269–9278.
18 H. Shindo, H. Torigoe and A. Sarai, Biochemistry, 1993, 32, 8963–8969.
19 L. E. Xodo, Eur. J. Biochem., 1995, 228, 918–926.
20 P. Alberti, P. B. Arimondo, J. L. Mergny, T. Garestier, C. Helene and


J. S. Sun, Nucleic Acids Res., 2002, 30, 5407–5415.
21 D. Porschke and M. Eigen, J. Mol. Biol., 1971, 62, 361–381.
22 C. Ellouze, F. Piot and M. Takahashi, J. Biochem., 1997, 121, 521–526.
23 L. J. Maher, P. B. Dervan and B. J. Wold, Biochemistry, 1990, 29, 8820–


8826.
24 E. Protozanova and R. B. Macgregor, Anal. Biochem., 1996, 243, 92–


99.
25 S. D. Osborne, V. E. C. Powers, D. A. Rusling, O. Lack, K. R. Fox and


T. Brown, Nucleic Acids Res., 2004, 32, 4439–4447.
26 D. A. Rusling, L. Le Strat, V. E. C. Powers, V. J. Broughton-Head,


J. Booth, O. Lack, T. Brown and K. R. Fox, FEBS Lett., 2005, 579,
6616–6620.


27 M. Sollogoub, R. A. J. Darby, B. Cuenoud, T. Brown and K. R. Fox,
Biochemistry, 2002, 41, 7224–7231.


28 D. A. Rusling, T. Brown and K. R. Fox, Biophys. Chem., 2006, 123,
134–140.


29 N. Puri, A. Majumdar, B. Cuenoud, P. S. Miller and M. M. Seidman,
Biochemistry, 2004, 43, 1343–1351.


30 R. W. Roberts and D. M. Crothers, Proc. Natl. Acad. Sci. U. S. A.,
1996, 93, 4320–4325.


31 D. M. Gowers, J. Bijapur, T. Brown and K. R. Fox, Biochemistry, 1999,
38, 13747–13758.


32 I. Radhakrishnan and D. J. Patel, J. Mol. Biol., 1994, 241, 600–619.
33 K. Yoon, C. A. Hobbs, J. Koch, M. Sardaro, R. Kutny and A. L. Weis,


Proc. Natl. Acad. Sci. U. S. A., 1992, 89, 3840–3844.
34 G. J. Langley, J. M. Herniman, N. L. Davies and T. Brown, Rapid


Commun. Mass Spectrom., 1999, 13, 1717–1723.
35 R. A. J. Darby, M. Sollogoub, C. McKeen, L. Brown, A. Risitano, N.


Brown, C. Barton, T. Brown and K. R. Fox, Nucleic Acids Res., 2002,
30, e39.


36 E. Bernal-Mendez and C. J. Leumann, Biochemistry, 2002, 41, 12343–
12349.


37 A. De Cian, L. Guittat, M. Kaiser, B. Sacca, S. Amrane, A. Bourdoncle,
P. Alberti, M. P. Teulade-Fichou, L. Lacroix and J. L. Mergny, Methods,
2007, 42, 183–195.


38 N. M. Brown, P. A. Rachwal, T. Brown and K. R. Fox, Org. Biomol.
Chem., 2005, 3, 4153–4157.


39 E. E. Merkina and K. R. Fox, Biophys. J., 2005, 89, 365–373.
40 P. M. Brown, C. A. Madden and K. R. Fox, Biochemistry, 1998, 37,


16139–16151.
41 M. C. Fletcher and K. R. Fox, FEBS Lett., 1996, 380, 118–122.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 122–129 | 129








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


Intramolecular direct arylation in an A,C-functionalized calix[4]arene†


Olaf G. Barton,a B. Neumann,b H.-G. Stammlerb and Jochen Mattay*a


Received 30th August 2007, Accepted 25th October 2007
First published as an Advance Article on the web 16th November 2007
DOI: 10.1039/b713357j


A recently developed efficient method for intramolecular direct arylation is employed on a doubly
functionalized calix[4]arene fixed in the cone conformation. The reaction takes place in high yield
leading to meta substituted calix[4]arenes. The functionalities are located at two opposite aromatic rings
and the two possible diastereomers 1a and 1b are obtained in a 1 : 1 ratio. Full sets of data including
crystal structures for both isomers are presented. The NMR data reveal that even at temperatures up to
120 ◦C both isomers are fixed in a flattened cone conformation with the substituted aromatic units
pointing outwards.


Introduction


Phenolcalixarenes are well-established aromatic macrocycles.1


Their electron-rich aromatic systems provide good conditions for
aromatic electrophilic substitution reactions with a regiochemistry
governed by the para directing effect of the activating phenol
group, whereas the ortho positions are blocked by the methylene
moieties bridging the aromatic units. Therefore the vast majority
of phenolcalixarenes functionalized at the wide rim are substituted
at the para position. However, phenolcalixarenes functionalized at
the meta position are rare. Of special interest are systems with fused
rings because they should expand the calixarene cavity. So far only
calix[4]arenes with the expansion of one of the four aromatic units
have been described. These systems are inherently chiral, which
explains the interest in developing their chemistry. The first system
of that kind was synthesized in 1996 by transforming a mono-
formylcalix[4]arene into a naphthalene-containing calix[4]arene.2


Recently, inherently chiral calix[4]quinolines were prepared start-
ing from monoaminocalix[4]arenes.3 A ring expansion employing
metal coordination was achieved by the complexation of MnIII


and UO2 with salen calix[4]arene ligands, which were generated
from meta-formylated monohydroxycalix[4]arenes.4 Very recently,
oxidative photocyclization on monostyrylcalix[4]arenes resulting
in the formation of phenanthrene-containing calix[4]arenes was
investigated.5


In this paper, we present the first application of intramolecular
direct arylation to a calixarene system. For this purpose, we
adopted a procedure developed by Fagnou et al.6 As a substrate
we used the doubly functionalized calix[4]arene 2 fixed in the cone
conformation (Scheme 1). The reaction centres are located at two
opposite aromatic rings, the remaining two aromatic rings bear
no functional groups. Therefore ring closure could lead to two
diastereomers 1a and 1b. In the achiral Cs-symmetric isomer 1a
both newly formed rings reside near the same unfunctionalized
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aromatic unit B. In the C2-symmetric isomer 1b each of the newly
formed rings points to a different unfunctionalized aromatic unit.
1b represents a racemic mixture of inherently chiral calixarenes.
We were interested in the question of whether the first ring closure
directs the orientation of the second ring closure. In that case one
of the isomers 1a or 1b should be formed in excess.


Results and discussion


Synthesis


The synthetic route to 1a and 1b is outlined in Scheme 1. It
starts with the dibromocalix[4]arene 3 which could be prepared
according to reported protocols.7 Compound 3 is fixed in a
cone conformation due to O-alkylation of the phenolic groups
with propyl groups which are bulky enough to prevent inver-
sion of the aromatics.8 Lithiation, arylboronate formation and
oxidative carbon–boron bond cleavage led to the formation of
dihydroxycalix[4]arene 4 in a yield of 85%. This transformation
has been reported before, however without experimental data.9


Here, we present an experimental procedure with complete
characterization. Alkylation of 4 at the phenol groups on the wide
rim with benzyl bromide 5 via a Williamson ether synthesis with
Cs2CO3 in acetone produced dibenzyl ether 2 in a yield of 65%.
Subsequent direct arylation using Fagnou’s protocol afforded the
meta substituted calix[4]arenes 1a and 1b in a 1 : 1 ratio in 94%
yield.6 These diastereomers were separated after careful multiple
chromatography. In the first flash column chromatography (silica
gel, 95% cyclohexane–5% ethyl acetate), most of the impurities
were removed, a second flash column chromatography (75%
chloroform–25% cyclohexane) yielded slightly impure 1b, a mixed
fraction of 1a and 1b and a fraction containing pure 1a. A final
purification step using HPLC (88% cyclohexane–6% chloroform–
6% diethyl ether) gave pure 1b. The ratio of the diastereomers was
gathered from the masses of the pure fractions and the 1H NMR
spectrum of the mixed fraction.


NMR studies


The two isomers isolated by column chromatography could be
easily distinguished in 1H as well as 13C NMR spectroscopy. Isomer
1b was first eluted during the purification process. It is expected
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Scheme 1 Synthesis of 1a and 1b; indices of protons according to calixarene nomenclature are given in the experimental section.


that its C2 symmetry generates two sets of signals for two sets of
propoxy groups in a 1 : 1 ratio. In the 1H NMR spectrum two
well separated triplet signals at 1.17 ppm and 0.94 ppm caused
by protons of the terminal methyl groups are easily recognized
(Fig. 1b). In contrast the Cs symmetric isomer 1a gives rise to
three sets of signals for the three sets of propoxy groups in a
1 : 1 : 2 ratio. Again the proton signals of the terminal methyl
groups at 1.15 ppm, 1.08 ppm, and 0.89 ppm can be found easily
(Fig. 1a). Complete assignment of all proton and carbon signals is


done on the basis of 1H–1H COSY, ROESY, HMQC and HMBC
experiments. The assignment is facilitated by the fact that the
signals of the two types of methylene bridges, close to the fused
rings and at a distance from the fused rings, are different from
each other. The latter ones show shifts which are common for
calix[4]arenes in the cone conformation. In the 1H NMR spectrum
of each isomer, two pairs of AB doublets (|2J| = 13–14 Hz)
appear. In each case, one pair of doublets lies in the common
region, whereas the other pair is noticeably shifted downfield with


Fig. 1 1H NMR spectra of (a) 1a in C2D2Cl4 at 55 ◦C and (b) 1b in C2D2Cl4 at rt, residual solvent signals are marked with an asterisk, signals for the
two pairs of diastereomeric protons of the methylene bridges are marked with symbols (�: close to the annealed rings, �: distant to the annealed rings).
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an extreme shift of the doublet for the equatorial protons. This is
explained by the ring current effect of the closely fused aromatics.
The corresponding 13C NMR signals are also shifted unusually
and appear at a higher field (27.91 ppm for 1b and 27.38 ppm
for 1a) than the signals of the bridges remote to the fused rings
(31.33 ppm for 1b and 30.88 ppm for 1a), which again fall in the
common region for calix[4]arenes adopting the cone conformation
(Fig. 2).10 These tentative assignments are confirmed by HMBC
experiments, which show coupling between the bridging carbons
and the correct meta protons of the phenolic rings. Further support
is a NOE contact between the strongly shifted equatorial protons
and the bay region proton of the fused ring in each isomer.


Fig. 2 Partial 13C NMR spectra of (a) 1a in C2D2Cl4 at 55 ◦C and (b) 1b
in CD2Cl2 at rt showing the signals for the propoxy groups. The symbols
� and � indicate signals from the methylene bridge carbons distant and
close to the annealed rings, respectively.


Due to the ring current effect of the fused benzene rings, the
proton signals of the unfunctionalized aromatics which lie in
proximity to the fused benzene rings are shifted upfield. In the
case of the C2 symmetric isomer 1b, a highfield shifted doublet
at 5.77 ppm can be assigned to the meta protons H10/22 near the
fused benzene rings, whereas the signals of the other meta protons
H12/24 overlap with resonances for the para protons H11/23 at 6.20–
6.15 ppm. In the Cs symmetric isomer 1a signals for the protons
of ring B, which is framed by the fused rings, emerge at higher
field than the signals for the protons of ring D. The meta protons
H10/12 on ring B resonate at 5.76 ppm compared to 6.22 ppm for
the meta protons H22/24 on ring D.


1H NMR experiments at low and high temperatures were carried
out to examine the conformational dynamics of both isomers. In
the range of −80 ◦C to room temperature, CD2Cl2 was used as the
solvent and experiments from room temperature to 120 ◦C were
conducted in C2D2Cl4. Surprisingly the spectra were basically un-
changed from −80 ◦C to 120 ◦C. This means that the conformation
of the calix[4]arene skeleton is fixed over the whole temperature
range. A possible equilibrium between two flattened cone confor-
mations can be ruled out. In that case, resonances for the protons
experiencing ring current effects should be shifted markedly,
because the shielding and deshielding is sensitive to geometrical
changes. In fact all relevant signals stayed the same. A minor
change regarding the meta protons H12/24 of rings B and D of the C2


symmetric isomer 1b should not be taken as a hint for any confor-
mational dynamics. Their resonances at low temperature shifted
by D = 0.11 ppm slightly more downfield than the signals did on
average (D = 0.05 ppm). This led to a separation from the signals
for the para protons H11/23. However, a separation was also seen at
room temperature when C2D2Cl4 as solvent was applied (Fig. 3).
Another example of small differences caused by the solvent are
the resonances of the diastereotopic benzylic methylene protons of
isomer 1a. From −80 ◦C to room temperature in CD2Cl2 they are
isochronous, from room temperature to 55 ◦C in CDCl3 they are
slightly split, whereas in C2D2Cl4 at room temperature as well as
120 ◦C they are clearly divided. All minor changes observed in the
experiments at low temperature could be attributed to restrictions
of local degrees of freedom. The only minor change displayed
in the low temperature spectra of the Cs symmetric isomer 1a
concerned the multiplet for the methylene group a to the methyl
group of the propoxy chains on rings A and C. This multiplet
became broader with new peaks appearing which indicates a split-
ting of two overlying multiplets consistent with two diastereotopic
methylene protons. A similar but more pronounced change is
observed in isomer 1b. Here, both methylene groups of the propoxy
chains on rings A and C were affected. The multiplets of the
diastereotopic protons became completely separated at −40 ◦C
(Fig. 4). Additionally the signals of the diastereotopic benzylic
methylene protons started to split up at low temperature (Fig. 3).


Fig. 3 Partial 1H NMR spectra of 1b at variable temperatures in CD2Cl2


(top) and at rt in C2D2Cl4 (bottom), residual solvent signals are marked
with asterisks.


X-Ray analysis


Crystals of isomers 1a and 1b suitable for single crystal X-ray
structural analysis were grown from chloroform–ethanol and
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Fig. 4 Partial 1H NMR spectra of 1b at variable temperatures in CD2Cl2;
marked signals indicate equatorial methylene bridge protons close to (�)
and remote from (�) the annealed rings.


chloroform–dichloromethane–methanol. Fig. 5 shows the molec-
ular structures in the solid state. No solvent molecules are included.
The most prominent feature of both compounds is their flattened
cone conformation in which the unsubstituted aromatic rings B
and D are bent towards each other whereas the meta substituted
phenolic rings A and C are directed away from each other. In case
of isomer 1a, the unsubstituted ring D, which is most removed
from the fused rings, is almost perpendicular to the plane defined
by the four oxygen atoms of the propoxy groups (O4 plane) with
a dihedral angle of 89.2◦. The unsubstituted ring B lying between
the fused rings is tilted towards ring D, its dihedral angle to the O4


plane is 76.1◦. The substituent bearing phenolic rings A and C are
flattened with dihedral angles of 136.1◦ and 151.3◦ to the O4 plane.


In isomer 1b, both unsubstituted rings B and D are clearly tilted.
The dihedral angles for rings A, B, C and D to the O4 plane are
127.9◦, 77.7◦, 149.8◦ and 77.3◦, respectively. The phenolic rings A
and C together with their substituents can be regarded as bridged
biphenyl moieties to which axial chirality can be ascribed. For
isomer 1a, the descriptor is Sa for ring A with an inter-ring torsion
angle of 28.9◦ and Ra for ring C with an interplanar angle of
30.5◦. The aromatic rings, which were attached to the calix[4]arene
scaffold, are turned so that they stand steeper on the O4 plane
than the phenolic rings. As a consequence, the bay region carbon
atom lies under the plane of the corresponding phenolic ring and
the carbon atom of the bridging methylene group is the upmost
atom of the calixarene. In contrast, the attached aromatic rings of
isomer 1b are arranged more flat to the O4 plane than the phenolic
rings. Thus, the bay region carbon atom lies above the plane of the
corresponding phenolic ring and the bridging methylene group
points sidewards. The descriptor of axial chirality for the enan-
tiomer shown in Fig. 5c and d is Ra for rings A and C with inter-
ring torsion angles of 23.1◦ and 28.0◦. An important result of the
geometry of both isomers 1a and 1b in the solid state is the fact that
there is no cavity large enough to include guest molecules. This can
be illustrated by the short distance between the para carbon atoms
of the upstanding rings A and C of 4.07 Å and 4.52 Å, respectively.


Intramolecular direct arylation in a fourfold functionalized
calix[4]arene


The fixed flattened cone conformations in 1a and 1b raises the
question of whether a fourfold arylation would be possible or ster-
ically hindered. Therefore, we synthesised the appropriate probe
molecule 6 (Scheme 2). It was treated under the same conditions


Fig. 5 ORTEP view of 1a: (a) top view, (b) side view and 1b: (c) top view, (d) side view. Thermal ellipsoids are drawn at the 50% probability level,
disorder in two propoxy groups of 1a is shown, hydrogen atoms are omitted for clarity.


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 104–111 | 107







Scheme 2 Synthesis of probe molecule 6.


that led successfully to the doubly meta substituted calix[4]arenes.
Synthesis began from the known tetra iodinated calix[4]arene 7.11


It was transformed into the benzyl protected phenol derivative 8
under recently reported conditions for Ullmann reactions.12 The
benzyl protecting groups were removed under standard conditions
yielding the known tetrahydroxycalix[4]arene 9.13 Contrary to
dihydroxycalix[4]arene 4, the subsequent alkylation with benzyl
bromide 5 was incomplete in boiling acetone and had to be carried
out in boiling acetonitrile to achieve completion. Tetrabenzyl ether
6 was subjected to direct arylation. The end of this reaction was
indicated, like in the case of the A,C-functionalized calix[4]arene 2,
by a colour change from yellow to gray. The crude product mixture
and its TLC spots were examined by MALDI-ToF spectrometry.
Masses corresponding to two, three and four times intramolecular
arylation could be detected, as well as signals indicating one and
two times hydrodehalogenation. Three different TLC spots include
molecules with masses corresponding to fourfold intramolecular
arylation. This is a hint that of the four possible isomers at least
three were formed. However, none of the isomers could be isolated.
Judging roughly from the HPLC trace these isomers constitute at
most 5% of the product mixture.


Conclusions


We examined the direct intramolecular arylation of an A,C-
functionalized calix[4]arene with respect to the regioselectivity of
the reaction. Both possible isomers were formed in a 1 : 1 ratio,
with an overall yield of 94%. Therefore, no regioselectivity was
observed. From NMR and X-ray analysis, we conclude that both
isomers are fixed in a flattened cone conformation. This is a hint
that an expansion of the calix[4]arene cavity cannot be achieved
by annealing four arene rings in the described way. Accordingly,
an experiment with the ABCD-functionalized calix[4]arene led to
very poor results (<5% yield). We suppose that the steric crowding
which is imposed by the first fused rings is the reason for a strongly
diminished reactivity in further intramolecular arylations.‡


‡ In a preliminary experiment similar to ref. 5, we conducted oxidative
photocyclization under standard diluted conditions with an ABCD styryl
functionalized calix[4]arene. Mass analysis of the crude product mixture
indicated that the reaction took place on only two positions. This
result further supports the assumption that building up rings with a
phenanthrene connectivity comprising the calix[4]arene para and meta
positions is strongly sterically hindered.


Experimental


General


Melting points were measured in open capillaries with a Büchi
B-540 melting point apparatus and are uncorrected. 1H and 13C
NMR spectra were recorded on a Bruker DRX 500, chemical shifts
were calibrated to the residual proton and carbon resonance of the
solvent (CD2Cl2: dH = 5.32 ppm, dC = 53.80 ppm; CDCl3: dH =
7.24 ppm, dC = 77.00 ppm; C2D2Cl4: dH = 5.91 ppm, dC = 73.70
ppm). J values are given in Hz. MALDI-ToF mass spectra were
obtained with a PerSeptive Biosystems Voyager-DE spectrometer
using 2,5-dihydroxybenzoic acid as the matrix, a Bruker Esquire
3000 was used to record ESI mass spectra and exact masses were
measured on a Bruker APEX III (FT-ICR). Elemental analyses
were determined with a Perkin Elmer 240 instrument. X-Ray
crystal structures were determined from data collected with a
Nonius Kappa CCD area detector diffractometer, using graphite
monochromatized Mo-Ka radiation. Analytical thin-layer chro-
matography was performed on silica gel 60 F254 (Merck),
flash column chromatography on silica gel MN 60, 40–63 lm
(Macherey-Nagel) and HPLC on a Nucleosil 100-7 silica gel col-
umn 250-20 mm (CS-Chromatographie). All reagents were reagent
grade quality and used as received from commercial suppliers.
Calix[4]arenes 3 and 7 were prepared according to the literature.7,11


5,17-Dihydroxy-25,26,27,28-tetra(1-propyloxy)calix[4]arene (4)


n-BuLi (1.6 M in hexanes, 2.00 mL, 3.20 mmol, 2.4 eq.) was
added dropwise to a stirred solution of di-bromo compound 3
(1.00 g, 1.33 mmol) in THF (50 mL) under argon at −78 ◦C. The
reaction mixture was stirred at that temperature for 20 min and
then B(OMe)3 (0.75 mL, 6.7 mmol, 5 eq.) was added. The mixture
was allowed to warm to room temperature and stirred for 18 h.
Then the reaction flask was placed in an ice-water bath and the
reaction mixture was treated with an ice-cold solution of 30%
H2O2 (2.7 mL, 26 mmol, 20 eq.) in 3 N aqueous NaOH solution
(4.4 mL, 13 mmol, 10 eq.). After stirring the mixture at room
temperature for 6 h, H2O (100 mL) was added and the aqueous
layer was extracted with a mixture of diethyl ether (100 mL) and
dichloromethane (20 mL). The organic layer was washed with
H2O (2 × 100 mL) and brine (100 mL) and dried over MgSO4.
Chromatographic purification (flash column, silica gel, CHCl3–
3% MeOH) and drying under high vacuum afforded a colourless
oil (707 mg, 1.13 mmol, 85%). Found: C, 76.34; H, 7.73. C40H48O6
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requires C, 76.89; H, 7.74%; dH(500 MHz, CDCl3) 7.02 (4 H, d,
J 7.5), 6.81 (2 H, t, J 7.5), 6.29 (2 H, s), 5.53 (4 H, s), 4.39 (4 H,
d, J 13.2), 3.96 (4 H, t, J 8.2), 3.61 (4 H, t, J 6.6), 3.06 (4 H, d,
J 13.2), 1.94–1.80 (8 H, m), 1.09 (6 H, t, J 7.4), 0.84 (6 H, t, J
7.5); dC(125 MHz, CDCl3) 160.0, 149.8, 149.2, 136.7, 134.6, 128.9,
121.8, 114.2, 76.9, 76.4, 31.1, 23.4, 22.9, 10.8, 9.76; m/z (MALDI-
ToF) 624 (M•+), 647 ([M + Na]+), 663 ([M + K]+); ESI-HRMS: m/z
calc. for C40H52NO6: 642.37891 ([M + NH4]+); found: 642.37820;
for C40H48NaO6: 647.33431 ([M + Na]+); found: 647.33439.


For crystallisation the oil was dissolved in dichloromethane.
Under heating, MeOH was added and dichloromethane was
allowed to evaporate. After cooling, colourless small needles
were collected and dried under high vacuum (217 mg, yield
not optimised; according to 1H NMR spectroscopy no solvent
molecules included), mp 265 ◦C.


5,17-Di(2-bromo-benzyloxy)-25,26,27,28-
tetra(1-propyloxy)calix[4]arene (2)


A mixture of dihydroxy-calixarene 4 (379 mg, 0.606 mmol), 2-
bromobenzyl bromide (333 mg, 1.33 mmol) and caesium carbon-
ate (433 mg, 1.33 mmol) in acetone (25 mL) was refluxed for 24 h.
After cooling, the mixture was partitioned between water (100 mL)
and diethyl ether (100 mL). The organic layer was washed with wa-
ter (two times 100 mL) and brine (100 mL), dried over MgSO4 and
concentrated in vacuo. Chromatographic purification (flash col-
umn, silica gel, 50% cyclohexane–50% chloroform) and drying un-
der high vacuum afforded a colourless solid (378 mg, 0.393 mmol,
65%). Mp 58 ◦C; found: C, 67.32; H, 6.19. C54H58Br2O6 requires
C, 67.36; H, 6.07; Br, 16.60; O, 9.97%; dH(500 MHz, CDCl3) 7.47
(2 H, dd, J 1.1, 7.9), 7.38 (2 H, dd, J 1.2, 7.5), 7.19 (2 H, dt, J 1.0,
7.5), 7.06 (2 H, dt, J 1.7, 7.6), 6.66 (4 H, d, J 7.2), 6.61–6.58 (2 H,
m), 6.26 (4 H, s), 4.76 (4 H, s), 4.43 (4 H, d, J 13.3), 3.86 (4 H, t,
J 7.5), 3.78 (4 H, t, J 7.44), 3.10 (4 H, d, J 13.3), 1.97–1.87 (8 H,
m), 1.01–0.97 (12 H, m); dC(125 MHz, CDCl3) 156.6, 153.0, 150.9,
137.0, 135.7, 135.0, 132.2, 128.6, 128.2, 127.3, 122.1, 121.8, 114.5,
76.8, 76.7, 69.7, 31.2, 23.21, 23.19, 10.4, 10.3; m/z (MALDI-ToF)
983 ([M + Na]+), 999 ([M + K]+), 1093 ([M + Cs]+).


Isomers 1a and 1b


A mixture of calixarene 2 (190 mg, 0.197 mmol) and potassium
carbonate (109 mg, 0.789 mmol) in N,N-dimethylacetamide
(DMA, 2 mL) in a screw-cap vial equipped with a magnetic stirrer
was carefully degassed and argon-saturated by two freeze-and-
pump cycles. After the addition of Pd(OAc)2 (4.4 mg, 0.020 mmol)
and PCy3–HBF4 (14.5 mg, 0.0394 mmol), two more degassing
cycles were carried out. The reaction mixture was heated to
130 ◦C for 24 h. At the end of the reaction the colour had
changed from yellow to grey. After cooling to room temperature,
the mixture was partitioned between water (100 mL) and diethyl
ether (100 mL)–dichloromethane (20 mL). The organic layer was
washed with water (100 mL) and brine (100 mL), dried over
MgSO4 and concentrated in vacuo. The first chromatographic
purification (flash column, silica gel, 95% cyclohexane–5% ethyl
acetate) gave a mixture of three compounds. Collection of the last
band of a second chromatography (flash column, silica gel, 75%
chloroform–25% cyclohexane) and drying under high vacuum
afforded isomer 1a as a colourless solid (53.2 mg), crystals


suitable for single crystal X-ray structural analysis were grown
from chloroform–ethanol. A mixed fraction of 1a and 1b was
concentrated in vacuo and dried under high vacuum, the ratio of
isomers was determined from 1H NMR spectroscopy (22.5 mg 1a
and 3.0 mg 1b). Purification of the residual material by HPLC
(88% cyclohexane–6% chloroform–6% diethyl ether) and drying
under high vacuum yielded isomer 1b (70.4 mg), and crystals
suitable for single crystal X-ray structural analysis were grown
from chloroform–dichloromethane–methanol.


Isomer 1a (75.7 mg, 0.0944 mmol, 48%)


Mp 282 ◦C (decomp.); found: C, 80.68; H, 7.09. C54H56O6 requires
C, 80.97; H, 7.05%; dH(500 MHz, CDCl3) 7.72 (2 H, d, J 7.5,
H6′/13′), 7.38–7.34 (2 H, m, H5′/12′), 7.31–7.26 (4 H, m, H3′/10′,
H4′/11′), 6.88 (2 H, s, H4/18), 6.33–6.31 (1 H, m, H23), 6.26 (2
H, d, J 7.5, H22/24), 6.00 (1 H, t, J 7.5, H11), 5.73 (2 H, d, J 7.5,
H10/12), 5.01 (2 H, d, J 13.0, H1′/8′), 4.99 (2 H, d, J 13.0, H1′/8′),
4.53 (2 H, d, J 14.4, H8ax./14ax.), 4.42 (2 H, d, J 13.3, H2ax./20ax.),
4.08 (2 H, d, J 13.6, H8eq./14eq.), 4.05 (4 H, m, O–CH2 (A/C)),
3.71 (2 H, t, J 6.6, O–CH2 (B)), 3.64 (2 H, t, J 6.6, O–CH2 (D)),
3.14 (2 H, d, J 13.4, H2eq./20eq.), 2.07–1.97 (4 H, m, CH2 (A/C)),
1.96–1.91 (2 H, m, CH2 (B)), 1.90–1.84 (2 H, m, CH2 (D)), 1.19
(3 H, t, J 7.5, CH3 (B)), 1.11 (3 H, t, J 7.5, CH3 (D)), 0.91 (6 H,
t, J 7.5, CH3 (A/C)); dC(125 MHz, C2D2Cl4, 55 ◦C) 155.0 (C27),
154.9 (C25), 154.3 (C26/28), 150.6 (C5/17), 137.7 (C3/19), 134.3
(C7/15), 133.6 (C9/13, C2′/9′), 132.3 (C1/21), 130.8 (C7′/14′),
127.8 (C5′/12′), 127.1 (C22/24), 126.4 (C4′/11′), 126.3 (C10/12,
C6′/13′), 124.9 (C3′/10′), 122.7 (C6/16), 122.4 (C11), 122.2 (C23),
116.5 (C4/18), 76.6 (O–CH2 (D)), 76.5 (O–CH2 (A/C)), 76.1 (O–
CH2 (B)), 69.3 (C1′/8′), 30.9 (C2/20), 27.4 (C8/14), 23.5 (CH2


(B)), 23.3 (CH2 (D)), 22.7 (CH2 (A/C)), 10.8 (CH3 (B)), 10.7
(CH3 (D)), 9.7 (CH3 (A/C)); m/z (ESI, CHCl3–MeOH) 801.4
([M + H]+).


Isomer 1b (73.4 mg, 0.0916 mmol, 46%)


Mp 282 ◦C (decomp.); found: C, 80.86; H, 7.13. C54H56O6 requires
C, 80.97; H, 7.05%; dH(500 MHz, CD2Cl2) 7.77 (2 H, d, J 7.8,
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H6′/13′), 7.42–7.37 (2 H, m, H5′/12′), 7.31–7.30 (4H, m, H3′/10′,
H4′/11′), 6.88 (2 H, s, H4/16), 6.20–6.15 (4 H, m. H11/23,
H12/24), 5.87 (2 H, dd, J 2.2, 6.9, H10/22), 5.036 (2 H, d, J
12.7, H1′/8′), 5.020 (2 H, d, J 12.7, H1′/8′), 4.55 (2 H, d, J 14.1,
H8ax./20ax.), 4.45 (2 H, d, J 13.5, H2ax./14ax.), 4.14 (2 H, d, J 14.3,
H8eq./20eq.), 4.13–4.03 (4 H, m, O–CH2 (A/C)), 3.74–3.65 (4 H, m,
O–CH2 (B/D)), 3.14 (2 H, d, J 13.6, H2eq./14eq.), 2.12–1.98 (4 H,
m, CH2 (A/C)), 1.97–1.90 (4 H, m, CH2 (B/D)), 1.17 (6 H, t, J
7.4, CH3 (B/D)), 0.94 (6 H, t, J 7.5, CH3 (A/C)); dC(125 MHz,
C2D2Cl4) 155.5 (C25/27), 155.1 (C26/28), 151.3 (C5/17), 138.3
(C3/15), 134.9 (C7/19), 134.33 (C9/21), 134.28 (C2′/9′), 132.9
(C1/13), 131.4 (C7′/14′), 128.2 (C5′/12′), 127.2 (C12/24), 127.0
(C10/22, C4′/11′), 126.9 (C6′/13′), 125.3 (C3′/10′), 123.3 (C6/18),
122.8 (C11/23), 117.0 (C4/16), 77.4 (O–CH2 (A/C)), 77.0 (O–
CH2 (B/D)), 69.8 (C1′/8′), 31.3 (C2/14), 27.9 (C8/20), 24.0 (CH2


(B/D)), 23.3 (CH2 (A/C)), 11.1 (CH3 (B/D)), 10.0 (CH3 (A/C));
m/z (ESI, CHCl3–MeOH) 801.4 ([M + H]+).


5,11,17,23-Tetrabenzyloxy-25,26,27,28-
tetra(1-propyloxy)calix[4]arene (8)


Tetraiodocalix[4]arene 7 (547 mg, 0.500 mmol) was combined
with copper(I) iodide (38 mg, 0.20 mmol), 1,10-phenanthroline
(76 mg, 0.42 mmol), caesium carbonate (1.30 g, 4.00 mmol),
benzyl alcohol (4.33 g, 40.0 mmol) and toluene (4.1 mL). The
reaction tube was sealed and the mixture was stirred at 110 ◦C for
48 h. The resulting suspension was cooled to room temperature
and filtered through a pad of silica gel, eluting with diethyl ether.
The filtrate was concentrated in vacuo. Purification of the residue
by flash chromatography (silica gel, 95–90% cyclohexane, 5–10%
ethyl acetate) and subsequent trituration with dichloromethane–
methanol provided a colourless solid (173 mg, 0.170 mmol, 34%).
Mp 151 ◦C; found: C, 80.22; H, 7.25; C68H72O8 requires C, 80.28;
H, 7.13%; dH(500 MHz, CDCl3) 7.33–7.27 (16 H, m), 7.24–7.21
(4 H, m), 6.30 (8 H, s), 4.74 (8 H, s), 4.41 (4 H, d, J 13.2), 3.77
(8 H, t, J 7.5), 3.03 (4 H, d, J 13.2), 1.94–1.87 (8 H, m), 0.97
(12 H, t, J 7.5); dC(125 MHz, CDCl3) 153.5, 150.8, 137.8, 135.6,
128.4, 127.6, 127.3, 114.2, 76.8, 70.2, 31.4, 23.1, 10.3; m/z (ESI,
CHCl3–MeOH) 1017.4 ([M + H]+).


5,11,17,23-Tetra(2-bromo-benzyloxy)-25,26,27,28-tetra(1-
propyloxy)calix[4]arene (6)


A solution of calix[4]arene 8 (171 mg, 0.168 mmol) in CHCl3–
MeOH (1 : 1, 50 mL) was subjected to hydrogenolysis over 10%
palladium (134 mg) on activated carbon and under a high pressure
of H2 (2 bar) for 20 h. The mixture was filtered over celite, the solid
was washed with CHCl3–MeOH (1 : 1) and the combined filtrate
was concentrated under reduced pressure to afford 5,11,17,23-
tetrahydroxy-25,26,27,28-tetra(1-propyloxy)calix[4]arene 9 which
was used in the following step without further purification.
A mixture of crude tetrahydroxycalix[4]arene 9, 2-bromobenzyl
bromide (253 mg, 1.01 mmol) and caesium carbonate (331 mg,
1.01 mmol) in acetonitrile (25 mL) was refluxed for 24 h. After
cooling, the mixture was partitioned between water (100 mL)
and diethyl ether (100 mL). The organic layer was washed with
water (two times 100 mL) and brine (100 mL), dried over
MgSO4 and concentrated in vacuo. Purification by flash column
chromatography (silica gel, 95% cyclohexane–5% ethyl acetate),


HPLC (80% chloroform–20% cyclohexane) and drying under high
vacuum afforded a colourless oil (138 mg, 0.103 mmol, 61% over
two steps). Found: C, 61.27; H, 5.25; C68H68Br4O8 requires C,
61.28; H, 5.14%; dH(500 MHz, CDCl3) 7.45 (4 H, dd, J 1.3, 8.0),
7.42 (4 H, dd, J 1.5, 7.6), 7.21 (4 H, dt, J 1.3, 7.5), 7.04 (4 H, dt,
J 1.8, 7.7), 6.32 (8 H, s), 4.77 (8 H, s), 4.41 (4 H, d, J 13.2), 3.77
(8 H, t, J 7.2), 3.05 (4 H, d, J 13.2), 1.94–1.87 (8 H, m), 0.97 (12 H,
t, J 7.5); dC(125 MHz, CDCl3) 153.2, 150.9, 137.0, 135.6, 132.2,
128.6, 128.5, 127.3, 121.7, 114.3, 76.9, 69.7, 31.4, 23.2, 10.3; m/z
(ESI, CHCl3–MeOH) 1333 [M + H]+.


Direct intramolecular arylation of 6


A mixture of calixarene 6 (138 mg, 0.104 mmol) and potassium car-
bonate (115 mg, 0.828 mmol) in N,N-dimethylacetamide (DMA,
2.8 mL) in a screw-cap vial equipped with a magnetic stirrer was
carefully degassed and argon-saturated by two freeze-and-pump
cycles. After the addition of Pd(OAc)2 (4.7 mg, 0.021 mmol)
and PCy3–HBF4 (15.3 mg, 0.0414 mmol), two more degassing
cycles were carried out. The reaction mixture was heated to
130 ◦C. After 24 h, its colour had changed from yellow to brown
and after a further 12 h to black. Subsequently it was cooled to
room temperature and the mixture was partitioned between water
(100 mL) and diethyl ether (100 mL)–dichloromethane (20 mL).
The organic layer was washed with water (100 mL) and brine
(100 mL), dried over MgSO4 and concentrated in vacuo.


Crystal structure determination§


Crystal data for 1a. C54H56O6, M = 800.99, monoclinic, a =
17.3668(7), b = 11.4423(3), c = 23.2936(9) Å, b = 108.9726(17)◦,
V = 4377.3(3) Å3, T = 100 K, space group P21/c, Z = 4, l(Mo-
Ka) = 0.078 mm−1, 41 011 reflections measured, 9820 unique
(Rint = 0.056) which were used in all calculations. The final wR(F 2)
was 0.1447 (all data). CCDC 657956.


Crystal data for 1b. C54H56O6, M = 800.99, triclinic, a =
11.5936(2), b = 11.6506(3), c = 17.2247(3) Å, a = 73.0552(11),
b = 75.3562(13) c = 77.6072(12)◦, V = 2128.35(8) Å3, T =
100 K, space group P1̄, Z = 2, l(Mo-Ka) = 0.080 mm−1, 59 242
reflections measured, 12 396 unique (Rint = 0.068) which were used
in all calculations. The final wR(F 2) was 0.1271 (all data). CCDC
657957.
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Reactions of 5-alkynyl-2′-deoxyuridines with dicobalt octacarbonyl Co2(CO)8 in THF at room
temperature gave hexacarbonyl dicobalt nucleoside complexes (77–93%). The metallo-nucleosides were
characterized, including an X-ray structure of a 1-cyclohexanol derivative. In crystalline form, the
Co–Co bond is perpendicular to the plane of the uracil base, which is found in the anti position. The
level of growth inhibition of MCF-7 and MDA-MB-231 human breast cancer cell lines was
examined and compared to results obtained with the alkynyl nucleoside precursors. The cobalt
compounds displayed good antiproliferative activities with IC50 values in the range of
5–50 lM. Interestingly, the coordination of the dicobalt carbonyl moiety to 5-alkynyl-2′-deoxyuridines
led to a significant increase in the cytotoxic potency for alkyl/aryl substituents at the non-nucleoside
side of the alkyne, but in the case of hydrogen (terminal alkyne) or a silyl group, a decrease of the
cytotoxic effect was observed. As demonstrated using examples for an active and a low active target
compound, the cytotoxicity was significantly influenced by the uptake into the tumor cells and the
biodistribution into the nuclei.


Introduction


Bioorganometallic chemistry provides new tools for control
of biological interactions.1–8 In particular, organometallic com-
pounds may offer innovative solutions for medicinal chemistry.
Traditionally, platinum compounds have forged a path in this area,
principally for cancer treatment. Yet, more recently, attention has
encircled other transition metals and their carbonyl derivatives.
For example, rhenium and technetium complexes (1, Fig. 1)
show potential for breast cancer imaging and radiodiagnostics.9,10


Biological assays contrived with the aid of organometallic bio-
conjugates and IR spectroscopy (carbonyl metalloimmunoassay)
have been elaborated.11 One current exciting development includes
protein kinase inhibition by ruthenium complexes (such as 2,
Fig. 1).12 The medicinal potential of metal carbonyl derivatives has
been reviewed not long ago;3,13 their antitumor activity has also
been noted.8 An example includes a triosmium cluster (3, Fig. 1),
which exhibits anti-telomerase activity on semi-purified enzymes
in a cell-free assay but is inactive towards the breast cancer MCF-7
cell line.14 Recently, a nucleoside–iron carbonyl complex (4, Fig. 1)
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University, 2200 N. Squirrel Rd., Rochester, Michigan 48309-4477, USA.
E-mail: dembinsk@oakland.edu
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packing diagrams for compound 8c. See DOI: 10.1039/b713371e
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has been reported as bestowing a significant apoptosis-inducing
activity against BJAB tumor cells.15,16


Hexacarbonyl dicobalt complexes of acetylenes,17 in addition to
material science, inorganic/organometallic or synthetic chemistry,
are employed in medicinal-related investigations.11,18 A biochem-
ical study of a cobalt derivative of 17a-ethynyltestosterone (5,
Fig. 1) showed that the compound is still recognized by the
androgen receptor even when the relative binding affinity is quite
low (0.5%).19 The cytotoxicity of dicobalt hexacarbonyl complexes
has also been reported.20–24 In particular, an aspirin cobalt carbonyl
derivative (6, Fig. 1) was discovered to be antitumor active in vitro
against MCF-7 and MDA-MB-231 human mammary tumor
cells.22,23 In cell culture experiments hexacarbonyl[2-acetoxy-(2-
propynyl)benzoate]dicobalt 6 has been found to be more active
than cisplatin at each tested concentration. It has been demon-
strated that the presence of the cobalt carbonyl is essential to
achieve the cytotoxic effect, as the alkynyl precursor does not ex-
hibit any activity. More systematic structure–activity relationship
studies confirmed the aspirin derivative 6 as the lead compound
and suggested a mode of action in which cyclooxygenase inhibition
plays a major role.24


Modified nucleosides have already acquired an important role
as therapeutic agents.25–29 Cytotoxic nucleoside analogues were
among the first chemotherapeutic agents to be introduced for the
medical treatment of cancer. This family of compounds has grown
to include a variety of purine and pyrimidine nucleoside derivatives
with activity in both solid tumors and hematological malignancies.
These agents behave as antimetabolites, compete with physiologic
nucleosides, and consequently, interact with a large number of
intracellular targets to induce cytotoxicity.25 Potent biological
properties have arisen by substitution at the 5-position of the uracil
base.
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Fig. 1 Structures of representative metal–carbonyl complexes investigated for medicinal potential.


Interest in the use of the ethynyl (acetylenic) fragment for
modification of nucleoside bases has resulted in a great number
of applications for 5-alkynyl uridines.30,31 Considering the anti-
tumor activity of 5-alkynyl-2′-deoxyuridines (7)30 and the high
activity of hexacarbonyl dicobalt species,20–24 a combination of
both structural features in new target compounds was pursued.
This strategy was further motivated by the significant apoptosis
inducing properties of iron nucleoside analogues.15 Similar to the
results obtained with aspirin-derived cobalt carbonyl complexes,
the activity depends on the presence of the iron carbonyl moiety
suggesting that metal carbonyls are useful functional groups for
the modification or inducement of biological activity.


However, up to this date only one alkynyl nucleoside has been
converted into its hexacarbonyl dicobalt complex, and its biolog-
ical evaluation has not been pursued.32 In our ongoing interest
in synthetic transformations of alkynyl-modified nucleosides33


we have communicated a conversion of 5-(p-tolylethynyl)-2′-
deoxyuridine (7d) into its hexacarbonyl dicobalt derivative (8d).32


Here, this methodology was extended to a series of 5-alkynyl-
2′-deoxyuridines, for which significant antiproliferative properties
have been recently reported.30 The preparation and structural char-
acterization of the corresponding Co2(CO)6 complexes is described


as well as the biological evaluation concerning cytotoxicity and
uptake into the tumor cells and nuclei.


Chemistry


The series of 5-alkynyl-2′-deoxyuridines 7a–h (with the following
groups: an alkyl, a cycloalkyl, a cycloalkanol, three alkylphenyls, a
trialkylsilyl, and a terminal alkyne) was synthesized, starting from
5-iodo-2′-deoxyuridine. Isolation in good yields (76–94%) was
carried out according to an improved, frequently chromatography-
free, larger scale protocol.30,34 Conversion to the respective cobalt
carbonyl derivatives 8 came next. As illustrated in Scheme 1, the
alkynyl nucleosides 7a–h were treated with Co2(CO)8 (1.2 equiv.)
in THF at room temperature (22 ◦C) for approx. 1 h. Quantitative
formation of 8 was observed by 1H NMR or TLC. Isolation
was accomplished by open-air standard silica gel column chro-
matography and gave brown or dark red nucleosides 8a–h in high
yield (77–93%). The functional groups of these nucleosides did
not require any protection. The presence of a branched carbon
next to the carbon–carbon triple bond did not affect the yield
of 8c significantly (77%). This was not surprising, since synthesis
of simple cobalt complexes with a 1-ethynylcyclohexan-1-ol motif


Scheme 1 Synthesis of dicobalt hexacarbonyl 5-alkynyl-2′-deoxyuridines 8.
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Table 1 Preparation and cytotoxic activity of hexacarbonyl dicobalt 5-alkynyl-2′-deoxyuridines 8a–h (IC50 values were obtained in two separate
experiments, each n = 6)


IC50/lM


Compound R Yield (%) MCF-7 MDA-MB-231


8a 87 19.5 (±3.5) 29.1 (±3.6)


8b 93 12.6 (±1.4) 36.9 (±1.3)


8c 77 32.2 (±4.0) 47.3 (±3.3)


8d 92 13.3 (±0.2) 22.4 (±0.6)


8e 80 8.5 (±3.0) 8.6 (±0.5)


8f 86 6.8 (±1.0) 10.6 (±0.6)


8g 84a 10.9 (±2.0) 6.8 (±3.2)


8h 87 6.7 (±4.6) 19.4 (±4.5)


Cisplatinb — — 2.0 (±0.3) 4.0 (±1.5)
5-Fluorouracilb — — 4.8 (±0.6) 9.6 (±0.3)


a Forms CHCl3 solvate. b Ref. 24.


have been reported with comparable yields.35 Structures for 8a–h
are depicted in Table 1.


The dicobalt complexes were characterized by 1H and 13C NMR,
IR, and MS. The characteristic NMR (acetone-d6) chemical
shifts for 8a–h include the 1H signal of H-6 (8.29–8.57 ppm)
and 13C signals of C-5 (111.9–113.7, which reflects a downfield
shift as compared to the alkynyl precursors at 97.5–99.6), C≡C
(76.6–112.6), and CoCO (200.5–201.1 ppm).36 Tables comparing
all 1H and 13C NMR chemical shifts for 8a–h are provided in the
ESI† whereas a detailed characterization and similar comparison
for 7a–h is available in our earlier report.30 IR spectra showed a
CO stretching vibrational pattern characteristic for dicobalt hexa-
carbonyl alkynes (2096–2091, 2056–2050, and 2027–2021 cm−1).
Absorptions attributable to the nucleoside core were also observed
(usually three bands between 1702–1603 cm−1). Mass spectra for
8a–h exhibited intense molecular ions and a sequential fragmenta-
tion with a loss of consecutive carbonyl groups.37 Complexes 8 are
obtained as an amorphous powder that can be stored for months
in the freezer (−10 ◦C) under a nitrogen atmosphere without
noticeable decomposition, as confirmed by 1H NMR. They are
more susceptible to degradation, while in organic solvents in
an ambient atmosphere for an extended time (weeks), however,
no significant decomposition was noticed by 1H NMR when an
acetone-d6 solution of 8f was stored in the freezer for 6 months.


A molecular structure of a representative nucleoside was
confirmed by X-ray crystallography.‡ Efforts to obtain diffraction
quality crystals have only been successful in the case of 8c so far, by
evaporation of a methanol–chloroform solution. Fig. 2 illustrates
the molecular structure of the cyclohexanol-substituted nucleoside
cobalt complex. It should first be noted that formation of a cobalt
complex changes the position of the R group relative to the base
since C–C≡C angles in cobalt complexes are of approximately
140–150◦ with the carbon atoms of the C–C≡C–C unit located
in one plane. The C2 carbonyl group of 8c adopted an anti


Fig. 2 An ORTEP view of the 8c with the atom-labeling scheme. Thermal
ellipsoids at the 50% probability level. Selected interatomic distances [Å]:
C(5)–C(7) 1.456(4); C(7)–C(8) 1.347(4); C(8)–C(9) 1.520(4); Co(1)–Co(2)
2.4682(5); O(4) · · · H–O(9) 2.720(3). Key angles [deg]: C(5)–C(7)–C(8)
146.6(3); C(7)–C(8)–C(9) 141.3(2).


orientation towards the ribose ring in the crystalline form: the
glycosidic bond torsion angle v (O4′–C1′–N1–C2) is −126.7(2)◦.
The dihedral angle C(5)–C(7)–C(8)–C(9) of −4.21(7)◦ confirmed
coplanarity of the alkyne and attached carbons. The dicobalt
carbonyl unit is located syn to the ribose ring, with the Co–Co
bond perpendicular to the uracil plane. The cyclohexanol ring
adopted a staggered conformation across the C(8)–C(9) bond with
O(9) of the hydroxyl group anti to the O(4′) of the ribose. In
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relation to the cyclohexanol ring, the Co2(CO)6 unit in 8c occupies
the equatorial location. However, it is likely that the alkyne of non-
coordinated 7c prefers an axial position in the chair conformation,
which has been changed (with a ring flip) after incorporation of
cobalt carbonyl, similar to observations during conformational
studies of 1-ethynylcyclohexanols.35


We also noticed a hydrogen bond between pyrimidine O(4) and
cyclohexanol O(9), which is specific for compound 8c. Unlike the
structure reported for 5-ethynylferrocenyl-2′-deoxycytidine,38 8c
lacks Watson–Crick hydrogen bond motifs. This is due in part
to the intramolecular O(4) · · · H–O(9) contact and non-covalent
contacts between the sugar and base portions of 8c. Base N(3)
and each of the sugar OH groups participate in hydrogen bonds
that contribute to the organization of 8c. Packing diagrams are
available in the ESI.†


Cytotoxicity


After completion of synthesis and characterization, the com-
pounds were investigated for their antitumor activity in vitro
against two different human breast cancer cultures MCF-7
and MDA-MB-231. The results are summarized in Table 1
and illustrated in comparison with the non-coordinated alkynyl
nucleosides 7a–h30 in Fig. 3.


Fig. 3 Effect of the substituents of cobalt complexes 8 and their alkynyl
precursors 7 for the proliferation of MCF-7 (top) and MDA-MB-231
(bottom) human breast cancer cell lines.39


All target compounds displayed significant antiproliferative
effects with IC50 values in the range of 6.7 lM (8h in MCF-7


cells) to 47.3 lM (8c in MDA-MB-231 cells). Thus, the potency
of the more active target compounds is well within the range of
established anticancer drugs such as 5-fluorouracil and cisplatin or
the lead compound for cytotoxic hexacarbonyldicobalt complexes
6 (IC50 values in the range of 1–10 lM in this assay).24 With the
exception of 8g, MCF-7 cells were more sensitive towards the
action of metallo-nucleosides, which is in good agreement with the
results obtained with the non-coordinated alkynyl deoxyuridines
7a–h. Interestingly, 7a–d were inactive (IC50 values above 50 lM)
whereas their cobalt carbonyl derivatives 8a–d displayed activity
in both tumor cell cultures investigated (Fig. 3). The alkynyl
deoxyuridine 7f had shown significant selectivity towards MCF-
7 cells and was inactive in MDA-MB-231 cells. This selectivity
almost disappeared for the corresponding Co2(CO)6 derivative 8f
as good antiproliferative effects could be noted in MDA-MB-
231 cells. Concerning the alkyne precursors, derivatives with a
hydrogen or silyl group at one end of the alkyne moiety were most
active (IC50 values lower than 5 lM in all experiments with 7g and
7h). For the respective cobalt carbonyl species 8g and 8h the an-
tiproliferative activity was decreased (IC50 values 6.7 to 19.4 lM).


Obviously, the coordination of alkynes to Co2(CO)6 has a
strong influence on the biological activity of the respective
alkyne compounds. In general, the coordination process led to
a significant increase in the cytotoxic potency for alkyl/aryl
substituents at the non-nucleoside side of the alkyne, but in the
case of hydrogen (terminal alkyne) or a silyl group, a decrease of
the cytotoxic effect was observed.


Uptake into cells and nuclei


Previous experiments proved that the hexacarbonyl dicobalt
structure strongly increases the lipophilicity of alkyne species.24


Thus, derivatization of deoxyuridines as cobalt carbonyl deriva-
tives will alter their cellular uptake, intracellular distribution
and interaction with biomolecules such as DNA, which can be
considered the main target for novel nucleoside analogues. HPLC
experiments using a reversed phase stationary phase were carried
out for the selected alkyne/cobalt alkyne pairs 7g/8g and 7h/8h,
and confirmed the lipophilicity increase associated with addition
of the dicobalt hexacarbonyl unit (as indicated by the higher
retention times of the complexes compared to the free ligands,
see ESI for more details†).


One of the least active (8c) and one of the most active (8f)
target compounds were selected for further studies on the uptake
of the complexes into the tumor cells and into the nuclei of the
cells. For this purpose, an established analytical method based on
atomic absorption spectroscopy was applied. Fig. 4 shows the time
dependent uptake of 8c and 8f into MCF-7 and MDA-MB-231
tumor cells. In general, the cellular levels were significantly higher
for 8f than for 8c, which is in good agreement with the results from
the cytotoxicity studies. Complex 8f reached the highest levels
after 6 h exposure while 8c accumulated faster (maxima after 2 h
incubation). During 24 h the cellular cobalt contents decreased
for both complexes. This trend was less striking in the MCF-7
cell line and probably contributes to the higher overall sensitivity
of MCF-7 compared to MDA-MB-231 cells. Altogether these
results indicate that cellular uptake plays an important role for
the bioactivity of cobalt carbonyl nucleosides. It can be assumed
that the hydroxyl group positioned on the cyclohexanol moiety of
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Fig. 4 Cellular uptake of complexes 8c and 8f into MCF-7 (top) and
MDA-MB-231 (bottom); results are expressed as nmol compound per mg
cellular protein (n = 6).


Table 2 Nuclear uptake of complexes 8c and 8f into MCF-7 and MDA-
MB-231 cells after exposure for 24 h; results are expressed as nmol
compound per mg nuclear protein (n = 2)


Nuclear uptake/nmol mg−1


Cell line 8c 8f


MCF-7 0.051 (±0.020) 0.217 (±0.096)
MDA-MB-231 0.043 (±0.014) 0.321 (±0.159)


8c has a negative effect on cellular drug accumulation (due to a
decrease of lipophilicity) and influences excretion or metabolism.


In order to evaluate if the target compounds reached the cellular
location of their biological target DNA, the nuclei were isolated
and the drug amount was quantified after exposure for 24 h
(Table 2). The uptake into the nuclei increased in the same order
as the cytotoxicity and cellular uptake (8c < 8h). Thus, it can be
concluded that both the intracellular distribution into the nuclei
and the cellular uptake determine the antiproliferative properties
of the investigated target compounds.


Conclusions


The present study shows that the concept of Co2(CO)6 derivati-
zation can be used to change the potency of bioactive nucleoside
compounds but a critical selection of the alkyne ligand remains an
important issue. As summarized in Fig. 3, the Co2(CO)6 moiety


may be a useful tool to convert inactive nucleosides into active
ones but does not necessarily improve the cytotoxicity of already
strong antiproliferative active derivatives. Explanations for this
discrepancy may be found by the investigation of the molecular
interactions with potential biological targets such as DNA or
DNA related enzymes, which is the subject of ongoing studies.


In general, the presented results are in line with the former
investigation of derivatives of benzoic acids, which showed that
small structural modifications of the ligand structure can cause
significant changes in the biological activity.24 Moreover, the
crystallographic data presented in this report underlined the
impact of Co2(CO)6 coordination on the three dimensional
structure of the nucleoside ligand. As demonstrated by means
of an active and a poorly active complex, the uptake into the cells
and intracellular biodistribution into the nuclei—parameters that
are strongly influenced by the presence of the cobalt carbonyl
complex—play an important role in the bioactivity of cobalt
metallo-nucleosides.


Previous studies on 6 showed a high chemical stability of the
Co2(CO)6-alkyne moiety,23 as well as an extremely low cellular
uptake of the precursor compound Co2(CO)8.24 Therefore, it can
be assumed that only intact complexes are accumulated inside the
cells where they supposedly interact with biological targets and/or
are transformed to active metabolites. The fate of the complexes
inside the cells remains to be elucidated in detail. However, as
indicated by evaluation of the cobalt content of the nuclei, some
amounts of the complexes reach the main location of the most
probable primary target DNA.


As an overall result, our studies showed that the alkyne cobalt
carbonyl organometallic fragment is a useful tool in medicinal
chemistry research concerning the modulation of the properties of
known drugs or bioactive compounds.


Experimental section


General


Commercial chemicals were treated as follows: THF distilled
from Na–benzophenone. Co2(CO)8 (Acros or Strem), silica gel
(J. T. Baker, 60–200 mesh), TLC plates Analtech GF, cat. number
2521 or Merck 60, cat. number 5715 used as received. 5-Alkynyl-
2′-deoxyuridines 7 were obtained as described.30,40 Other materials
not listed were used as received.


IR spectra were recorded on a Bio-Rad FTS-175C spectrometer.
NMR spectra were obtained on a Bruker Avance DPX-200
spectrometer (1H of 200 MHz and 13C of 50 MHz). Chemical
shift values (d) are in ppm and coupling constant values (J) are in
Hz. Mass spectra were recorded on a Micromass ZQ instrument;
m/z indicates the most intense peak of the isotope envelope.
Microanalyses were conducted by Atlantic Microlab.


Synthesis of hexacarbonyl dicobalt 5-alkynyl-2′-deoxyuridines (8).
General procedure:


A Schlenk flask was charged under a nitrogen atmosphere with
Co2(CO)8 (typically 0.36–0.46 mmol, 1.2 equiv.), THF (typically 4–
6 mL), and 7 (typically 0.30–0.38 mmol). The mixture was stirred
for ca. 1 h at room temperature (22 ◦C). The solvent was removed
by rotary evaporation and the residue was dried by oil pump
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vacuum for 1 h. The solid was dissolved in a minimum amount
of CHCl3 (ca. 1 mL). Silica gel column chromatography (typically
25 × 2.5 cm; CHCl3–CH3OH 100 : 0 → 90 : 10) gave a red-
brown fraction. Solvent was removed by rotary evaporation and
the residue was dried by an oil pump vacuum to give the dicobalt
hexacarbonyl compounds 8a–h as a brown or dark red powder that
were stored, under a nitrogen atmosphere, in a freezer at −10 ◦C.


Hexacarbonyl dicobalt 5-pent-1-yn-1-yl-2′-deoxyuridine (8a)


From 7a (0.0997 g, 0.339 mmol) and Co2(CO)8 (0.1390 g,
0.4065 mmol), in THF (6 mL). Dark brown solid of 8a (0.1711 g,
0.2949 mmol, 87%). Anal. (C20H18Co2N2O11) C, H: calcd, 41.40,
3.13; found, 41.40, 3.32%. IR (cm−1, KBr) mCoCO 2091 s, 2050 vs,
2021 vs; 1702 s, 1686 s, 1638 w. MS (ES+, AcOK, MeOH) 619
((M + K)+, 15%), 591 ((M − CO + K)+, 8%), 563 ((M − 2CO +
K)+, 6%), 535 ((M − 3CO + K)+, 8%), 507 ((M − 4CO + K)+, 6%),
333 ((M − Co2(CO)6 + K)+, 100%). NMR (acetone-d6):36 1H 10.28
(s, 1H, N-3), 8.37 (s, 1H, H-6), 6.39 (dd, J = 7.7, 6.2, 1H, H-1′),
4.58–4.48 (m, 1H, OH-5′), 4.43 (d, J = 3.7, 1H, OH-3′), 4.32 (t,
J = 4.8, 1H, H-3′), 4.04 (q, J = 2.2, 1H, H-4′), 3.90–3.75 (m, 2H,
H-5′), 3.09 (t, 2H, J = 7.9, H-1′′), 2.36–2.25 (m, 2H, H-2′), 1.71
(sextet, 2H, J = 7.7, H-2′′), 1.06 (t, 3H, J = 7.3, H-3′′); 13C{1H}
201.0 (CoCO), 161.5 (C-4), 150.8 (C-2), 140.2 (C-6), 113.3 (C-5),
104.8 (dU–C≡C), 89.3 (C-4′), 86.6 (C-1′), 85.6 (dU-C≡C), 73.0
(C-3′), 63.3 (C-5′), 41.9 (C-2′), 37.4 (C-1′′), 26.0 (C-2′′), 14.4 (C-3′′).


Hexacarbonyl dicobalt 5-(cyclopropylethynyl)-2′-deoxyuridine (8b)


From 7b (0.1012 g, 0.3462 mmol) and Co2(CO)8 (0.1421 g,
0.4155 mmol), in THF (6 mL). Dark brown solid of 8b (0.1851 g,
0.3201 mmol, 93%). Anal. (C20H16Co2N2O11) C, H: calcd, 41.54,
2.79; found, 41.01, 2.90%. IR (cm−1, KBr) mCoCO 2091 s, 2051 vs,
2022 vs; 1702 s, 1686 s, 1637 w. MS (ES+, AcOK, MeOH) 617
((M + K)+, 30%), 589 ((M − CO + K)+, 11%), 561 ((M − 2CO +
K)+, 6%), 533 ((M − 3CO + K)+, 13%), 505 ((M − 4CO + K)+,
10%), 331 ((M − Co2(CO)6 + K)+, 100%). NMR (acetone-d6):36


1H 10.27 (s, 1H, N-3), 8.35 (s, 1H, H-6), 6.39 (dd, J = 7.6, 6.3,
1H, H-1′), 4.59–4.47 (m, 1H, OH-5′), 4.43 (d, J = 3.6, 1H, OH-3′),
4.31 (t, J = 4.6, 1H, H-3′), 4.08–3.98 (m, 1H, H-4′), 3.90–3.65
(m, 2H, H-5′), 2.62–2.41 (m, 1H, H-1′′), 2.38–2.21 (m, 2H, H-2′),
1.24–1.06 and 0.95–0.65 (2 m, 2 × 2H, H-2′′ and H-3′′); 13C{1H}
200.8 (CoCO), 161.3 (C-4), 150.8 (C-2), 139.6 (C-6), 113.2 (C-5),
109.2 (dU–C≡C), 89.2 (C-4′), 86.4 (C-1′), 85.0 (dU–C≡C), 73.0
(C-3′), 63.2 (C-5′), 41.8 (C-2′), 16.3 (C-1′′), 13.1 and 12.9 (C-2′′ and
C-3′′).


Hexacarbonyl dicobalt 5-[(1-hydroxycyclohexyl)ethynyl]-2′-
deoxyuridine (8c)


From 7c (0.1332 g, 0.3802 mmol) and Co2(CO)8 (0.1560 g,
0.4562 mmol), in THF (6 mL). Dark brown solid of 8c (0.1850 g,
0.2912 mmol, 77%). Anal. (C23H22Co2N2O12) C, H: calcd, 43.42,
3.49; found, 43.41, 3.77%. IR (cm−1, KBr) mCoCO 2093 s, 2054 vs,
2025 vs; 1702 s, 1670 s, 1637 w. MS (ES+, AcOK, MeOH) 1311
((2 M + K)+, 12%), 675 ((M + K)+, 53%), 647 ((M + K − CO)+,
35%), 619 ((M − 2CO + K)+, 8%), 591 ((M − 3CO + K)+, 21%),
389 ((M − Co2(CO)6 + K)+, 100%). NMR (acetone-d6):36 1H 10.60
(s, 1H, N-3), 8.47 (s, 1H, H-6), 6.38 (dd, J = 7.9, 5.9, 1H, H-1′),
5.59 (s, 1H, HO–C6H10), 4.53 (br s, 1H, OH-5′), 4.45 (br s, 1H, OH-


3′), 4.34 (br s, 1H, H-3′), 4.11–4.01 (m, 1H, H-4′), 3.92–3.70 (m,
2H, H-5′), 2.45–2.15 (m, 2H, H-2′), 2.00–1.45 (m, 9H, c-C6H10),
1.35–1.10 (m, 1H, c-C6H10); 13C 200.8 (CoCO), 162.9 (d, J = 9.6,
C-4), 150.3 (d, J = 8.0, C-2), 142.2 (d, J = 183.5, C-6), 113.1 (s,
C-5), 112.6 (dU–C≡C), 89.4 (d, J = 149.4, C-4′), 86.7 (d, J =
170.4, C-1′), 84.4 (d, J = 3.5, dU–C≡C), 73.2 (s, C-1′′), 73.0 (d,
J = 149.1, C-3′), 63.1 (d, J = 139.9, C-5′), 42.0 (t, J = 133.2, C-2′),
40.6 and 40.4 (2t, J = 132.1, C-2′′), 26.5 (t, J = 125.0, C-4′′), 23.9
and 22.8 (2t, J = 129.1, C-3′′).


Hexacarbonyl dicobalt 5-[(4-methylphenyl)ethynyl]-
2′-deoxyuridine (8d)


From 7d (0.1016 g, 0.2968 mmol) and Co2(CO)8 (0.1218 g,
0.3561 mmol), in THF (5 mL). Dark brown solid of 8d (0.1716 g,
0.2731 mmol, 92%). Anal. (C24H18Co2N2O11) C, H: calcd, 45.88,
2.89; found, 45.66, 3.36%. IR (cm−1, KBr) mCoCO 2092 s, 2055 vs,
2023 vs; 1690 s, 1603 w. MS37 (ES+, KCl, MeOH) 1295 ((2 M +
K)+, 36%), 667 ((M + K)+, 92%), 639 ((M + K − CO)+, 100%),
629 ((M + H)+, 12%). NMR (acetone-d6):36 1H 10.32 (s, 1H, N-
3), 8.43 (s, 1H, H-6), 7.53 (d, J = 8.0, 2H, o-C6H4C≡C), 7.19
(d, J = 8.0, 2H, m-C6H4C≡C), 6.43 (t, J = 6.9, 1H, H-1′), 4.52
(br s, 1H, OH-5′), 4.43 (d, J = 2.7, 1H, OH-3′), 4.24 (t, J = 4.5,
1H, H-3′), 4.06–4.02 (m, 1H, H-4′), 3.83–3.68 (m, 2H, H-5′), 2.32
(s, 3H, CH3), 2.40–2.25 (m, 2H, H-2′); 13C{1H} 200.5 (CoCO),
160.8 (C-4), 150.8 (C-2), 139.8 (C-6), 138.8 (p-C6H4C≡C), 136.3
(i-C6H4C≡C), 130.6 (o-C6H4C≡C), 130.2 (m-C6H4C≡C), 113.6
(C-5), 96.7 (dU-C≡C), 89.2 (C-4′), 86.4 (C-1′), 86.2 (dU–C≡C),
73.1 (C-3′), 63.3 (C-5′), 41.9 (C-2′), 21.4 (CH3).


Hexacarbonyl dicobalt 5-[(4-pentylphenyl)ethynyl]-2′-deoxyuridine
(8e)


From 7e (0.1200 g, 0.3012 mmol) and Co2(CO)8 (0.1236 g,
0.3614 mmol), in THF (5 mL). Dark brown solid of 8e (0.1643 g,
0.2402 mmol, 80%). Anal. (C28H26Co2N2O11) C, H: calcd, 49.14,
3.83; found, 48.76, 3.93%. IR (cm−1, KBr) mCoCO 2092 s, 2056 vs,
2024 vs; 1700 s, 1686 s, 1606 w. MS (ES+, KCl, MeOH) 721 ((M +
K)+, 65%), 693 ((M − CO + K)+, 100%), 666 ((M − 2CO + K)+,
32%), 638 ((M − 3CO + K)+, 37%), 610 ((M − 4CO + K)+, 64%),
582 ((M − 5CO + K)+, 59%), 554 ((M − 6CO + K)+, 42%), 436
((M − Co2(CO)6 + K)+, 25%). NMR (acetone-d6):36 1H 10.34 (s,
1H, N-3), 8.43 (s, 1H, H-6), 7.56 (d, J = 8.2, 2H, o-C6H4C≡C), 7.22
(d, J = 8.2, 2H, m-C6H4C≡C), 6.43 (dd, J = 7.9, 6.2, 1H, H-1′),
4.58–4.48 (m, 1H, OH-5′), 4.46 (d, J = 3.6, 1H, OH-3′), 4.26 (t, J =
4.6, 1H, H-3′), 4.11–4.00 (m, 1H, H-4′), 3.90–3.67 (m, 2H, H-5′),
2.61 (t, J = 7.3, 2H, H-1′′), 2.42–2.18 (m, 2H, H-2′), 1.74–1.54 (m,
2H, H-2′′), 1.43–1.25 (m, 4H, H-3′′, H-4′′), 0.89 (t, J = 6.6, 3H, H-
5′′); 13C{1H} 200.6 (CoCO), 160.8 (C-4), 150.8 (C-2), 143.8 (C-6),
139.8 (p-C6H4C≡C), 136.5 (i-C6H4C≡C), 130.6 (o-C6H4C≡C),
129.5 (m-C6H4C≡C), 113.6 (C-5), 96.7 (dU–C≡C), 89.2 (C-4′),
86.4 (C-1′), 86.2 (dU–C≡C), 73.1 (C-3′), 63.2 (C-5′), 41.8 (C-2′),
36.4 (C-1′′), 32.3 (C-3′′), 31.8 (C-2′′), 23.2 (C-4′′), 14.3 (C-5′′).


Hexacarbonyl dicobalt 5-[(4-tert-butylphenyl)ethynyl]-2′-
deoxyuridine (8f)


From 7f (0.0622 g, 0.162 mmol) and Co2(CO)8 (0.0665 g,
0.194 mmol), in THF (4 mL). Dark brown solid of 8f (0.0935 g,
0.140 mmol, 86%). Anal. (C27H24Co2N2O11) C, H: calcd, 48.38,
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3.61; found, 48.08, 3.63%. IR (cm−1, KBr) mCoCO 2091 s, 2055 vs,
2025 vs; 1702 s, 1686 s, 1637 w. MS (ES+, AcOK, MeOH) 709
((M + K)+, 100%), 681 ((M + K − CO)+, 71%), 653 ((M − 2CO +
K)+, 29%), 625 ((M − 3CO + K)+, 22%), 597 ((M − 4CO + K)+,
6%), 423 ((M − Co2(CO)6 + K)+, 48%). NMR (acetone-d6):36 1H
10.33 (s, 1H, N-3), 8.44 (s, 1H, H-6), 7.60 (d, J = 8.2, 2H, o-
C6H4C≡C), 7.44 (d, J = 8.2, 2H, m-C6H4C≡C), 6.44 (dd, J = 7.8,
6.2, 1H, H-1′), 4.58–4.47 (m, 1H, OH-5′), 4.43 (d, J = 3.7, 1H, OH-
3′), 4.21 (t, J = 4.6, 1H, H-3′), 4.10–4.00 (m, 1H, H-4′), 3.90–3.65
(m, 2H, H-5′), 2.43–2.16 (m, 2H, H-2′), 1.35 (s, 9H, C(CH3)3); 13C
200.5 (s, CoCO), 160.9 (d, J = 9.3, C-4), 151.8 (br s, p-C6H4C≡C),
151.0 (d, J = 7.4, C-2), 139.8 (d, J = 181.0, C-6), 136.3 (t, J = 7.8,
i-C6H4C≡C), 130.4 (dd, J = 159.8, 6.0, o-C6H4C≡C), 126.5 (dd,
J = 157.2, 6.6, m-C6H4C≡C), 113.6 (s, C-5), 96.5 (s, dU–C≡C),
89.2 (d, J = 147.3, C-4′), 86.4 (d, J = 169.6, C-1′), 86.2 (d, J =
4.8, dU–C≡C), 73.1 (d, J = 151.0, C-3′), 63.3 (t, J = 141.0, C-5′),
41.9 (t, J = 133.8, C-2′), 35.3 (s, C(CH3)3), 31.5 (qt, J = 126.0, 4.4,
C(CH3)3).


Hexacarbonyl dicobalt 5-[(trimethylsilyl)ethynyl]-2′-deoxyuridine
(8g)


From 7g (0.1000 g, 0.3083 mmol) and Co2(CO)8 (0.1266 g,
0.3700 mmol), in THF (5 mL). Dark brown solid of 8g·1/3(CHCl3)
(0.1680 g, 0.2584 mmol, 84%). Anal. (C20H20Co2N2O11Si)·
1/3(CHCl3): C, H: calcd, 37.56, 3.15; found, 37.66, 3.63%. IR
(cm−1, KBr) mCoCO 2090 s, 2052 vs, 2021 vs; 1700 s, 1685 s, 1638 w.
MS (ES+, KCl, MeOH) 648 ((M + K)+, 76%), 620 ((M − CO +
K)+, 61%), 592 ((M − 2CO + K)+, 37%), 564 ((M − 3CO + K)+,
11%), 536 ((M − 4CO + K)+, 65%), 508 ((M − 5CO + K)+, 6%),
480 ((M − 6CO + K)+, 51%), 409 ((M − 6CO − Si(CH3)3 + K)+,
57%), 363 ((M − Co2(CO)6 + K)+, 100%). NMR (acetone-d6):36


1H 10.38 (s, 1H, N-3), 8.29 (s, 1H, H-6), 6.38 (dd, J = 7.9, 5.9, 1H,
H-1′), 4.65–4.47 (m, 1H, OH-5′), 4.44 (d, J = 3.6, 1H, OH-3′), 4.26
(t, J = 4.7, 1H, H-3′), 4.05 (q, J = 2.2, 1H, H-4′), 3.95–3.75 (m,
2H, H-5′), 2.45–2.15 (m, 2H, H-2′), 0.37 (s, 9H, Si(CH3)3); 13C{1H}
201.1 (CoCO), 160.8 (C-4), 150.6 (C-2), 140.7 (C-6), 113.7 (C-5),
98.1 (dU–C≡C), 89.2 (C-4′), 86.5 (C-1′), 85.7 (dU–C≡C), 73.0
(C-3′), 63.1 (C-5′), 41.7 (C-2′), 1.0 (Si(CH3)3).


Hexacarbonyl dicobalt 5-ethynyl-2′-deoxyuridine (8h)


From 7h (0.0802 g, 0.318 mmol) and Co2(CO)8 (0.1305 g,
0.3816 mmol), in THF (6 mL). Dark brown solid of 8h (0.1490 g,
0.2769 mmol, 87%). Anal. (C17H12Co2N2O11) C, H: calcd, 37.94,
2.25; found, 38.04, 2.46%. IR (cm−1, KBr) mCoCO 2096 s, 2055 vs,
2027 vs; 1702 s, 1686 s, 1638 w. MS (ES+, AcOK, MeOH) 577
((M + K)+, 58%), 549 ((M − CO + K)+, 34%), 521 ((M − 2CO +
K)+, 6%), 493 ((M − 3CO + K)+, 20%), 465 ((M − 4CO + K)+,
20%), 291 ((M − Co2(CO)6 + K)+, 100%). NMR (acetone-d6):36


1H 10.25 (s, 1H, N-3), 8.57 (s, 1H, H-6), 6.71 (s, 1H, C≡CH),
6.35 (t, J = 6.6, 1H, H-1′), 4.53 (br s, 1H, OH-5′), 4.44 (br s, 1H,
OH-3′), 4.36 (t, J = 4.2, 1H, H-3′), 4.10–3.93 (m, 1H, H-4′), 3.93–
3.72 (m, 2H, H-5′), 2.39–2.20 (m, 2H, H-2′); 13C 200.9 (s, CoCO),
161.5 (d, J = 9.3, C-4), 150.8 (d, J = 8.0, C-2), 141.0 (d, J =
179.5, C-6), 111.9 (s, C-5), 89.2 (d, J = 148.9, C-4′), 86.6 (d, J =
170.5, C-1′), 83.1 (s, dU–C≡C), 76.6 (d, J = 224.4, dU–C≡C),
72.5 (d, J = 150.3, C-3′), 62.9 (t, J = 140.5, C-5′), 41.9 (t, J =
133.7, C-2′).


Crystallography


Light brown plates of 8c were grown by evaporation of a CHCl3–
MeOH (1 : 1 v/v) solution during 14 days, placed over molecular
sieves in a closed jar under a nitrogen atmosphere in a glove box.
Data were collected as outlined in the ESI (Table S3).†


Biological evaluation


Experiments concerning cytotoxicity and uptake into the cells
and nuclei were performed according to recently described
procedures.24
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Cycloaddition of pyridine N-imine with 6-alkyl-4-oxohex-5-ynoates followed by condensation
with hydrazine provides concise access to pharmacologically active 6-(pyrazolo[1,5-
a]pyridin-3-yl)pyridazinones. For the first time alkynyl heterocycles are also shown to be
effective dipolarophiles for pyridine N-imine, and analogous compounds can be accessed directly
in modest yields through the reaction of 6-(alkyn-1-yl)pyridazin-3-one derivatives.


Introduction


The pyrazolo[1,5-a]pyridine subunit appears in compounds dis-
playing a considerable range of biological activities—in histamine
H3 receptor antagonists,1 dopamine receptor ligands,2 inhibitors
of cyclooxygenase-2,3 serotonin 5-HT3 receptor antagonists,4 P-
glycoprotein inhibitors,5 p38 kinase inhibitors,6 phosphodiesterase
(PDE) inhibitors,7 and in compounds8 with antiherpetic activity.
In many of these compounds, the pyrazolopyridine unit is
substituted at the 3-position. Pyrazolopyridines functionalized at
this position with a pyridazin-3-one or 4,5-dihydropyridazin-3-
one ring in particular have attracted recent interest because of
their adenosine receptor antagonist activity, e.g. FK838,9,10 and
PDE inhibitory activity, e.g. KCA-1312,11 Fig. 1.


Fig. 1 Pharmacologically active 6-(pyrazolo[1,5-a]pyridin-3-yl)pyridazin-
3-ones, FK838 and KCA-1312.


Synthesis of the pyrazolopyridine nucleus is routinely achieved
via a 1,3-dipolar cycloaddition strategy that is well suited for the
subsequent development of a 3-substituent. This is illustrated
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for FK838, Scheme 1, where cycloaddition of alkynoate 2 with
pyridine N-imine (1), generated in situ by treatment of N-
aminopyridinium iodide with base, afforded pyrazolopyridine 3
regioselectively.10 In this case, decarboxylation of the 3-position
followed by acetylation yielded acetylpyrazolopyridine 5. A more
concise route to 5 was developed on a pilot scale through
cycloaddition of 1 with alkynone 6, directly introducing the 3-
acetyl substituent. The N-substituted pyridazinone of FK838 was
subsequently built up from the methylketone over a number of
steps.


Scheme 1 Representative synthesis of FK838.10 Reagents and condi-
tions: (i) N-aminopyridinium iodide, KOH, DMF, 32%; (ii) 47% aq.
HBr, D, 95%; (iii) conc. H2SO4, Ac2O, 41%; (iv) N-aminopyridinium
iodide, KOH–CH2Cl2, H2O, 93%; (v) OHCCO2H·2H2O, AcOH, DMF,
EtOAc, 65%; (vi) N2H4·H2O, Me2NAc, 105–110 ◦C, 95%; (vii) Br(CH2)3-
CO2Et–(PhCH2NEt3)Cl, K2CO3, DMF, MeOH 55 ◦C; (viii) NaOH–H2O,
89% over 2 steps.


As part of a programme to develop the PDE inhibitory activity
of KCA-1312 and analogues, we required a concise route to
6-(pyrazolo[1,5-a]pyridin-3-yl)pyridazin-3-ones that would allow
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Scheme 2 Overall synthetic strategy.


series expansion for structure–activity relationship studies. While
the pyridine N-imine cycloaddition is one of the most widely
employed routes to pyrazolo[1,5-a]pyridines, it has been largely
confined to reactions with simple alkynoates or alkynones such
as 2 and 6 as the dipolarophiles.12 We sought to apply the
reaction with more advanced alkyne dipolarophiles that would
minimize the number of steps required for introduction of
the pyridazinone ring following pyrazolopyridine construction.
It was envisaged that the cycloaddition of dipolarophiles of
type 7 (Scheme 2), containing c-keto ester functionality, would
be straightforward. Subsequent condensation of the immediate
cycloaddition product with hydrazine would then complete the
formation of the dihydropyridazinone ring in just one additional


step to form 8 (R2 = H). We also considered that use of an
alkynyl pyridazinone dipolarophile (9) might enable direct access
to target compounds of type 10 in a single step. These routes
might thus provide complementary access to both pyridazinone
and dihydropyridazinone analogues whilst facilitating convenient
multiple parallel synthesis of a wide range of pyridine ring-
substituted variants through combination of the dipolarophile
with a set of substituted pyridine N-imines (11). Reactions of
alkynyl heterocycles as dipolarophiles in cycloadditions with
pyridine N-imines have not, however, previously been reported
in the literature. In this paper we present the first examples of
such reactions and the utility of alkynes of types 7 and 9 for the
synthesis of pharmacologically active 6-(pyrazolo[1,5-a]pyridin-3-
yl)pyridazin-3-ones.


Results and discussion


Beginning with the alkynyl c-keto ester approach, ethyl 7-methyl-
4-oxooct-5-ynoate (13), Scheme 3, was prepared in a single step
by reaction of ethyl succinyl chloride (12) with (3-methylbut-1-
ynyl)magnesium bromide. Alkyne 13 underwent cycloaddition
with pyridine N-imine satisfactorily when treated with a mix-
ture of N-aminopyridinium mesitylenesulfonate13 and K2CO3 in
DMF at room temperature, affording pyrazolopyridine 14 in
56% yield. Subsequent condensation with hydrazine generated
dihydropyridazinone 15 (92% yield), completing a concise 3-step
sequence. Further derivatisation of the top ring was achieved
by oxidation to the corresponding pyridazinone (16) and by
alkylation to introduce a substituent at the N(2)-position (17 and
18). Attempts to access N(2)-substituted dihydropyridazinones
by direct condensation of keto ester 14 with monosubstituted
hydrazines (e.g. benzyl hydrazine) were unsuccessful however.
The vinylogous amide character of the ketone renders it less
susceptible to nucleophilic attack than the ester, and thus the


Scheme 3 Reagents and conditions: (i) (3-methylbut-1-ynyl)magnesium bromide, THF–Et2O, 0 ◦C, 48%; (ii) N-aminopyridinium mesitylenesulfonate,
K2CO3, DMF, 0 ◦C–rt, 56%; (iii) N2H4, AcOH (aq.), EtOH, D, 92%; (iv) Br2 in AcOH, D, 73%; (v) NaH, BnBr, DMF, rt, 70%; (vi) Cs2CO3, BnBr, DMF,
rt, 78%.
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unsubstituted terminus of the hydrazine reacts preferentially with
the ester to form a hydrazide.‖ The route shown in Scheme 3
was amenable to multiple parallel synthesis of an extensive range
of pyridine ring-substituted analogues through combination of
the dipolarophile with a set of substituted pyridine N-imines (11)
derived in situ from their parent N-aminopyridinium salts.†† The
requisite salts are readily prepared in a single step by reaction of O-
mesitylenesulfonylhydroxylamine with the appropriate pyridine.12


Attention was next focused upon alkynyl pyridazinone 21
as a dipolarophile, Scheme 4. This compound was prepared
by Sonogashira coupling of 3-methyl-1-butyne with excess 3,6-
dichloropyridazine (19) followed by treatment of the coupled
product (20) with hot acetic acid and aqueous acetate. Attempts
to achieve the cycloaddition of 21 with pyridine N-imine under
the conditions employed for alkynone 13 (at room temperature
in DMF) returned the dipolarophile unreacted. Under forcing
conditions (at 120 ◦C) an intractable mixture of polar components
was formed, and it was not possible to achieve the synthesis
of pyrazolopyridine 16 by this route. However, the N-benzyl
derivative (22) of alkynyl pyridazinone 21 proved more promising.


‖ D. R. Adams, R. W. Allcock, P. D. Bailey, I. D. Collier, Z. Jiang and
K. M. Morgan, unpublished results.
†† Detailed PDE inhibitory activities for our 6-(pyrazolo[1,5-a]pyridin-3-
yl)pyridazin-3-one series will be presented elsewhere.


Compound 22 was prepared either by alkylation of 21 with benzyl
bromide or by rearranging the synthetic sequence: beginning with
hydrolysis of 3,6-dichloropyridazine (19) to 6-chloropyridazin-
3(2H)-one (23),14 followed by N-benzylation to 2415 and finally
Sonogashira coupling with 3-methyl-1-butyne. Alkyne 22 was
also unreactive with pyridine N-imine at room temperature.
However, at elevated temperature (120 ◦C), treatment of 22
with N-aminopyridinium mesitylenesulfonate (2 equivalents) and
K2CO3 in DMF over 48 h afforded pyrazolopyridine 18 in 26%
yield. Alkynyl pyridazine 20 was also found to react under
these conditions and afforded pyrazolopyridine 25 in 20% yield.
Treatment of 25 with hot acetic acid and aqueous acetate afforded
the pyridazinone (16), which had not been directly accessible from
21. The use of a dipolarophile such as 22 necessarily gives rise
to the pyridazinone product. Access to the dihydropyridazinone
therefore requires reduction, which can be achieved by treatment
with zinc in acetic acid, as illustrated for the conversion of 18
into 17.


Similar chemistry with the N-phenyl analogue (28) of alkynyl
pyridazine 22 afforded a concise route to pyrazolopyridines 29
and 30, Scheme 5. In this case the acetylenic dipolarophile was
prepared from pyridazinedione 26.16 Thus, chlorination of 26
with POCl3 afforded chloropyridazinone 2717 and subsequent
Sonogashira coupling with 3-methyl-1-butyne afforded alkyne 28
in 76% yield for the two steps. The cycloaddition reaction was


Scheme 4 Reagents and conditions: (i) 3-methyl-1-butyne (0.5 equiv.), (i-Pr)2NH, Bu4NI, CuI, Pd(PPh3)4, THF, 90 ◦C (sealed vessel), 53%; (ii) AcOH,
NaOAc (aq.), reflux, 87%; (iii) K2CO3, BnBr, DMF, rt, 82%; (iv) AcOH, D, 95%; (v) Cs2CO3, BnBr, DMF, rt, 78%; (vi) 3-methyl-1-butyne, (i-Pr)2NH,
Bu4NI, CuI, Pd(PPh3)4, THF, 80 ◦C (sealed vessel), 83%; (vii) N-aminopyridinium mesitylenesulfonate (2–3 equiv.), K2CO3, DMF, 120 ◦C; 25, 20%; 16,
intractable mixture formed; 18, 26%; (viii) AcOH, NaOAc (aq), D, 80%; (ix) Zn, AcOH, D, 56%.
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Scheme 5 Reagents and conditions: (i) POCl3, D, 77%; (ii) 3-methyl-
1-butyne, (i-Pr)2NH, Bu4NI, CuI, Pd(PPh3)4, THF, 80 ◦C (sealed vessel),
99%; (iii) N-aminopyridinium mesitylenesulfonate (2 equiv.), K2CO3,
DMF, 120 ◦C, 50%; (iv) Zn, AcOH, D, 84%.


conducted, as before, with N-aminopyridinium mesitylenesul-
fonate and K2CO3 in hot DMF, affording pyrazolopyridine 29 in
50% yield. Reduction of the latter with zinc in acetic acid efficiently
gave the corresponding dihydropyridazinone (30; 84% yield).


Alkynyl phthalazinone 33 was also found to be effective as a
dipolarophile for pyridine N-imine, Scheme 6. This compound was
prepared in two steps from phthalazinedione 3118 by chlorination
with POCl3 followed by Sonogashira coupling of the intermediate
chloride (32) with 3-methyl-1-butyne. The yield (17%) for the


Scheme 6 Reagents and conditions: (i) POCl3, D, 17%; (ii) 3-methyl-
1-butyne, (i-Pr)2NH, Bu4NI, CuI, Pd(PPh3)4, THF, 80 ◦C (sealed vessel),
91%; (iii) N-aminopyridinium mesitylenesulfonate (2 equiv.), K2CO3,
DMF, 100 ◦C, 40%.


first of these steps was compromised by some competing N-
debenzylation under the reaction conditions with POCl3. As with
the preparation of alkynyl pyridazinones 22 and 28, however,
the Sonogashira coupling to 33 was efficient (91%), provided
that a sealed reaction vessel was used to prevent loss of the
volatile 3-methyl-1-butyne reactant. The cycloaddition step af-
forded pyrazolopyridine 34 in 40% yield when conducted under
similar conditions to the preceding examples in hot DMF.


To test further the scope of the cycloaddition reaction of
pyridine N-imine with alkynyl heterocycles, attention was turned
to alkynyl pyridine 35, prepared in 41% yield by Sonogashira
coupling of 2-chloropyridine with 3-methyl-1-butyne (Scheme 7).
Reaction of alkyne 35 with N-aminopyridinium mesitylenesul-
fonate (2 equiv.) and K2CO3 in DMF at 95 ◦C over 18 h afforded
the target pyrazolopyridine (36) in just 3% yield together with
38% recovery of unreacted alkyne. At reduced temperature (80 ◦C)
over 40 h the yield of pyrazolopyridine 36 rose to 10% with 53%
recovery of unreacted alkyne, suggesting that the reaction outcome
is compromised by competing degradation pathways at higher
temperature.‡‡


Scheme 7 Reagents and conditions: (i) 3-methyl-1-butyne, (i-Pr)2NH, CuI,
Pd(PPh3)4, THF, 70 ◦C (sealed vessel), 41%; (ii) MeI, THF, 60 ◦C, 72%;
(iii) N-aminopyridinium mesitylenesulfonate (2 equiv.), K2CO3 (4 equiv.),
DMF, 80 ◦C, 10%; (iv) N-aminopyridinium mesitylenesulfonate (2 equiv.),
K2CO3 (4 equiv.), DMF, 95 ◦C, 18 h, 39%.


As with the reactions of the alkynyl pyridazine and pyridazinone
derivatives, the cycloaddition of alkynyl pyridine 35 proceeded
with regiocontrol favouring exclusive formation of a product (36)
in which the heterocycle from the dipolarophile is connected to the
3-position of the pyrazolopyridine. The alternative regioisomer


‡‡ Some unreacted dipolarophile was also recovered from the reactions of
the two N-benzyl diazinones (22 and 33), though not from the reactions
of the N-phenyl pyridazinone (28) or the chloropyridazine (20). Alkyne
recovery was respectively 43% and 39% from the reactions of 22 and 33,
which were conducted with two equivalents of the N-aminopyridinium
mesitylenesulfonate. Attempts to improve the yield of isolated product in
these reactions with prolonged reaction times were ineffective. Use of larger
excesses of N-aminopyridinium salt in the reaction complicated product
isolation by generating quantities of tarry residue.
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was not detected. The regiochemical outcome of this reaction was
determined from the NOESY spectrum of 36 and confirmed by the
acquisition of an X-ray crystal structure, Fig. 2. The regiochemical
outcome for the cycloaddition of alkynyl pyridazinone 22 was
similarly confirmed by acquisition of NOESY spectra and X-
ray crystal structures for the product (18) and its reduced
analogue (17). These structures also served to substantiate the
regiochemistry assigned to the reaction of alkynone 13 with
pyridine N-imine, Scheme 3.


Fig. 2 X-Ray crystal structures of compounds 17 (top), 18 (middle) and
36 (bottom).


Cycloaddition reactions of alkynoate and alkynone dipo-
larophiles with pyridine N-imines are typically conducted within
a temperature range of 0–25 ◦C. In contrast, cycloaddition
of the alkynyl heterocycles presented here requires significantly
elevated temperatures in order to proceed. This requirement was
thought likely to reflect reduced dipolarophilic reactivity due to
the comparatively modest electron demand exerted on the alkyne
by the heterocycle. Increased electron demand in the heterocycle
might therefore be expected to enhance the reactivity of the
dipolarophile. In order to verify this expectation at a qualitative
level, alkynyl pyridine 35 was quaternised with methyl iodide and
the resulting alkynyl pyridinium salt (37) tested in the reaction with


pyridine N-imine. When conducted under identical conditions
to the reaction of alkynyl pyridine 35, with N-aminopyridinium
mesitylenesulfonate (2 equiv.) and K2CO3 in DMF at 95 ◦C over
18 h, a greatly improved 39% yield of the pyrazolopyridine product
(38) was obtained from the cycloaddition step. However, the yields
of the cycloaddition reactions of 35 and 37 were not improved with
extended reaction times. Indeed, in the case of alkynyl pyridinium
salt 37 the reaction time could be reduced substantially without
significant reduction in the yield of pyrazolopyridine product.
Thus, the yield of 38 was 37% when the reaction was conducted at
95 ◦C over the reduced duration of 2 h.


Examination of the 13C chemical shifts for the alkyne carbons
of compounds 35 and 37 suggests that quaternisation of the
pyridine nitrogen exerts a substantial polarizing effect upon the
alkyne, which may contribute to the improved reactivity of 37.
The alkyne a and b carbons of compound 35 give resonances at
dC 80 and 96 respectively, whereas the corresponding carbons in
alkynyl pyridinium salt 37 give signals at dC 71 and 117. The
enhanced polarisation of alkyne 37 is also reflected in partial
charge calculations, which give values of −0.130 and −0.109 for
the a and b carbons respectively in alkyne 35 and values of −0.289
and −0.079 for the corresponding carbons in alkyne 37.§§


Conclusions


In summary, concise routes to pharmacologically active 6-
(pyrazolo[1,5-a]pyridin-3-yl)pyridazin-3-ones have been devel-
oped using alkynyl c-keto ester and alkynyl pyridazinone dipo-
larophiles for cycloaddition with pyridine N-imines. Use of the
alkynyl c-keto ester in the cycloaddition furnishes the dihy-
dropyridazinone following an additional hydrazine condensation
step; the alkynyl pyridazinone affords the pyrazolopyridine-
pyridazinone directly. Application of standard reduction and
oxidation procedures permits pyridazinone–dihydropyridazinone
ring interconversion. Previously reported reactions of pyridine
N-imines have been confined to simple alkynone or alkynoate
dipolarophiles. We show here for the first time that reactions
with alkynyl heterocycles are feasible, albeit requiring elevated
temperature. Although yields for the cycloaddition step are
modest, the alkynyl heterocycles are readily prepared through
robust Sonogashira coupling procedures and allow for very concise
routes to pyrazolopyridines substituted at C-3 with a heterocycle.


Experimental


General details


Commercially available reagents from Aldrich, Avocado and Lan-
caster chemical companies were generally used as supplied without
further purification. Tetrahydrofuran, diethyl ether and toluene
were dried by distillation from sodium-benzophenone ketyl under
argon. ‘Light petroleum’ refers to the fraction boiling between
40 ◦C and 60 ◦C. Anhydrous N,N-dimethylformamide was
purchased from Aldrich and used as supplied from Sure/SealTM


bottles. With the exception of the pyridine N-imine cycloadditions,
which were carried out in air to facilitate oxidation of the


§§ Partial charges calculated using standard semi-empirical AM1 methods
within CAChe software.
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immediate dihydropyrazolopyridine cycloadduct, reactions were
routinely carried out under an inert atmosphere of argon or
nitrogen. Analytical thin layer chromatography was carried out
using aluminium backed plates coated with Merck Kieselgel 60
GF254 (Art. 05554). Developed plates were visualized under ultra-
violet light (254 nm) and/or alkaline potassium permanganate
dip. Flash chromatography was performed using DAVISIL R© silica
(60 Å; 35–70 lm) from Fisher (cat. S/0693/60). Fully character-
ized compounds were chromatographically homogeneous.


Melting points were determined using a Stuart Scientific SMP10
apparatus and are uncorrected. IR spectra were recorded on a
Perkin Elmer 1600 FT IR spectrometer. Spectra were recorded
as potassium bromide discs, as solutions in CHCl3, or as films
between sodium chloride plates. Mass spectra were obtained on
Kratos Concept IS EI (electron impact) and Fisons VG Quattro
(electrospray) spectrometers. 1H NMR spectra were recorded at
200 and 400 MHz on Bruker AC200 and DPX400 spectrometers;
13C NMR spectra were recorded at 50 and 101 MHz on the
same instruments. Chemical shifts are recorded in parts per
million (d in ppm) and are referenced against solvent signals (dC


77.16 for chloroform and dC 39.52 for methyl sulfoxide) for 13C
spectra and solvent residual resonances (dH 7.26 for chloroform
and dH 2.50 methyl sulfoxide) for 1H spectra.19 Chemical shift
values are accurate to ±0.01 ppm and ±0.1 ppm respectively. J
values are given in Hz. Multiplicity designations used are: s, d,
t, q, sept and m for singlet, doublet, triplet, quartet, septet and
multiplet respectively. In 13C NMR spectra, signals corresponding
to CH, CH2, or CH3 groups are assigned from DEPT. Elemental
analyses were carried out by the analytical service of the Chemistry
Department at Heriot-Watt University using an Exeter CE-440
Elemental Analyser.


Ethyl 7-Methyl-4-oxooct-5-ynoate (13)


(Part 1) 3-Methyl-1-butyne (11.2 g, 164 mmol) was dissolved in
anhydrous THF (300 mL) and cooled to −15 ◦C (salt–ice bath)
under argon. EtMgBr (3 M solution in Et2O; 55 mL, 165 mmol)
was added slowly over 40 min to give a golden brown homogenous
solution. The mixture was allowed to attain 15 ◦C and was
stirred at that temperature for 18 h. (Note: the alkynyl magnesium
bromide may precipitate!). Further alkyne (ca. 2 mL, 20 mmol)
was added; the mixture was heated at 45 ◦C for 1 h and then cooled
to rt.


(Part 2) The alkynyl magnesium bromide solution from part 1
was cannulated over a period of 3 h into an ice-cooled solution
of ethyl succinyl chloride (71.0 mL, 498 mmol) in anhydrous
Et2O (600 mL). The resulting pale yellow heterogenous mixture
was quenched by addition of saturated NH4Cl solution (20 mL),
concentrated to 200 mL in vacuo and diluted with saturated
NaHCO3 solution (200 mL). The mixture was stirred for 1 h. The
organic layer was then separated from the basic aqueous phase,
washed with brine (40 mL), dried (MgSO4) and concentrated
in vacuo to give the product as a red-brown oil. The crude
product was subjected to flash column chromatography, eluting
with light petroleum–EtOAc (10 : 1). Fractions containing the
target material were combined, concentrated in vacuo and then
distilled under reduced pressure through a 15 cm fractionating
column (84–120 ◦C, 3 mmHg) to afford a yellow oil (26.3 g). This
oil was then dissolved in THF (10 mL) and stirred with saturated


NaHCO3 solution (300 mL) for 1 h. The mixture was extracted
with CH2Cl2 (100 mL); the separated organic phase was washed
with brine, (50 mL), dried (MgSO4) and evaporated to give to
give the title compound (15.6 g; 48%) as a pale red oil in >90%
purity: dH (200 MHz; CDCl3) 1.20 (6 H, d, J 6.9, CH(CH3)2), 1.22
(3 H, t, J 7.1, OCH2CH3), 2.55–2.63 (2 H, m, CH2-2), 2.69 (1 H,
sept, J 6.9, CH(CH3)2), 2.79–2.88 (2 H, m, CH2-3), 4.11 (2 H, q,
J 7.1, OCH2CH3); dC (50 MHz; CDCl3) 14.2 (OCH2CH3), 20.8
(CH(CH3)2), 21.9 (CH(CH3)2), 28.2 (CH2-2), 40.1 (CH2-3), 60.9
(OCH2CH3), 79.6 (C-5), 99.7 (C-6), 172.2 (C-1), 185.9 (C-4); m/z
(EI) 196 (3%, M+), 167 (6%, M+ − Et), 151 (26%, M+ − OEt),
129 (39%, M+ − C≡CCH(CH3)2), 43 (100%, C3H7


+); (found: M+,
196.1099. C11H16O3 requires 196.1099).


Ethyl 4-(2-isopropylpyrazolo[1,5-a]pyridin-3-yl)-4-oxobutanoate
(14)


Powdered K2CO3 (5.64 g, 40.8 mmol) was added to an ice-
cooled solution of 1-aminopyridinium mesitylenesulfonate (6.00 g,
20.4 mmol) in DMF (150 mL) to afford a deep purple heterogenous
mixture. After 15 min 13 (4.60 g, 23.4 mmol) was added and the
mixture stirred for 1 h. The mixture was allowed to attain rt over
18 h and was then partitioned between brine (150 mL) and EtOAc
(70 mL). The aqueous phase was further extracted with EtOAc
(2 × 70 mL), and the combined organic extracts dried (MgSO4)
and evaporated. The residual oil was subjected to flash column
chromatography (5 : 2 light petroleum–EtOAc) to afford the title
compound (3.29 g; 56%) as a colourless powder: mp 72–73 ◦C
(from EtOAc–light petroleum); mmax(KBr)/cm−1 2975, 2935, 1738,
1640, 1618, 1503, 1462, 1441, 1418, 1382, 1368, 1286, 1217, 1178,
1155, 1089, 1018, 998, 804, 763; dH (400 MHz; CDCl3) 1.25 (3 H,
t, J 7.1, OCH2CH3), 1.38 (6 H, d, J 6.9, CH(CH3)2), 2.77 (2 H, t,
J 6.6, CH2-2), 3.23 (2 H, t, J 6.6, CH2-3), 3.78 (1 H, sept, J 6.9,
CH(CH3)2), 4.15 (2 H, q, J 7.1, OCH2CH3), 6.88 (1 H, dt, J6′ ,4′ 1.3,
J6′ ,5′ 6.9, J6′ ,7′ 6.9, H-6′), 7.37 (1 H, ddd, J5′ ,7′ 1.2, J5′ ,6′ 6.9, J5′ ,4′ 9.0,
H-5′), 8.09 (1 H, dt, J4′ ,5′ 9.0, J4′ ,6′ 1.1, J4′ ,7′ 1.1, H-4′), 8.45 (1 H,
dt, J7′ ,6′ 6.9, J7′ ,5′ 1.1, J7′ ,4′ 1.1, H-7′); dC (101 MHz; CDCl3) 14.3
(OCH2CH3), 22.3 (CH(CH3)2), 27.9 (CH(CH3)2), 28.3 (CH2-2),
37.0 (CH2-3), 60.7 (OCH2CH3), 109.6 (C-3′), 113.4 (CH-6′), 119.2
(CH-4′), 127.9 (CH-5′), 129.3 (CH-7′), 141.8 (C-3a′), 164.1 (C-2′),
173.3 (C-1), 192.0 (C-4); m/z (EI) 288 (61%, M+), 243 (52%, M+ −
OEt), 215 (55%, M+ − CO2Et), 187 (93%, M+ − CH2CH2CO2Et);
(found: M+, 288.1474. C16H20N2O3 requires 288.1474); (found C,
66.71; H, 7.03; N, 9.74. C16H20N2O3 requires: C, 66.65; H, 6.99; N,
9.72%).¶¶


6-(2-Isopropylpyrazolo[1,5-a]pyridin-3-yl)-4,5-dihydropyridazin-
3(2H)-one (15)


Keto ester 14 (2.80 g, 9.71 mmol) was boiled for 18 h in a mixture
of aqueous hydrazine buffered to pH 5 with AcOH (1.84 M in
H2NNH2; 53 mL, 97.5 mmol) and EtOH (30 mL). The mixture


¶¶ NMR assignments for compounds 14, 16, 18, 25, 29 and 36 were
supported by the acquisition of NOESY, HSQC and HMBC spectra;
assignments for compounds 20 and 21 were supported by the acquisition
of HSQC and HMBC spectra; assignments for salt 38 were supported by
the acquisition of COSY, NOESY, HSQC and HMBC spectra; 13C NMR
assignments for compound 22 were supported by the acquisition of an
HSQC spectrum. 1H NMR spectra of salts 37 and 38 are shown in the
accompanying ESI file.†
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was then concentrated in vacuo to afford an aqueous slurry that
was extracted with CH2Cl2 (2 × 50 mL). The combined organic
extracts were washed with brine (2 × 20 mL), dried (MgSO4) and
evaporated to give the crude product (2.45 g) as a buff powder.
Trituration of the latter with hot Et2O (50 mL) afforded the title
compound (2.30 g; 92%) as a colourless powder: mp 211–212 ◦C
(from EtOAc–light petroleum); mmax(KBr)/cm−1 3212, 3076, 2958,
1661, 1632, 1537, 1519, 1373, 1325, 1258, 1223, 951, 757, 736;
dH (200 MHz; CDCl3) 1.40 (6 H, d, J 6.9, CH(CH3)2), 2.58–2.67
(2 H, m, CH2-4), 3.00–3.09 (2 H, m, CH2-5), 3.45 (1 H, sept, J 6.9,
CH(CH3)2), 6.79 (1 H, dt, J6′ ,4′ 1.4, J6′ ,5′ 6.9, J6′ ,7′ 6.9, H-6′), 7.21
(1 H, ddd, J5′ ,7′ 1.2, J5′ ,6′ 6.9, J5′ ,4′ 8.9, H-5′), 7.78 (1 H, dt, J4′ ,5′ 8.9,
J4′ ,6′ 1.1, J4′ ,7′ 1.1, H-4′), 8.43 (1 H, dt, J7′ ,6′ 6.9, J7′ ,5′ 1.1, J7′ ,4′ 1.1,
H-7′), 8.58 (1 H, br s, NH); dC (50 MHz; 20% CD3OD/CDCl3)
22.2 (CH(CH3)2), 25.2 (CH2), 26.0 (CH2), 26.9 (CH(CH3)2), 105.0
(C-3′), 112.3 (CH-6′), 117.8 (CH-4′), 125.3 (CH-5′), 128.1 (CH-
7′), 138.8 (C-3a′), 148.2 (C-6), 159.6 (C-2′), 167.9 (C-3); m/z (EI)
256 (34%, M+), 198 (20%), 170 (13%), 184 (70%); (found: M+,
256.1322. C14H16N4O requires 256.1324); (found C, 65.51; H, 6.25;
N, 21.72. C14H16N4O requires: C, 65.61; H, 6.29; N, 21.86%).


6-(2-Isopropylpyrazolo[1,5-a]pyridin-3-yl)pyridazin-3(2H)-one
(16)


Method 1. Bromine in AcOH (1 M; 22.0 mL, 22.0 mmol) was
added dropwise over a period of 25 min to a solution of 15 (512 mg,
2.00 mmol) in AcOH (15 mL) at rt. The mixture was boiled for
30 min, then cooled, diluted with water (20 mL) and extracted with
CH2Cl2 (2 × 20 mL). The combined organic extracts were washed
with saturated NaHCO3 solution (2 × 20 mL) followed by brine
(15 mL) and then dried (MgSO4) and evaporated. Trituration of
the resulting yellow foam with Et2O (3 × 2 mL) afforded the title
compound (370 mg; 73%) as a colourless powder.


Method 2. A mixture of AcOH (20 mL), NaOAc·3H2O (1.00 g,
2.00 mmol), water (1.00 mL) and 25 (380 mg, 1.39 mmol) was
heated in an oil bath thermostatted at 120 ◦C for 5 h. Most of
the AcOH was then removed by distillation at reduced pressure
to afford a residue that was partitioned between EtOAc (50 mL)
and saturated NaHCO3 solution (50 mL). The organic phase was
separated, further washed with saturated NaHCO3 solution (2 ×
50 mL), dried (MgSO4) and evaporated. The resulting residue
was recrystallised from CHCl3–light petroleum to afford the title
compound (282 mg; 80%) as a colourless crystalline solid: mp
221–222 ◦C (from CHCl3–EtOAc–MeOH); mmax(KBr)/cm−1 3436,
3036, 2968, 2867, 1675, 1657, 1638, 1590, 1545, 1534, 1494, 1274,
1267, 1218, 1008; dH (400 MHz; CDCl3) 1.38 (6 H, d, J 6.9,
CH(CH3)2), 3.41 (1 H, sept, J 6.9, CH(CH3)2), 6.74 (1 H, dt, J6′ ,4′


1.4, J6′ ,5′ 6.9, J6′ ,7′ 6.9, H-6′), 7.10 (1 H, d, J 9.8, H-4), 7.13 (1 H,
ddd, J5′ ,7′ 1.1, J5′ ,6′ 6.9, J5′ ,4′ 9.0, H-5′), 7.57 (1 H, d, J 9.8, H-5),
7.72 (1 H, dt, J4′ ,5′ 9.0, J4′ ,6′ 1.2, J4′ ,7′ 1.2, H-4′), 8.45 (1 H, dt, J7′ ,6′


6.9, J7′ ,5′ 1.1, J7′ ,4′ 1.1, H-7′), 13.21 (1 H, br s, NH); dC (101 MHz;
CDCl3) 22.8 (CH(CH3)2), 27.0 (CH(CH3)2), 103.9 (C-3′), 112.3
(CH-6′), 117.4 (CH-4′), 125.2 (CH-5′), 128.8 (CH-7′), 130.0 (CH-
4), 134.2 (CH-5), 139.1 (C-3a′), 142.3 (C-6), 159.5 (C), 161.8 (C);
m/z (EI) 254 (64%, M+), 239 (31%, M+ − Me), 43 (100%, C3H7


+);
(found: M+, 254.1167. C14H14N4O requires 254.1168); (found C,
65.99; H, 5.43; N, 21.88. C14H14N4O requires: C, 66.13; H, 5.55;
N, 22.03%).¶¶


2-Benzyl-6-(2-isopropylpyrazolo[1,5-a]pyridin-3-yl)-4,5-
dihydropyridazin-3(2H)-one (17)


Method 1. NaH (60% w/w dispersion in oil; 30.0 mg,
0.750 mmol) was added to a solution of 15 (100 mg, 0.390 mmol)
in anhydrous DMF (5 mL) under argon. The mixture was stirred
for 1 h at rt after which time BnBr (1 M solution in DMF; 0.50 mL,
0.50 mmol) was added. The mixture was stirred for a further 90 min
and then diluted with water (10 mL) and extracted with EtOAc
(2 × 15 mL). The combined organic extracts were washed with
brine (2 × 10 mL), dried (MgSO4) and evaporated. The residual
oil was subjected to flash column chromatography (10 : 1 CH2Cl2–
Et2O) to afford the title compound (95.0 mg; 70%) as a colourless
powder.


Method 2. A mixture of Zn dust (5.4 mg, 83 lmol) and 18
(32.6 mg, 94.7 lmol) in AcOH (2 mL) was boiled for 10 h,
adding further zinc dust (30.2 mg, 459 lmol) in increments until
TLC indicated consumption of 18. The mixture was then cooled,
filtered through celite and evaporated to afford a residue that
was partitioned between EtOAc (30 mL) and saturated NaHCO3


solution (10 mL). The organic phase was separated, washed with
additional volumes of NaHCO3 solution (2 × 10 mL) followed by
brine (3 × 10 mL), dried (Na2SO4) and evaporated. The resulting
residue was subjected to flash column chromatography (gradient
elution from 1 : 9 to 1 : 1 EtOAc–light petroleum) to afford
the title compound (18.4 mg; 56%) as a colourless powder: mp
126–127 ◦C (from EtOAc–light petroleum); mmax(KBr)/cm−1 3088,
2970, 1668, 1532, 1397, 1377, 1220, 1138, 1028, 930, 755, 700;
dH (200 MHz; CDCl3) 1.34 (6 H, d, J 6.9, CH(CH3)2), 2.61–2.69
(2 H, m, CH2), 2.95–3.04 (2 H, m, CH2), 3.36 (1 H, sept, J 6.9,
CH(CH3)2), 5.04 (2 H, s, CH2Ph), 6.72 (1 H, dt, J6′ ,4′ 1.4, J6′ ,5′


6.9, J6′ ,7′ 6.9, H-6′), 7.08 (1 H, ddd, J5′ ,7′ 1.1, J5′ ,6′ 6.9, J5′ ,4′ 8.9,
H-5′), 7.26–7.48 (6 H, complex overlapping m, H-4′ and Ph), 8.37
(1 H, dt, J7′ ,6′ 6.9, J7′ ,5′ 1.1, J7′ ,4′ 1.1, H-7′); dC (50 MHz; CDCl3)
22.7 (CH(CH3)2), 26.0 (CH2), 27.4 (CH(CH3)2), 27.5 (CH2), 51.8
(CH2Ph), 105.3 (C-3′), 112.2 (CH-6′), 118.2 (CH-4′), 125.2 (CH-
5′), 127.4 (Ph para-CH), 128.5 (2× Ph CH), 128.6 (2× Ph CH),
128.8 (CH-7′), 138.0 (Ph C), 139.1 (C-3a′), 148.5 (C-6), 160.1 (C-
2′), 165.2 (C-3); m/z (EI) 346 (30%, M+), 255 (10%, M+ − Bn);
(found: M+, 346.1818. C21H22N4O requires 346.1794), 303.1230
(0.42%, M+ − C3H7 requires 303.1246); (found C, 72.52; H, 6.32;
N, 16.06. C21H22N4O requires: C, 72.81; H, 6.40; N, 16.17%).¶¶


2-Benzyl-6-(2-isopropylpyrazolo[1,5-a]pyridin-3-yl)pyridazin-
3(2H)-one (18)


Method 1. To a stirred solution of 16 (100 mg, 0.393 mmol) in
anhydrous DMF (5 mL) under argon was added Cs2CO3 (380 mg,
1.17 mmol) followed by BnBr (1 M solution in DMF; 1.50 mL,
1.50 mmol). The mixture was stirred for 18 h at rt and then diluted
with water (10 mL) and extracted with EtOAc (2 × 15 mL). The
combined organic extracts were washed with brine (2 × 10 mL),
dried (MgSO4) and evaporated. The residual oil was subjected to
flash column chromatography (10 : 1 CH2Cl2–Et2O) to afford the
title compound (105 mg; 78%) as a colourless powder.


Method 2. A stirred mixture of 1-aminopyridinium
mesitylenesulfonate12 (350 mg, 1.19 mmol), 22 (304 mg,
1.20 mmol) and powdered K2CO3 (335 g, 2.40 mmol) in DMF
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(12 mL) was heated at 120 ◦C for 24 h. Additional pyridinium
salt (354 mg, 1.20 mmol) and K2CO3 (323 mg, 2.33 mmol) were
then added and heating continued for a further 24 h. The mixture
was subsequently evaporated to dryness and the resulting residue
partitioned between CH2Cl2 (30 mL) and water (20 mL). The
organic phase was separated, washed with water (20 mL) followed
by brine (2 × 20 mL), dried (MgSO4) and evaporated. The resulting
residue was subjected to flash column chromatography (gradient
elution from 3 : 7 to 3 : 2 EtOAc–light petroleum), affording the
starting alkyne (129 mg, 511 lmol; 43%) followed by the title
compound (109 mg, 316 lmol; 26%) as a pale yellow powder: mp
172–173 ◦C (from EtOAc); mmax(KBr)/cm−1 3088, 2968, 1662, 1589,
1533, 1506, 1321, 1030, 845, 746, 700; dH (400 MHz; CDCl3) 1.36
(6 H, d, J 6.9, CH(CH3)2), 3.34 (1 H, sept, J 6.9, CH(CH3)2), 5.40
(2 H, s, CH2Ph), 6.74 (1 H, dt, J6′ ,4′ 1.4, J6′ ,5′ 6.9, J6′ ,7′ 6.9, H-6′),
7.02 (1 H, d, J4,5 9.6, H-4), 7.11 (1 H, ddd, J5′ ,7′ 1.1, J5′ ,6′ 6.9, J5′ ,4′


9.0, H-5′), 7.27–7.37 (3 H, complex overlapping m, Ph meta-H
and para-H), 7.44–7.49 (3 H, complex overlapping m, H-4′ and
Ph ortho-H), 7.45 (1 H, d, J5,4 9.6, H-5), 8.41 (1 H, dt, J7′ ,6′ 6.9,
J7′ ,5′ 1.1, J7′ ,4′ 1.1, H-7′); dC (101 MHz; CDCl3) 22.7 (CH(CH3)2),
26.9 (CH(CH3)2), 55.1 (CH2Ph), 104.1 (C-3′), 112.1 (CH-6′), 117.1
(CH-4′), 125.0 (CH-5′), 127.9 (Ph para-CH), 128.6 (2× Ph meta-
CH), 128.8 (CH-7′), 129.1 (2× Ph ortho-CH), 130.3 (CH-4), 132.6
(CH-5), 136.7 (Ph C), 139.0 (C-3a′), 141.1 (C-6), 159.2 (C-3), 159.5
(C-2′); m/z (EI) 344 (100%, M+), 253 (10%, M+ − Bn), 91 (23%,
C7H7


+); (found: C, 73.06; H, 5.77; N, 16.32. C21H20N4O requires
C, 73.23; H, 5.85; N, 16.27%).¶¶


3-Chloro-6-(3-methylbut-1-ynyl)pyridazine (20)


A sealable, heavy-walled flask (∼750 mL capacity) was charged
with 3,6-dichloropyridazine (41.6 g, 279 mmol), Bu4NI (37.0 g,
100 mmol), CuI (1.30 g, 6.83 mmol), Pd(PPh3)4 (1.66 g,
1.44 mmol), anhydrous THF (400 mL), 3-methyl-1-butyne (9.50 g,
140 mmol) and iPr2NH (20.0 mL, 143 mmol). The flask was sealed
and the mixture stirred magnetically in an oil bath thermostatted
at 90 ◦C for 24 h [SAFETY SCREEN]. The flask was then
cooled and opened; the mixture was diluted with light petroleum
(600 mL) and passed through a column of Merck kieselgel 60H
(120 mm diameter × 90 mm length), eluting with 1 : 1 EtOAc–light
petroleum (2 L). The eluate was evaporated and the resulting dark
brown residue subjected to flash column chromatography (30%
EtOAc–light petroleum). Fractions containing the target material
were evaporated and the resulting light brown powder crystallised
from Et2O–light petroleum to afford the title compound (13.4 g;
53%) as a colourless solid: mp 49–51 ◦C (Et2O–light petroleum);
mmax (CHCl3 film)/cm−1 3099, 3067, 2981, 2238, 1560, 1395, 1145,
1067, 857; dH (200 MHz; CDCl3) 1.28 (6 H, d, J 6.9, CH(CH3)2),
2.83 (1 H, sept, J 6.9, CH(CH3)2), 7.44 (2 H, app. s, H-4 and H-5);
dH (200 MHz; C6D6) 1.03 (6 H, d, J 6.9, CH(CH3)2), 2.48 (1 H, sept,
J 6.9, CH(CH3)2), 6.32 (1 H, d, J 8.8, H-4), 6.51 (1 H, d, J 8.8,
H-5); dC (50 MHz; CDCl3) 21.2 (CH(CH3)2), 22.2 (CH(CH3)2),
75.9 (C≡CCH), 102.7 (C≡CCH), 127.6 (CH-4), 131.7 (CH-5),
147.5 (C-6), 154.6 (C-3); dC (50 MHz; C6D6) 21.5 (CH(CH3)2),
22.4 (CH(CH3)2), 77.2 (C≡CCH), 101.7 (C≡CCH), 126.8 (CH-
4), 131.0 (CH-5), 147.6 (C-6), 154.7 (C-3); m/z (EI) 180 (35Cl;
100%, M+), 179 (35Cl; 64%, M+ − H), 145 (37%, M+ − Cl); (found:
C, 59.87; H, 4.94; N, 15.55. C9H9ClN2 requires C, 59.84; H, 5.02;
N, 15.51%).¶¶


6-(3-Methylbut-1-ynyl)pyridazin-3(2H)-one (21)


Chloropyridazine 20 (6.07 g, 33.6 mmol) was heated in a mixture
of AcOH (140 mL), water (18 mL) and NaOAc·3H2O (5.30 g)
at 100 ◦C for 15 h. The mixture was then cooled and decanted
into an ice-cooled solution of NaOH (100 g) in water (700 mL).
The resulting alkaline solution was washed with CH2Cl2 (2 ×
200 mL) and the organic phase discarded. The pH of the aqueous
mixture was adjusted to ∼6 by addition of conc. hydrochloric
acid and it was extracted with CH2Cl2 (3 × 200 mL). The
combined organic extract was dried (MgSO4) and evaporated.
The title compound (4.73 g; 87%) was isolated from the resulting
residue as a colourless solid by flash column chromatography
(50% EtOAc–light petroleum) followed by crystallisation from
CHCl3–light petroleum: mp 96–97 ◦C (CHCl3–light petroleum);
mmax(KBr)/cm−1 3468, 2976, 2925, 2233, 1682, 1648, 1585, 1547,
1442, 1005, 849, 657, 638; dH (200 MHz; CDCl3) 1.27 (6 H, d, J 6.9,
CH(CH3)2), 2.79 (1 H, sept, J 6.9, CH(CH3)2), 6.95 (1 H, d, J 9.7,
H-4), 7.28 (1 H, d, J 9.7, H-5), 12.65 (1 H, br s, NH); dC (50 MHz;
CDCl3) 21.0 (CH(CH3)2), 22.4 (CH(CH3)2), 75.0 (C≡CCH), 98.9
(C≡CCH), 129.6 (CH-4), 133.3 (C-6), 136.2 (CH-5), 161.5 (C-
3); EIMS: m/z (EI) 162 (83%, M+), 161 (100%, M+ − H), 147
(71%, M+ − CH3), 133 (38%, M+ − C2H5), 119 (33%, M+ −
C3H7); (found: C, 66.44; H, 6.19; N, 17.31. C9H10N2O requires C,
66.65; H, 6.21; N, 17.27%).¶¶


2-Benzyl-6-(3-methylbut-1-ynyl)pyridazin-3(2H)-one (22)


Method 1. To a stirred solution of 21 (3.92 g, 24.1 mmol) in
anhydrous DMF (50 mL) was added powdered K2CO3 (13.5 g,
97.7 mmol) followed after 5 min by BnBr (3.50 mL, 29.4 mmol).
After 30 min the mixture was diluted with water (850 mL) and
extracted with EtOAc (3 × 200 mL). The combined organic extract
was dried (MgSO4) and evaporated. The residual oil was subjected
to flash column chromatography (4 : 7 EtOAc–light petroleum).
Fractions containing the target material were evaporated and the
resulting yellow solid crystallised from EtOAc–hexane to afford
the title compound (4.98 g; 82%) as colourless needles.


Method 2. A sealable, heavy-walled flask (∼100 mL capacity)
was charged with 2415 (4.03 g, 18.3 mmol), Bu4NI (6.99 g,
18.9 mmol), CuI (211 mg, 1.11 mmol), Pd(PPh3)4 (841 mg,
728 lmol), anhydrous THF (40 mL), 3-methyl-1-butyne (1.89 g,
27.7 mmol) and iPr2NH (4.00 mL, 28.5 mmol). The flask was
sealed and the mixture stirred magnetically in an oil bath
thermostatted at 80 ◦C for 4 h [SAFETY SCREEN]. The flask
was then cooled and opened; the mixture was evaporated to
afford a residue that was dissolved in EtOAc (30 mL). The
resulting solution was washed with water (2 × 20 mL), dried
(MgSO4) and evaporated. The residue was subjected to flash
column chromatography (gradient elution from 1 : 9 to 1 : 4
EtOAc–light petroleum). Fractions containing the target material
were evaporated and the resulting light brown residue crystallised
from EtOAc–light petroleum to afford the title compound (3.83 g;
83%) as colourless needles: mp 85–87 ◦C (from EtOAc–light
petroleum); mmax(KBr)/cm−1 3055, 2974, 2222, 1661, 1591, 1490,
1301, 1151, 938, 842, 731, 696; dH (200 MHz; CDCl3) 1.26 (6 H,
d, J 6.9, CH(CH3)2), 2.78 (1 H, sept, J 6.9, CH(CH3)2), 5.30
(2 H, s, CH2Ph), 6.84 (1 H, d, J 9.6, H-4), 7.17 (1 H, d, J 9.6,
H-5), 7.22–7.46 (5 H, complex overlapping m, Ph); dC (50 MHz;
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CDCl3) 21.2 (CH(CH3)2), 22.5 (CH(CH3)2), 55.9 (CH2Ph), 75.3
(C≡CCH), 98.7 (C≡CCH), 128.0 (Ph CH), 128.7 (2× Ph CH),
128.8 (2× Ph CH), 129.7 (CH-4), 132.3 (Ph C), 135.1 (CH-5),
136.0 (C-6), 159.2 (C-3); m/z (EI) 252 (100%, M+), 237 (36%, M+ −
CH3), 91 (79%, C7H7


+); (found: M+, 252.1265. C16H16N2O requires
252.1263); (found: C, 75.86; H, 6.35; N, 11.10. C16H16N2O requires
C, 76.16; H, 6.39; N, 11.10%).¶¶


3-(6-Chloropyridazin-3-yl)-2-isopropylpyrazolo[1,5-a]pyridine (25)


A stirred mixture of 1-aminopyridinium mesitylenesulfonate12


(1.32 g, 4.47 mmol), 20 (254 mg, 1.41 mmol) and powdered K2CO3


(1.12 g, 8.08 mmol) in DMF (15 mL) was heated at 120 ◦C for
30 h. The mixture was then evaporated to dryness and the residue
partitioned between EtOAc (50 mL) and water (50 mL). The
organic phase was separated, washed with brine (50 mL), dried
(MgSO4) and evaporated. The resulting residue was subjected
to flash column chromatography (2 : 3 EtOAc–light petroleum)
to afford the title compound (78.0 mg; 20%) as a pale yellow
powder: mp 147–148 ◦C (from hexane–EtOAc); mmax(KBr)/cm−1


3080, 2969, 1632, 1576, 1543, 1531, 1506, 1465, 1400, 1359, 1214,
1146, 1092, 771, 754; dH (200 MHz; CDCl3) 1.38 (6 H, d, J 6.9,
CH(CH3)2), 3.48 (1 H, sept, J 6.9, CH(CH3)2), 6.79 (1 H, dt, J6,4


1.4, J6,5 6.9, J6,7 6.9, H-6), 7.20 (1 H, ddd, J5,7 1.1, J5,6 6.8, J5,4 9.0,
H-5), 7.49 (1 H, d, J5′ ,4′ 9.0, H-5′), 7.62 (1 H, d, J4′ ,5′ 9.0, H-4′),
7.99 (1 H, dt, J4,5 9.0, J4,6 1.2, J4,7 1.2, H-4), 8.43 (1 H, dt, J7,6 6.9,
J7,5 1.1, J7,4 1.1, H-7); dC (50 MHz; CDCl3) 22.6 (CH(CH3)2), 27.0
(CH(CH3)2), 104.4 (C-3), 112.8 (CH-6), 118.0 (CH-4), 125.9 (CH-
5), 127.5 (CH-4′), 128.0 (CH-5′), 128.8 (CH-7), 139.6 (C-3a), 153.2
(C-6′), 155.6 (C-3′), 160.1 (C-2); m/z (EI) 272 (35Cl; 19%, M+), 271
(35Cl; 18%, M+ − H), 237 (44%, M+ − Cl), 69 (100%); (found: C,
61.69; H, 4.69; N, 20.78. C14H13ClN4 requires C, 61.65; H, 4.80;
N, 20.54%).


6-(3-Methylbut-1-ynyl)-2-phenylpyridazin-3(2H)-one (28)


A sealable, heavy-walled flask (∼50 mL capacity) was charged
with 2717 (1.06 g, 5.13 mmol), Bu4NI (2.08 g, 5.64 mmol), CuI
(58.6 mg, 0.31 mmol), Pd(PPh3)4 (232 mg, 201 lmol), anhydrous
THF (16 mL), 3-methyl-1-butyne (927 mg, 13.6 mmol) and iPr2NH
(1.00 mL, 7.13 mmol) under argon. The flask was sealed and the
mixture was stirred magnetically in an oil bath thermostatted at
80 ◦C for 19 h [SAFETY SCREEN]. The flask was then cooled
and opened; the mixture was filtered and the filtrate evaporated to
afford a residue that was dissolved in EtOAc (15 mL). The resulting
solution was washed with water (2 × 10 mL) followed by brine (2 ×
10 mL), dried (Na2SO4) and evaporated. The residue was subjected
to flash column chromatography (1 : 1 Et2O–light petroleum
gradient elution). Fractions containing the target material were
evaporated to afford the title compound (1.22 g; 99%) as a buff
powder: mmax(KBr)/cm−1 3300, 3045, 2970, 2237, 1677, 1589, 1312,
1198, 1022, 851, 767, 692; dH (200 MHz; CDCl3) 1.26 (6 H, d, J
6.9, CH(CH3)2), 2.78 (1 H, sept, J 6.9, CH(CH3)2), 6.97 (1 H, d,
J 9.6, H-4), 7.26 (1 H, d, J 9.6, H-5), 7.33–7.59 (5 H, complex
overlapping m, Ph); dC (50 MHz; CDCl3) 21.2 (CH(CH3)2), 22.5
(CH(CH3)2), 75.2 (C≡CCH), 99.2 (C≡CCH), 125.7 (2× Ph ortho-
CH), 128.6 (Ph para-CH), 129.0 (2× Ph meta-CH), 130.7 (CH-4),
132.8 (C-6), 135.0 (CH-5), 141.4 (Ph CH), 159.0 (C-3); m/z (EI)
238 (65%, M+), 223 (29%, M+ − CH3), 209 (11%, M+ − C2H5),


195 (7%, M+ − C3H7), 77 (100%, C6H5
+); (found: M+, 238.1106.


C15H14N2O requires 238.1106).


6-(2-Isopropylpyrazolo[1,5-a]pyridin-3-yl)-2-phenylpyridazin-
3(2H)-one (29)


A stirred mixture of 1-aminopyridinium mesitylenesulfonate12


(753 mg, 2.56 mmol), 28 (500 mg, 2.10 mmol) and powdered
K2CO3 (597 mg, 4.32 mmol) in DMF (10 mL) was heated at
120 ◦C for 9 h. Additional pyridinium salt (506 mg, 1.72 mmol)
and K2CO3 (535 mg, 3.87 mmol) were then added and heating
continued for a further 12 h. The mixture was then evaporated
to dryness and the resulting residue partitioned between EtOAc
(75 mL) and water (40 mL). The organic phase was separated,
washed with water (2 × 40 mL) followed by brine (4 × 40 mL),
dried (Na2SO4) and evaporated. The residue was subjected to flash
column chromatography (1 : 1 EtOAc–light petroleum) to afford
the title compound (346 mg; 50%) as a pale yellow powder: mp 174–
176 ◦C (from petroleum 60–80 ◦C); mmax(KBr)/cm−1 3053, 2969,
1670, 1590, 1527, 1476, 1310, 1043, 852, 745, 695; dH (400 MHz;
CDCl3) 1.43 (6 H, d, J 6.9, CH(CH3)2), 3.46 (1 H, sept, J 6.9,
CH(CH3)2), 6.79 (1 H, dt, J6′ ,4′ 1.4, J6′ ,5′ 6.9, J6′ ,7′ 6.9, H-6′), 7.15
(1 H, d, J4,5 9.7, H-4), 7.20 (1 H, ddd, J5′ ,7′ 1.1, J5′ ,6′ 6.8, J5′ ,4′ 9.0,
H-5′), 7.38–7.42 (1 H, complex m, Ph para-H), 7.48–7.53 (2 H,
complex m, 2× Ph meta-H), 7.56 (1 H, d, J5,4 9.7, H-5), 7.70–
7.72 (3 H, complex overlapping m, H-4′ and 2× Ph ortho-H), 8.45
(1 H, dt, J7′ ,6′ 7.0, J7′ ,5′ 1.0, J7′ ,4′ 1.0, H-7′); dC (50 MHz; CDCl3) 22.8
(CH(CH3)2), 27.2 (CH(CH3)2), 103.9 (C-3′), 112.4 (CH-6′), 117.2
(CH-4′), 125.4 (2× ortho-CH and CH-5′), 128.2 (Ph para-CH),
128.9 (2× Ph meta-CH and CH-7′), 131.5 (CH-4), 132.8 (CH-5),
139.2 (C-3a′), 141.7 (C-6), 141.9 (Ph C), 159.2 (C-3), 159.7 (C-2′);
m/z (EI) 330 (36%, M+), 315 (9%, M+ − CH3), 197 (100%); (found:
C, 72.48; H, 5.52; N, 16.69. C20H18N4O requires C, 72.71; H, 5.49;
N, 16.96%).¶¶


6-(2-Isopropylpyrazolo[1,5-a]pyridin-3-yl)-2-phenyl-4,5-
dihydropyridazin-3(2H)-one (30)


A mixture of Zn dust (51.6 mg, 789 lmol) and 29 (250 mg,
757 lmol) in AcOH (12 mL) was boiled for 37 h, adding further
zinc dust (145 mg, 2.22 mmol) in increments until TLC indicated
consumption of 29. The mixture was then cooled, filtered through
celite and evaporated to afford a residue that was partitioned
between EtOAc (30 mL) and saturated NaHCO3 solution (10 mL).
The organic phase was separated, washed with additional volumes
of NaHCO3 solution (2 × 10 mL) followed by brine (3 ×
10 mL), dried (Na2SO4) and evaporated. The resulting residue
was subjected to flash column chromatography (3 : 2 Et2O–
light petroleum) to afford the title compound (212 mg; 84%) as
a pale yellow powder: mp 129–130 ◦C (from petroleum 60–80 ◦C–
EtOAc); mmax(CHCl3 film)/cm−1 3019, 2975, 1670, 1634, 1523,
1496, 1357, 1216, 753, 669; dH (200 MHz; CDCl3) 1.42 (6 H, d, J
6.9, CH(CH3)2), 2.75–2.83 (2 H, complex m, CH2), 3.10–3.18 (2 H,
complex m, CH2), 3.52 (1 H, sept, J 6.9, CH(CH3)2), 6.78 (1 H, dt,
J6′ ,4′ 1.4, J6′ ,5′ 6.9, J6′ ,7′ 6.9, H-6′), 7.20 (1 H, ddd, J5′ ,7′ 1.1, J5′ ,6′ 6.8,
J5′ ,4′ 9.0, H-5′), 7.21–7.30 (1 H, complex m, Ph para-H), 7.37–7.46
(2 H, complex m, 2× Ph meta-H), 7.58–7.65 (2 H, complex m, 2×
Ph ortho-H), 7.80 (1 H, dt, J4′ ,5′ 9.0, J4′ ,6′ 1.2, J4′ ,7′ 1.2, H-4′), 8.42
(1 H, dt, J7′ ,6′ 6.9, J7′ ,5′ 1.1, J7′ ,4′ 1.1, H-7′); dC (101 MHz; CDCl3)
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22.8 (CH(CH3)2), 25.9 (CH2), 27.7 (CH(CH3)2), 28.5 (CH2), 105.2
(C-3′), 112.4 (CH-6′), 118.3 (CH-4′), 124.9 (2× Ph ortho-CH),
125.5 (CH), 126.5 (CH), 128.6 (2× Ph meta-CH), 129.0 (CH),
139.3 (C-3a′), 141.4 (Ph C), 149.7 (C-6), 160.4 (C-2′), 165.4 (C-
3); m/z (EI) 332 (100%, M+), 303 (23%, M+ − C2H5); (found: C,
72.09; H, 5.99; N, 16.58; C20H20N4O requires C, 72.27; H, 6.06; N,
16.86%).


2-Benzyl-4-chlorophthalazin-1(2H)-one (32)


Phthalazinedione 3117 (4.93 g, 19.5 mmol) was boiled in POCl3


(70 mL). After 5 h the POCl3 was removed by distillation. The
residue was dissolved in EtOAc (30 mL) and washed with saturated
NaHCO3 (3 × 30 mL). The organic layer was then washed with
brine (3 × 30 mL), dried (Na2SO4) and evaporated to give a brown
solid that was subjected to flash column chromatography (1 : 9
EtOAc–light petroleum) to afford the title compound (905 mg;
17%) as a colourless powder: mp 99–101 ◦C (from EtOH);
mmax(KBr)/cm−1 3033, 2958, 1656, 1578, 1495, 1344, 1295, 1128,
1074, 998, 767, 752, 682; dH (200 MHz; CDCl3) 5.37 (2 H, s,
CH2Ph), 7.26–7.38 (3 H, complex overlapping m), 7.46–7.52 (2 H,
complex m), 7.77–7.90 (2 H, complex overlapping m), 7.95–8.00
(1 H, complex m), 8.42–8.47 (1 H, complex m); dC (50 MHz;
CDCl3) 55.0 (CH2Ph), 125.8 (CH), 127.7 (CH + C), 128.1 (CH),
128.7 (2× CH), 128.9 (2× CH), 132.7 (CH), 133.8 (CH), 136.4
(2× C), 137.8 (C), 158.9 (C); m/z (EI) 270 (35Cl; 19%, M+), 235
(44%, M+ − Cl), 91 (38%, C7H7


+); (found: C, 66.50; H, 4.09; N,
10.14. C15H11ClN2O requires C, 66.55; H, 4.03; N, 10.35%).


2-Benzyl-4-(3-methylbut-1-ynyl)phthalazin-1(2H)-one (33)


A sealable, heavy-walled flask (∼100 mL capacity) was charged
with 32 (3.07 g, 11.3 mmol), Bu4NI (4.39 g, 11.9 mmol), CuI
(141 mg, 740 lmol), Pd(PPh3)4 (524 mg, 453 lmol), anhydrous
THF (50 mL), 3-methyl-1-butyne (2.74 g, 40.2 mmol) and iPr2NH
(3.00 mL, 21.4 mmol). The flask was sealed and the mixture
stirred magnetically in an oil bath thermostatted at 80 ◦C for
21 h [SAFETY SCREEN]. The flask was then cooled and opened;
the mixture was evaporated to afford a residue that was dissolved
in CH2Cl2 (30 mL). The resulting solution was washed with water
(2 × 20 mL) followed by brine (2 × 20 mL), dried (Na2SO4)
and evaporated. The residue was subjected to flash column
chromatography (gradient elution from light petroleum to 1 : 9
EtOAc–light petroleum) to afford the title compound (3.12 g;
91%) as a colourless powder: mp 82–83 ◦C (from EtOAc–light
petroleum); mmax(KBr)/cm−1 3090, 2972, 2873, 2230, 1661, 1607,
1582, 1454, 1348, 1301, 1112, 778, 701; dH (200 MHz; CDCl3) 1.36
(6 H, d, J 6.9, CH(CH3)2), 2.92 (1 H, sept, J 6.9, CH(CH3)2), 5.41
(2 H, s, CH2Ph), 7.25–7.36 (3 H, complex overlapping m), 7.43–
7.50 (2 H, complex m), 7.70–7.86 (2 H, overlapping m), 7.99–8.04
(1 H, complex m), 8.37–8.42 (1 H, complex m, CH); dC (50 MHz;
CDCl3) 21.4 (CH(CH3)2), 22.7 (CH(CH3)2), 55.5 (CH2Ph), 73.6
(C≡CCH), 101.5 (C≡CCH), 126.4 (CH), 127.0 (CH), 127.6 (C),
127.8 (CH), 128.6 (2× Ph CH), 128.7 (2× Ph CH), 130.4 (C),
131.8 (CH), 132.7 (C), 133.4 (CH), 136.8 (C), 159.0 (C); m/z
(EI) 302 (100%, M+), 287 (4%, M+ − CH3), 91 (40%, C7H7


+), 77
(9%, C6H5


+); (found: M+, 302.1451. C20H18N2O requires 302.1419);
(found: C, 79.05; H, 5.89; N, 9.19. C20H18N2O requires C, 79.44; H,
6.00; N, 9.26%).


2-Benzyl-4-(2-isopropylpyrazolo[1,5-a]pyridin-3-yl)phthalizin-
1(2H)-one (34)


A stirred mixture of 1-aminopyridinium mesitylenesulfonate12


(498 mg, 1.69 mmol), 33 (503 mg, 1.66 mmol) and powdered
K2CO3 (457 mg, 3.31 mmol) in DMF (16 mL) was heated at
100 ◦C for 20 h. Additional pyridinium salt (515 mg, 1.75 mmol)
and K2CO3 (470 mg, 3.40 mmol) were then added and heating
continued for a further 20 h. The mixture was then evaporated
to dryness and the resulting residue partitioned between EtOAc
(30 mL) and water (20 mL). The organic phase was separated,
washed with water (20 mL) followed by brine (2 × 20 mL),
dried (Na2SO4) and evaporated. The residue was subjected to flash
column chromatography (gradient elution from light petroleum to
1 : 9 Et2O–light petroleum), affording the starting alkyne (194 mg;
39%) followed by the title compound (262 mg; 40%) as a colourless
powder: mp 198–199 ◦C (from MeOH); mmax(KBr)/cm−1 3040,
2958, 1651, 1581, 1532, 1350, 1302, 1256, 1158, 992, 766, 702;
dH (200 MHz; CDCl3) 1.24 (3 H, d, J 6.9, CH(CH3)), 1.28 (3 H, d,
J 6.9, CH(CH3)), 3.11 (1 H, sept, CH(CH3)2), 5.36 (1 H, AB d, Jgem


13.8, CHHPh), 5.62 (1 H, AB d, Jgem 13.9, CHHPh), 6.77 (1 H,
ddd, J6′ ,7′ 7.0, J6′ ,5′ 5.9, J6′ ,4′ 2.2, H-6′), 7.03–7.17 (2 H, complex
overlapping m), 7.23–7.38 (3 H, complex overlapping m), 7.45–
7.53 (3 H, complex overlapping m), 7.70 (1 H, td, J 7.2 and 1.6,
H-6 or H-7), 7.78 (1 H, td, J 7.2 and 1.4, H-6 or H-7), 8.49 (1 H,
dt, J7′ ,6′ 7.0, J7′ ,5′ 1.0, J7′ ,4′ 1.0, H-7′), 8.53–8.58 (1 H, complex
m, H-8); dC (50 MHz; CDCl3) 22.5 (CH(CH3)), 23.0 (CH(CH3)),
27.1 (CH(CH3)2), 54.9 (CH2Ph), 102.8 (C-3′), 111.9 (CH-6′), 116.8
(CH-4′), 124.5 (CH), 126.7 (CH), 127.5 (CH), 127.8 (CH), 128.5
(C), 128.6 (2× Ph CH), 128.8 (CH), 128.9 (2× Ph CH), 130.4 (C),
131.7 (CH), 133.1 (CH), 137.2 (C), 140.1 (C), 140.8 (C), 159.2 (C),
160.8 (C); m/z (EI) 394 (100%, M+), 91 (56%, C7H7


+); (found: M+,
394.1793. C25H22N4O requires 394.1778); (found: C, 75.78; H, 5.52;
N, 14.18. C25H22N4O requires C, 76.12; H, 5.62; N, 14.20%).


2-(3-Methylbut-1-ynyl)pyridine (35)


A sealable, heavy-walled flask (∼100 mL capacity) was charged
with CuI (1.08 g, 5.67 mmol), Pd(PPh3)4 (227 mg, 196 lmol),
anhydrous THF (50 mL), 2-bromopyridine (1.20 mL, 12.6 mmol),
3-methyl-1-butyne (1.08 g, 15.9 mmol) and iPr2NH (3.00 mL,
21.4 mmol). The flask was sealed and the mixture stirred mag-
netically in an oil bath thermostatted at 70 ◦C for 40 h [SAFETY
SCREEN]. The flask was then cooled and opened; the mixture
was evaporated to afford a residue that was partitioned between
CH2Cl2 (75 mL) and water (75 mL). The organic phase was
separated and washed with water (2 × 75 mL) followed by brine
(2 × 20 mL), dried (MgSO4) and evaporated. The residue was
subjected to flash column chromatography (15 : 40 : 45 CH2Cl2–
Et2O–pentane) to afford the title compound (750 mg; 41%) as
a pale yellow oil: mmax(neat)/cm−1 3053, 2972, 2933, 2235, 1584,
1464, 1428, 1322, 1149, 991, 780; dH (200 MHz; CDCl3) 1.25
(6 H, d, J 6.9, CH(CH3)2), 2.77 (1 H, sept, J 6.9, CH(CH3)2),
7.13 (1 H, ddd, J5,4 7.6, J5,6 4.9, J5,3 1.2, H-5), 7.33 (1 H, dt,
J3,4 7.8, J3,5 1.1, J3,6 1.1, H-3), 7.56 (1 H, td, J4,3 7.7, J4,5 7.7,
J4,6 1.8, H-4), 8.50 (1 H, ddd, J6,5 4.9, J6,4 1.7, J6.3 0.9, H-6);
dC (50 MHz; CDCl3) 21.0 (CH(CH3)2), 22.7 (CH(CH3)2), 79.6
(C≡CCH), 96.1 (C≡CCH), 122.3 (CH-5), 126.8 (CH-3), 136.1
(CH-4), 143.9 (C-2), 149.8 (CH-6); m/z (ESI) 146 (96%, M+ + H),
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130 (21%, M+ − CH3), 118 (93%, M+ − CHN), 78 (70%, C5H4N+);
(found: M+, 145.0903. C10H11N requires 145.0892).


2-Isopropyl-3-(pyridin-2-yl)pyrazolo[1,5-a]pyridine (36)


A stirred mixture of 1-aminopyridinium mesitylenesulfonate12


(596 mg, 2.02 mmol), 35 (158 mg, 1.09 mmol) and powdered
K2CO3 (570 mg, 4.12 mmol) in DMF (12 mL) was heated at
80 ◦C for 40 h. The mixture was then evaporated to dryness
and the residue partitioned between EtOAc (20 mL) and water
(20 mL). The organic phase was separated, washed with brine
(20 mL), dried (MgSO4) and evaporated. The resulting residue was
subjected to flash column chromatography (gradient elution from
light petroleum to 7 : 3 EtOAc–light petroleum) to recover starting
alkyne (83.0 mg; 53%) and afford the title compound (24.6 mg;
10%) as a pale yellow powder: mp 82–83 ◦C (from CHCl3–hexane),
mmax(thin film)/cm−1 3019, 2972, 1635, 1590, 1533, 1216, 756, 669;
dH (400 MHz; CDCl3) 1.42 (6 H, d, J 6.9, CH(CH3)2), 3.63 (1 H,
sept, J 6.9, CH(CH3)2), 6.75 (1 H, td, J6,5 6.9, J6,7 6.9, J6,4 1.4, H-6),
7.13–7.17 (2 H, overlapping m, H-5 and H-5′), 7.48 (1 H, br d, J3′ ,4′


8.0, H-3′), 7.74 (1 H, td, J4′ ,3′ 7.8, J4′ ,5′ 7.8, J4′ ,6′ 1.9, H-4′), 7.91 (1 H,
dt, J4,5 9.0, J4,6 1.2, J4,6 1.7, H-4), 8.44 (1 H, dt, J7,6 7.0, J7,4 1.1, J7,5


1.1, H-7), 8.71 (1 H, br d, J6′ ,5′ 4.8, H-6′); dC (101 MHz; CDCl3)
22.9 (CH(CH3)2), 26.7 (CH(CH3)2), 109.2 (C-3), 112.0 (CH-6),
118.1 (CH-4), 120.5 (CH-5′), 123.0 (CH-3′), 124.6 (CH-5), 128.6
(CH-7), 136.4 (CH-4′), 139.6 (C-3a), 149.9 (CH-6′), 153.8 (C-2′),
159.5 (C-2); m/z (EI) 237 (91%, M+), 236 (100%, M+ − H), 222
(74%, M+ − CH3), 194 (26%, M+ − C3H7), 78 (16%, C5H4N+);
(found: M+, 237.1252. C15H15N3 requires 237.1266); (found: C,
75.97; H, 6.34; N, 17.65. C15H15N3 requires C, 75.92; H, 6.37; N,
17.71%).‡,¶¶


1-Methyl-2-(3-methylbut-1-ynyl)pyridinium iodide (37)


A solution of methyl iodide (90.0 lL, 1.45 mmol) and 35 (200 mg,
1.38 mmol) in dry THF (2 mL) was heated at 60 ◦C for 1.5 h.
Upon cooling and standing the mixture separated into two phases.
The upper phase was decanted off and the lower phase pumped
(0.1 mm Hg) to afford the title salt (283 mg; 72%) as a brown oil:
mmax(neat)/cm−1 3041, 2974, 2223, 1618, 1509, 1457, 1270, 1180,
754; dH (200 MHz; CDCl3) 1.21 (6 H, d, J 6.9, CH(CH3)2), 2.87
(1 H, sept, J 6.9, CH(CH3)2), 4.42 (3 H, s, NCH3), 7.89–8.00
(2 H, overlapping m, H-3 and H-5), 8.52 (1 H, br td, J4,3 8.0, J4,5


8.0, J4,6 0.8, H-4), 9.42 (1 H, br d, J6,5 5.7, H-6); dC (50 MHz;
CDCl3) 21.6 (CH(CH3)2), 21.7 (CH(CH3)2), 47.9 (NCH3), 71.4
(C≡CCH), 117.0 (C≡CCH), 126.6 (CH), 131.5 (CH), 138.0 (C-
2), 145.3 (CH-4), 147.2 (CH-6); m/z (+ve ion ESI) 160 (100%,
C11H14N+), 117 (22%, C11H14N+ − C3H7); m/z (−ve ion ESI) 127
(100%, I−); (found: organic cation, 160.1120. C11H14N+ requires
160.1121).¶¶


2-(2-Isopropylpyrazolo[1,5-a]pyridin-3-yl)-1-methylpyridinium
iodide (38)


A stirred mixture of 1-aminopyridinium mesitylenesulfonate12


(581 mg, 1.97 mmol), 37 (283 mg, 986 lmol) and powdered
K2CO3 (555 mg, 4.01 mmol) in DMF (5 mL) was heated at
95 ◦C for 18 h. The mixture was then evaporated to dryness and
the residue directly subjected to flash column chromatography
(gradient elution from CH2Cl2 to 1 : 9 MeOH–CH2Cl2). Relevant


fractions were combined, evaporated and the resulting residue
triturated with 2 : 1 CH2Cl2–Et2O to afford the title salt (146 mg;
39%) as a buff coloured powder: mmax(thin film)/cm−1 3019, 2972,
1632, 1530, 1216, 756, 754; dH (400 MHz; CDCl3) 1.23 (3 H, d, J
6.9, CHCH3), 1.30 (3 H, d, J 6.9, CHCH3), 2.97 (1 H, sept, J 6.9,
CH(CH3)2), 4.30 (3 H, s, NMe), 6.94 (1 H, td, J6′ ,5′ 6.9, J6′ ,7′ 6.9,
J6′ ,4′ 1.3, H-6′), 7.36 (1 H, ddd, J5′ ,4′ 8.9, J5′ ,6′ 6.9, J5′ ,7′ 1.1, H-5′),
7.71 (1 H, dt, J4′ ,5′ 8.9, J4′ ,6′ 1.1, H-4′), 7.87 (1 H, dd, J3,4 7.9, J3,5


1.4, H-3), 8.14 (1 H, ddd, J5,4 7.7, J5,6 6.3, J5,3 1.4, H-5), 8.48 (1 H,
d6, J7′6,′ 7.0, J7′ ,4′ 1.0, J7′ ,5′ 1.0, H-7′), 8.55 (1 H, td, J4,3 7.9, J4,5


7.9, J4,6 1.2, H-4), 9.62 (1 H, br d, J6,5 6.2, H-6); dC (101 MHz;
CDCl3) 22.6 (CHCH3), 22.9 (CHCH3), 27.0 (CH(CH3)2), 47.2
(NMe), 98.9 (C-3′), 113.7 (CH-6′), 117.0 (CH-4′), 126.9 (CH-
5), 127.6 (CH-5′), 129.2 (CH-7′), 131.5 (CH-3), 139.3 (C-3a′),
145.2 (CH-4), 148.5 (CH-6), 149.3 (C-2), 159.9 (C-2′); m/z
(+ve ion ESI) 252 (100%, C16H18N+); m/z (−ve ion ESI) 127
(100%, I−); (found: organic cation, 252.1494. C16H18N+ requires
252.1495).¶¶
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Our studies of helicenes are summarized in regard to chiral recognition phenomenon in noncovalent
bonding interactions. The interactions between helical molecules show a tendency for pairs of the same
configuration of the helicenes to form more stable complexes than pairs of enantiomeric helicenes. The
observations are made in charge transfer complexation, crystallization, homocoupling reaction, layer
structure formation, self-aggregation, and double helix formation. The interactions between a helicene
and a right-handed helical polymer, double strand DNA, are also described.


Introduction


Chirality is an important concept in organic chemistry: Any
molecule that is not superimposable on its mirror image is
chiral, and possesses two stereoisomers, called enantiomers, with
very similar but different properties. Organic molecules having
carbon atoms with four nonidentical ligands (central chirality)
represent the largest class of chiral molecules. As exemplified by
substituted allenes and biaryls, molecules having axis chirality
are another important class. According to the Cahn–Ingold–
Prelog convention, R and S are assigned to each chiral center.
The stereochemical properties of organic molecules with central
chirality or axis chirality have extensively been studied.
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Molecules with helical structures are also chiral; in these
molecules the structure is based on the advance of a continuous
curve that winds round a central axis. Natural polymers such as
DNA, RNA, proteins, and sugars are known as well as certain
synthetic polymers.1 Chiral structures with right-handed or left-
handed helicity are named the P and M-configuration, respec-
tively. In relation to the studies on such helical polymers, studies
on low molecular weight compounds with helical structures are
also interesting. We considered that organic molecules with P/M
chirality could be as important as those with R/S chirality (central
or axis chirality), and started studies on P/M chiral molecular
systems of low molecular weight compounds.


Helicenes are a group of ortho-condensed polycyclic aromatic
compounds possessing a nonplanar helical p-electron system.
Because of the severe steric repulsions between their terminal
groups, the aromatic compounds form strained structures, and
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therefore possess chiral helical structures with either right-handed
or left-handed helicity.2 The chirality of helicene was discovered
by Newman et al. in the 1950s,3,4 and a variety of derivatives
have been prepared.5,6 Their properties,7 however, have not
been well investigated except for the work by Katz et al. on
metal complexation,8 aggregation,9 and asymmetric catalysis.10


In 1996, we started a project to explore the chemistry of a
helicene, 1,12-dimethylbenzo[c]phenanthrene,11a the chirality of
which was previously noted by Newman et al. This is one of
the configurationally stable helicenes possessing the least number
of benzene rings, and does not racemize below 200 ◦C.4b We
developed a method to prepare the optically pure dicarboxylic
acid 1 in multigram quantities (Scheme 1),11,12 synthesized various
derivatives containing the helicene, and examined their chemical
and physical properties.


Scheme 1


During our studies, the noncovalent bond interactions between
helicenes were found to play important roles in their properties.
Spectroscopic analyses, X-ray analyses, and calculations indicated
the face-to-face orientation of helicenes in such interactions, the
origin of which was ascribed to p–p interactions. It appears
to us that nonplanar p–p interactions of helicenes are stronger
than those of planar p-systems. Chiral recognition in interactions
between helicenes therefore has become a subject of interest
raising a question: which interactions are more favorable right-
handed/right-handed helix or right-handed/left-handed helix
(Scheme 2). It turned out that pairs of the same configuration of
helicenes form more stable complexes in the P/M chiral molecular


Scheme 2


systems, a property not observed in the R/S chiral molecular
systems. Summarized in this review are the results of our studies
on this subject.


1. Charge transfer (CT) complexation


Charge transfer (CT) complexation is a noncovalent bond inter-
action observed between an electron-rich p-compound (donor)
and an electron-deficient p-compound (acceptor). When a chiral
donor and an acceptor are employed, a difference in affinity
in CT complexation appears between the stereoisomers. Chiral
recognition in the complexation of a helicene and compounds with
central chirality was examined in relation to the development of
chromatographic resolution of racemic compounds.3,13 However,
the interactions between chiral helicenes were not reported.


Electron-deficient 2,4,9,11-tetranitrohelicenes (P)-2 and (M)-
2 were synthesized by the tetranitration of the corresponding
helicene-5,8-dinitriles,14 which were obtained from (P)-1 and
(M)-1, respectively (Scheme 3).15 The electron-rich (M)-5,8-
diaminohelicene (M)-3 was prepared from (M)-1 in two steps
including the Curtius rearrangement. The helicenes 2 and 3 form
a CT complex in THF, as indicated by the CT absorption band
at 500–800 nm.15b The 1H-NMR (THF-d8, 24 ◦C) signals due
to the 6-H of (P)-2 and (M)-2 shifted to higher magnetic fields
upon the addition of (M)-3, and the curve fitting assuming 1 : 1
complexation provided the binding constants K; complex of (M)-
2 and (M)-3, 12.2 M−1; complex of (P)-2 and (M)-3, 10.2 M−1.
The results showed that the same configuration of the helicenes
formed the more stable CT complex than that of the enantiomeric
helicenes. An NOE was observed between the 3-H of (P)-2 and
the 3-H of (P)-3, which suggested a face-to-face structure with a
syn-conformation of the CT complex. The syn-configuration was
defined in this study as the face-to-face structure with the same
direction of the 1,12-dimethyl groups and the anti-configuration
with the opposite direction. Next our interest was directed to the
generality of the phenomenon that the same configuration of the
helicenes form a more stable complex.


Scheme 3


2. Crystallization


The crystallization of molecules from solution involves a molec-
ular recognition phenomenon. Molecules exit from solution to a
cleft on the bulk solid in such a way that the resulting crystals
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have dense packing. In the crystallization of racemic compounds,
enantiomeric compounds compete in crystallization, and chiral
recognition phenomenon is observed. If a helicene derivative
crystallizes in the face-to-face arrangement, a columnar structure
results possessing a layered structure with the combination of
either P/P helicene or P/M helicene. It may reasonably be
concluded that, in the former case, a helicene attaches to a helicene
of the same configuration and in the latter that of an antipode.


The helicenediamine dihydrochloride (±)-4 crystallized in a
columnar structure with a syn-configuration of the helicene, and
(M)-4 and (P)-4 formed separate columns with the B-rings stacked
on each other (Scheme 4).14b It should be the result of the
chiral recognition during crystallization that the helicene molecule
favored the helicenes of the same configuration. Other groups have
obtained analogous results in X-ray studies of racemic helicenes.16


Thus, the chiral recognition phenomenon noted above is a general
trend in crystallization.


Scheme 4


A related phenomenon was observed in CT crystals of the
racemic helicene 2 and pyrene.15b The compound (P)-2 forms
a CT complex with pyrene in organic solvents, as indicated by
the CT band by UV-VIS at ca. 500 nm. The 1H-NMR (THF-d8,
24 ◦C) peaks of (P)-2 at methyl and aromatic protons shifted to
a higher field upon addition of pyrene. Complexation in a 1 : 1
ratio was confirmed by the Job plots, and a binding constant K =
2.0 M−1 was obtained. The X-ray analysis of the CT complexes of
(±)-2 and pyrene indicated the formation of columnar structures
with alternating pyrene and 2: separate (P)-2·pyrene and (M)-
2·pyrene columns were formed (Scheme 5). One-pitch of the
column contained four molecules each of 2 and pyrene, and a
molecule of 2 was sandwiched between two pyrenes at the BC rings.
The formation of a column containing the same configuration of
2 should be the result of the chiral recognition between helicenes
during crystal formation: A molecule of (P)-2 in solution favored
interaction with a pyrene molecule upon (P)-2 rather than that
upon (M)-2. Related phenomena were observed for other CT
crystals.17


3. Homocoupling reaction


One of our approaches to study the helicene is to regard it
as a chiral equivalent of meta-phenylene or 2,7-naphthylene


Scheme 5


(Scheme 6). The substitution of the benzene or naphthalene moiety
with chiral helicene converts achiral aromatic compounds to chiral
compounds without markedly changing the structures of the
molecules. Since many functionally interesting compounds possess
such partial structures, we considered that manipulation would
provide novel chiral aromatic compounds with properties different
from those of the original achiral compounds.18 In addition, if the
original compound possesses more than one meta-phenylene moi-
ety, the manipulation provides a number of stereoisomers, which
can be used to fine-tune or improve the properties. Bihelicenols 6
are the compounds obtained by this manipulation of binaphthol 5,
which is widely used as a chiral ligand in asymmetric synthesis.19


Thus it was considered interesting to compare stereoselectivity
between 6 with 5 in asymmetric synthesis. Six stereoisomers,
(P,P,R)-6, (P,P,S)-6, (P,M)-6, and antipodes, are available for
6, and the comparison of the stereoisomers is another subject of
interest.20


Scheme 6


The homocoupling reaction of racemic helicene derivatives
provides an opportunity to study chiral recognition phenomena.
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The reaction can provide racemic (P*,P*)-compounds and
(P*,M*)-compounds, and the former is formed by the coupling
between the same enantiomers and the latter the antipodes. The
ratio of (P*,P*)-compounds and (P*,M*)-compounds obtained
in the homocoupling reaction provides information on the chiral
recognition at the transition state.


Bihelicenols (P,M,R)-6 and (P,M,S)-6 were synthesized by the
coupling of helicenol (P)-7 and (M)-7 (Scheme 7).20a When racemic
helicenol (±)-7 was treated with oxygen in the presence of a copper
catalyst, racemic (P*,P*,Z)-8 and (P*,M*,E)-8 were obtained in
60% and 30% yield, respectively. (P*,M*,E)-8 was then converted
to (P*,M*)-6, which was resolved by a diastereomer method giving
(P,M,R)-6 and (P,M,S)-6. The chiral recognition observed in
oxidative coupling is that (P)-7 favored (P)-7 as the coupling
counterpart rather than (M)-7. The results show that the same
configuration of the helicenes are favored in this homocoupling
reaction of a racemic helicene.


Scheme 7


Bihelicenols (M,M,R)-6 and (M,M,S)-6 were prepared by the
oxidative coupling of the optically pure helicenol (M)-7. When
(M)-7 was treated with oxygen in the presence of a copper catalyst,
an olefin dimer (M,M,Z)-8 was obtained. The hydrogenation of
(M,M,Z)-8 led to the formation of (M,M,R)-6, and heating in
toluene caused epimerization to give a mixture with (M,M,S)-6,
which was separated by chromatography.


The asymmetric reactions using bihelicenol ligands were af-
fected by axis chirality as well as by helical chirality.20b An
example is the hydrogenation reaction using bihelicenol l-menthyl
phosphite ligand (M,M,S,l)-9 (Scheme 8). In the presence of a
catalyst formed from [Rh(cod)2]BF4 (cod = 1,5-cyclooctadiene)
(1 mol%) and (M,M,S,l)-9 (3 mol%), dimethyl itaconate was
treated with 90 atm hydrogen giving methyl succinate (S)-10 in
90% ee. Switching the ligand to (M,M,S,d)-9 gave (S)-10 in


Scheme 8


85% ee indicating that (M,M,S)-bihelicenyl moiety is decisive for
stereoselectivity, and that the chirality of menthol is unimportant.
In contrast, (R)-10 was obtained in less than 10% ee, when
(M,M,R,l)-9 was used. The combination of (M)-helicene and the
(S)-axis of 9 represents a matched pair for this reaction. Helicity
is important in the asymmetric induction, and the axis chirality is
not the only factor that controls the asymmetric induction of the
bihelicenol ligand.


4. Layer structure formation of helicenediamine
oligomers in water


In water, hydrophobic groups aggregate by expulsion of water
molecules from the hydration shell (hydrophobic interactions).
Since the polycyclic aromatic part of helicene is hydrophobic,
water-soluble helicenes possessing polar substituents form a folded
structure in water. It was considered interesting to study chiral
recognition in intramolecular folding by comparing the structures
of compounds possessing two helicene parts. The helicenediamine
dimer 11, containing two helicene moieties, was selected for this
purpose. The amine moieties are protonated in neutral water
providing polar and water soluble substances, and 11 is expected
to take a folded structure with a face-to-face orientation at the
helicene moiety (Scheme 9).


Scheme 9


The dimers (M,M)-11 and (P,M)-11 were synthesized by
the reductive amination of the corresponding N-monoprotected
helicenediamine 12 and N-protected aminohelicenaldehyde 13.14b


Both (M,M)-11 and (P,M)-11 formed folded structures in water,
while they possessed a random-coil structure in organic solvents.
The aromatic 1H-NMR protons of (M,M)-11 in CD3OD appeared
at > d 7.4, and all shifted to a high field in D2O. In particular,
two singlet protons of (M,M)-11 at 6-H and 7-H shifted by
more than 1 ppm. The 1H-NMR (D2O) spectra are concentration
independent between 0.1 mM and 5 mM indicating the intramolec-
ular nature of the phenomenon. The hypochromism exhibited in
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UV, CD, and fluorescence spectra of 11 when the solvent was
changed from methanol to water, suggested the formation of a
layered structure in water. Solvophobic and p–p interactions are
considered to play important roles in this folding.


When the UV absorption coefficients e at 290 nm of the
isomeric (M,M)-11 and (P,M)-11 were plotted against the solvent
composition of water and methanol at 25 ◦C, sigmoidal curves
were obtained. The free energy difference DG in water between the
folded structure and the unfolded structure was calculated: DG =
−1.7 kcal mol−1 for (M,M)-11; DG = −1.4 kcal mol−1 for (P,M)-
11. The results indicated that 11 with the same configuration of
helicenes formed a more stable folded structure than that with the
enantiomeric helicenes.


The structures of (M,M)-11 and (P,M)-11 in water were
obtained by Amber calculations. Both isomers stack at the B
ring of the helicene moiety, and the structures are consistent
with the high field shifts of 11 at 6-H and 7-H on folding.
The syn-conformation was obtained for (M,M)-11 and the anti-
configuration for (P,M)-11. The calculations also indicate the
higher stability of the folded structure of (M,M)-11 over (P,M)-11
by 1.7 kcal mol−1, which is in fair agreement with 0.3 kcal mol−1


obtained by the experiments.
Higher oligoamines up to hexamer (P,P,P)-14, (P,P,P,P)-15


(P,P,P,P,P)-16, and (P,P,P,P,P,P)-17 were synthesized by a two-
directional method,14d which involved the reductive amination
of a diamine 18 with 2 equivalents of (P)-13. The oligomers
formed multilayer structures in water–methanol, and random coil
structures in methanol (Scheme 10). The UV, CD, and fluorescence
spectroscopies in water–methanol suggested the formation of a p-
stacked structure of the aromatic moieties. The aromatic 1H NMR
protons of (P,P,P)-14, particularly the three singlet signals 6-HI,
7-HI and 6-HII, shifted upfield in D2O–CD3OD (4 : 1) compared


Scheme 10


with those in CD3OD. HI and HII indicate the protons of the
terminal (first) helicene I and the internal (second) helicene II
of (P,P,P)-14. The ROESY examinations revealed that (P,P,P)-
14 had a triple-layer structure stacked at the BC ring of the
helicene moiety with a syn-conformation. The tetramer (P,P,P,P)-
15, pentamer (P,P,P,P,P)-16, and hexamer (P,P,P,P,P,P)-17 also
possess analogous multilayer structures.


In order to know the effect of helicene stereochemistry on folded
structure, a diastereomer (P,M,P)-14 was compared with (P,P,P)-
14. In contrast to the dimer 11, appreciable difference was not
observed in thermodynamic stability between the diastereomers.
However, the folded structures differed as indicated by NMR:
a ROESY correlation was observed between 6-HI/7-HI and 1-
CH3


III/12-CH3
III in (P,M,P)-14. The observations were reasonably


explained to be related to the anti-conformation of the helicene I
and helicene II of (P,M,P)-14. The chirality at the helicene moiety
considerably affects multilayer structures.


5. Self-aggregation of [3 + 3]cycloalkynes


Cyclic aromatic compounds such as porphyrin,21a phthalocy-
anine,8e,21 and oligoacetylenes22,23 are known to form face-to-face
aggregates in solution and in the solid state, which are explained
by p–p interactions, the interactions between p electron systems.
Helicenes turned out to be a notable group exhibiting such
intermolecular forces, and we propose that nonplanar p-systems
of helicenes can exert stronger p–p interactions compared with
planar p-systems. Although its mechanism is not still clear, this
phenomenon provides another opportunity to examine the chiral
recognition of helicenes.


The achiral cyclic hexamer 19,23 which was known to form ag-
gregates in solution, was converted to chiral [3 + 3]cycloalkynes 20
by substituting three of the m-phenylene moieties with a helicene
(Scheme 11).18 The aggregate formation of 19 in solution was
compared with that of four stereoisomers (P,P,P)-20, (M,M,M)-
20, (P,M,P)-20, and (M,P,M)-20, which was considerably affected
by the stereochemistry of the helicene moiety.


Scheme 11


Compound (M,M,M)-20 was synthesized by the Sonogashira
coupling of dialkyne (M)-21 and a building block (M)-22 followed
by the cyclization with m-diiodobenzene.18a The CD spectra of
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(M,M,M)-20 in chloroform showed changes at 1 × 10−3 M,
when the concentration was increased. Vapor pressure osmometry
(VPO) revealed dimer formation at a concentration higher than
2 × 10−3 M, while monomeric formation occurred below this
concentration. Higher aggregation was not observed at the
higher concentrations. The aggregate formation of (M,M,M)-20
appears to be stronger than for 19, since 19 aggregated only at
higher concentrations.23 The 1H-NMR (CDCl3) chemical shifts of
(M,M,M)-20 change at concentrations between 1 × 10−4 to 1 ×
10−2 M, being consistent with the above observations. Larger shifts
were observed at the 3-H, 4-H, and 6-H of the helicene moiety as
well as at aromatic protons of the spacer moiety, which suggested a
face-to-face orientation. Another interesting feature of (M,M,M)-
20 is dimer formation without forming higher aggregates, which
is contrasted to 19 which forms higher aggregates with increasing
concentration.23 The helicene moiety of (M,M,M)-20 plays an
important role in the selective dimerization: calculation indicated
the fitting of m-phenylene to the grove of the helicene (Scheme 12).


Scheme 12


Three other stereoisomers (P,P,P)-20, (P,M,P)-20, and
(M,P,M)-20 were also synthesized by the same method, and
racemic (M*,M*,M*)-20 and (M*,P*,M*)-20 were prepared by
mixing equal amounts of the enantiomers. The VPO studies
indicated that the dimerization of the diastereomeric 20 occurred
at above a certain concentration in chloroform without forming
higher aggregates. The compound (M,P,M)-20 aggregates at 1.5 ×
10−2 M, which was the concentrations higher than (M,M,M)-20.
Racemic (M*,M*,M*)-20 formed dimer above 2.0 × 10−2 M and
racemic (M*,P*,M*)-20 above 3.0 × 10−2 M, which were higher
than (M,M,M)-20 and (M,P,M)-20, respectively. The results
reflected the stronger homoaggregation than the heteroaggrega-
tion: (M,M,M)-20–(M,M,M)-20 complexation is stronger than
(M,M,M)-20–(P,P,P)-20; (M,P,M)-20–(M,P,M)-20 complexa-


tion is stronger than (M,P,M)-20–(P,M,P)-20. The magnitude
of the complex formation between isomeric 20 therefore is
summarized as follows: (M,M,M)-20–(M,M,M)-20 > (M,P,M)-
20–(M,P,M)-20 > (M,M,M)-20–(P,P,P)-20 > (M,P,M)-20–
(P,M,P)-20. Chiral recognition by helicene occurred in the self-
aggregation of 20 in organic solvents, and a pair of the same
configuration of the helicene formed more stable complexes.


6. Double helix formation of oligo(ethynyl-helicene)s


A double helix is an interesting molecular structure comprising
two linear molecules, and possesses three-dimensional structural
variations in terms of diameter, length, pitch, and chirality, in
addition to the one-dimensional arrangement of atoms.24,25 The
structure is formed by several noncovalent bond interactions such
as hydrogen bonding, electrostatic interactions, van der Waals
interactions, charge transfer interactions, p–p interactions, and
CH–p interactions, both in the intramolecular and intermolecular
modes. Another notable feature is its potential to reversibly change
the structure in response to changes in the environment, and the
diversity of the structural features of a double helix makes its
structural change extremely interesting. DNA offers an excellent
example of a structural change between a double helix and a
random coil. However, little was known about the structural
change of a synthetic double helix until recently.25 It was found
in our study that acyclic ethynylhelicene oligomers form a double
helix and a random-coil in solution.18d


A series of acyclic ethynylhelicene oligomers from dimer (P,P)-
23 to nonamer (P,P,P,P,P,P,P,P,P)-30 possessing two to nine
helicenes were synthesized by a two-directional method from
(P)-22 (Scheme 13). The CD (CHCl3, 25 ◦C, 5 × 10−6 M)


Scheme 13
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spectra of (P,P)-23 to (P,P,P,P,P,P)-27 possessing less than
seven helicenes showed a monotonic increase in De in accordance
with the number of helicenes. In contrast, the CD spectra
of higher homologs (P,P,P,P,P,P,P)-28, (P,P,P,P,P,P,P,P)-29,
and (P,P,P,P,P,P,P,P,P)-30 possessing more than six helicenes
markedly changed: An extremely large De with an inverted sign of
the Cotton effect was observed between 300 and 400 nm. This was
ascribed to the formation of highly ordered structures of higher
oligomers, most probably helical structures. The vapor pressure os-
mometry (VPO) analysis indicated the heptamer (P,P,P,P,P,P,P)-
28 to possess a dimeric structure or a double helix. The nonplanar
p–p interactions between helicenes are considered important for
ordered structure formation.


In chloroform (5 × 10−3 M), the Cotton effect of
(P,P,P,P,P,P,P)-28 gradually decreased at 25 ◦C, and a steady
state was reached after 24 h. The resulting CD spectrum was
similar to those of (P,P)-23 to (P,P,P,P,P,P)-27 except in terms of
intensity. These observations were explained by the slow transition
of the double helix of (P,P,P,P,P,P,P)-28 to a random coil. The
helix–coil transition examined in several substituted benzenes
revealed a large solvent dependence.18d When (P,P,P,P,P,P,P)-28
was dissolved in iodobenzene at 25 ◦C (5 × 10−6 M), the unfolding
was completed within 1 min, and low temperature experiments
and the Arrhenius plots provided a rate constant at 25 ◦C, k =
28 min−1. The unfolding in trifluoromethylbenzene was extremely
slow, and provided a rate constant at 25 ◦C, k < 10−6 min−1. The
type of benzene substituent changed the rate constants k by 7
orders of magnitude (Table 1). Such a large aromatic solvent effect
in the chemical reaction was not known before.


The value of log k exhibited a good correlation with the absolute
hardness g,26 which was obtained by Pearson employing ionization
potential and electron affinity. The rate constant k decreased with
an increase in the g of the solvents, which suggested the soft
nature of nonplanar p–p interactions of helicenes (Scheme 14).
The HSAB principle was found to be related to p–p interactions.18d


Folding of (P,P,P,P,P,P,P)-28 from a random coil to a double
helix, however, was not observed in chloroform at 5 × 10−6 M,
and the helix dimer was regenerated only when the solution was
concentrated to a small volume.18d The folding, a bimolecular
reaction, should be accelerated at higher concentrations without


Table 1 Rate constant k for unfolding of double helix (P,P,P,P,P,P,P)-
28 (25 ◦C, 5 × 10−6 M) obtained by CD


Solvent k/min−1


Iodobenzene 28
Styrene 9.3
Thioanisole 4.6
Bromobenzene 2.9
Benzonitrile 1.3
Anisole 9.0 × 10−1


Chlorobenzene 5.1 × 10−1


Phenylacetylene 9.3 × 10−2


Ethylbenzene 9.2 × 10−2


Ethyl benzoate 7.1 × 10−2


Toluene 1.9 × 10−2


Chloroform 5.7 × 10−3


Pyridine 4.1 × 10−3


Benzene 3.6 × 10−4


Fluorobenzene 5.6 × 10−5


m-Difluorobenzene 5.8 × 10−6


Trifluoromethylbenzene <10−6


Scheme 14


considerably affecting the unfolding process, a monomolecular
reaction. Accordingly, the thermal switching of (P,P,P,P,P,P,P)-
28 between a double helix and random coil monomers proceeded
at a higher concentration 1 × 10−3 M.18g The process being highly
reproducible exhibited an extremely large change in the intensity
of the Cotton effect (Fig. 2). Moreover, various patterns of De–
time profiles were obtained as output against thermal input using
(P,P,P,P,P,P,P)-28 depending on changes in concentration, tem-
perature, and solvent type. The diversity reflects the difference of
thermodynamic stability and kinetic of the folding and unfolding
processes.18g


Fig. 1 De–time profiles of (P,P,P,P,P,P,P)-28 in toluene at 1 mM,
0.5 mM, 0.25 mM for repeating cycles of heating at 55 ◦C and cooling
10 ◦C every 30 min.


The effect of the stereochemistry at the helicene moiety
was examined by comparing the double helix formation of
(P,P,P,P,P,P,P)-28 with diastereomers (M,P,P,P,P,P,M)-28 and
(P,M,P,P,P,M,P)-28.27 When (P,M,P,P,P,M,P)-28 was dis-
solved in chloroform (25 ◦C, 5 × 10−6 M), CD exhibited the
formation of random-coil structure with no symptoms of helix
formation. The dissolution of (M,P,P,P,P,P,M)-28 in chloroform
showed a rapid decrease in De at nm, and unfolding was completed
within 30 min. The rates were much faster than (P,P,P,P,P,P,P)-
28, unfolding of which required about 24 h under the same
conditions. Thus, the double helix stability of the stereoisomers
is as follows: (P,P,P,P,P,P,P)-28 > (M,P,P,P,P,P,M)-28 >


(P,M,P,P,P,M,P)-28 (Scheme 15). The results indicate that the
same configuration of helicenes form more stable complexes in
the double helix formation.
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Scheme 15 Stability of double helix.


7. Binding of helicene and double strand DNA


As noted in the previous section, a double helix structure is
constructed by a number of intermolecular and intramolecular
interactions, and possesses a diversity of three-dimensional struc-
tural variations. That the double helical oligomers or polymers are
able to form right-handed and left-handed helices led us to study
their interactions with low molecular weight helical compounds,
helicenes. Double strand DNA is one of the most well known
double helical molecules, and the binding of helicene was not
studied before.28 An interesting subject is which enantiomer of
the helicene can preferentially bind to this natural double helical
polymer with right handed helicity.14a


When calf thymus DNA was added to a buffered solution
(pH 7) of helicenediamine (P)-18 or (M)-18, The UV, fluorescence,
and CD spectra changed indicating complex formation. The
fluorescence spectra (1.0 × 10−5 M, 25 ◦C) were used to obtain
the binding constant K employing the McGhee–Hippel method:
K = 1.4 × 10−4 M−1 for (P)-18; K = 1.2 × 10−4 M−1 for (M)-18.
The isothermal titration calorimetry provided the thermochemical
information on the binding of 18 to DNA (pH 7.6, 5 × 10−4 M,
25 ◦C). In regard to the chiral recognition, the results of the
fluorescence titration experiments were confirmed; the binding
constant K = 5.7 × 105 M−1 of (P)-18 to DNA was larger than
K = 3.6 × 105 M−1 of (M)-18 (Table 2). The binding of 18 is
enthalpy driven, and chiral recognition was largely affected by
the entropy: the entropy for (P)-18 binding was positive and
that for (M)-18 negative. The chiral recognition thus driven by
the entropy difference suggested considerably different binding
structures between the enantiomeric 18. It is shown that the helical
polymer with the right-handed helicity binds to a helicene with a
right-handed helical structure (Scheme 16).


Chiral recognition in the complexation of double strand DNA
and 18 was compared with that of nucleosides. This experi-
ment was conducted to deduce the relationship between chiral
recognition in the complexation of a monomeric unit and the


Table 2 Binding of 18 to calf thymus DNA (0.5 × 10−3 M) in 2.0 × 10−5 M
Tris·HCl buffer (pH 7.6, 25 ◦C) containing 2.0 × 10−5 M NaCl


(P)-18 (M)-18


K/×105 M−1 5.7 3.6
DG/kcal mol−1 −7.9 −7.6
DH/kcal mol−1 −6.0 −8.1
DS/cal mol−1 K−1 6.3 −1.9


Scheme 16


Table 3 Binding of deoxyribonucleosides or ribonucleosides with he-
licenediamine 18 (1.0 × 10−3 M) in D2O (pD 5.7, 23 ◦C, 0.1 M phosphate
buffer) examined by 1H-NMR titration experiment


K/M−1


Nucleoside (P)-18 (M)-18


dA 48 45
dT 1.7 1.6
dG 44 43
dC 6.8
A 36 32
U 5.2 4.5
G 37
C 7.6 7.4


corresponding polymer. The 1H-NMR (D2O, pD 5.7, 23 ◦C)
titration experiments of racemic (±)-18 with deoxyribonucleosides
(dA, dT, dG, and dC) or ribonucelosides (A, U, G, C) were used
to obtain the binding constants K assuming 1 : 1 complexation
(Table 3). In cases other than dC and G, the aromatic peaks of (±)-
18 separated indicating chiral recognition in the complexation. The
complexation experiments of dA, A, and U showed appreciable
differences in K, and the binding of (P)-18 was stronger than
that of (M)-18. The differences in binding constants K for dT,
dG, and C were marginal with slight preferences for (P)-18. As
was the double strand DNA, nucleosides also showed higher
affinity to right-handed helical (P)-18 (Scheme 16). This is an
interesting chiral recognition phenomenon, in which the behaviors
of monomeric and polymeric compounds are related.


Chiral recognition phenomenon in the complexation of a double
strand DNA and the helical low molecular weight compound
18 was examined: The same configuration of the compounds
showed higher affinity than a combination of antipodes. Notably,
Sugiyama et al. obtained a contradictory results in the binding of
a thiahelicene with Z-DNA possessing the left-handed helicity:29


The right-handed helicene formed a more stable complex with a
left-handed helical polymer. The generality of this observation is
a subject that needs to be clarified.


Conclusions


Noncovalent bonding interactions with face-to-face orientations
play important roles in the chemistry of helicenes, and chiral
recognition in preference of the same configuration of helicene
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appears to be the general trend. To study further examples to
confirm the generality and to find exceptions to this rule may be
a subject in the future. A comparison of the chemistry of helical
chirality, a P/M molecular system, with the chemistry of central
chirality, a R/S molecular system, will be another interesting
subject.
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The four stereoisomers of the double-headed acyclic nucleoside 1,4-bis(thymine-1-yl)butane-2,3-diol
were incorporated in the central position of four 13-mer oligonucleotides. The phosphoramidite
building blocks were synthesized in four or six steps from either D- or L-2,3-O-isopropylidenethreitol.
Two epimeric and fully deprotected double-headed nucleosides were analyzed by X-ray crystallography.
The incorporation into oligonucleotides was hampered by steric hindrance and formation of a cyclic
phosphate. The use of pyridinium chloride as the activator and a kinetic analysis based on 31P NMR of
the coupling and detritylation processes led to improved yields of the oligonucleotides. In comparison
with the (S)-GNA monomer, one of the four stereoisomers was found to show a similar destabilization
of a DNA duplex, indicating that the additional base can be introduced without a thermal penalty.
Another stereoisomer was found to induce a thermal stabilization of a DNA:RNA three-way junction.
Thus, the stereochemistry of this acyclic double-headed nucleoside motif is important, indicating
potential for the design of artificial nucleic acid secondary structures.


Introduction


Synthetic nucleic acid chemistry has been predominantly moti-
vated by the potential of selective nucleic acid based therapeutics
using gene silencing approaches.1,2 Nevertheless, new perspec-
tives appear within nucleic acid nanobioscience and nanoscale
engineering.3–5 The synthetic design is based on the predictable
Watson–Crick base pairing capacity of nucleic acids. Simple
duplexes built with canonical base pairing, however, span quite
a restricted set of possible structure types. Nucleic acid secondary
structures are envisioned to be among the structural elements
that may form the foundation of bottom-up constructs within
nanotechnology.5 Thus, within synthetic nucleic acid chemistry,
there has been a drive to expand the structural diversity by
mimicking natural secondary structures other than duplexes,
such as bulges and three-way junctions, through application of
synthetic nucleoside analogs.6,7 In this line of research, non-
conventional nucleosides bearing two nucleobases (called double-
headed nucleosides) have been synthesized, to give nucleic acids
that provide an extra recognition possibility for either interstrand
or intrastrand communication.8–11


Nucleosides based on the natural 2′-deoxyribonucleoside struc-
ture but with an additional nucleobase attached in different
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positions have been studied (Fig. 1). Thus, we introduced the two
double-headed nucleosides 1 and 2 with the additional thymine
positioned in either the 2′- or the 5′-position,9,11 whereas Herdewijn
and co-workers introduced 3 with either an additional thymine or
an adenine in the 4′-position.10 Furthermore, a simpler acyclic
double-headed nucleoside 4 has been studied.8 In our studies,
oligodeoxynucleotides (ODNs) containing 1 or 2 were used to
form bulged and three-way junction structures. In other studies,
we have approached these structures with more complicated cyclic
dinucleotides,12,13 but the simpler constructs were synthetically
more appealing and, in fact, more promising. Thus, 1 incorporated
in the branching point of a nucleic acid three-way junction
increased the thermal stability of this significantly.9 The double-
headed nucleosides 3 and 4 were mainly studied for developing
interstrand communication between complementary nucleic acid
sequences through base–base H-bond interaction on the duplex
surface.8,10 On the other hand, a strong base–base stacking
interaction in the minor groove was found for two complementary
ODNs containing 2 in a zipper motif.11


Fig. 1 Double-headed nucleosides. U = uracil-1-yl, T = thymin-1-yl, A =
adenin-9-yl.


In this paper we wish to report our efforts towards simpler
acyclic double-headed nucleoside building blocks mimicking the
very simple (S)-GNA (glycerol nucleic acid) structure (Fig. 2)
reported earlier by us14 and others,15,16 and elaborated recently by
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Fig. 2 Incorporation of the four stereoisomers of 1,4-bis(thymine-1-yl)butane-2,3-diol into ODNs compared to GNA and TNA. T = thymin-1-yl.


Meggers et al. to fully modified sequences forming a surprisingly
stable antiparallel base pairing system.17,18 This system, which can
be regarded as an acyclic analog of the TNA (threitol nucleic
acid) reported by Eshenmoser and co-workers19 (Fig. 2), has also
been shown to form stable cross-pairing with RNA. We decided
to elaborate the simple glycerol skeleton to an erythrol/threitol
system with two thymines, preparing and incorporating the
four different stereoisomers of 1,4-bis(thymine-1-yl)butane-2,3-
diol into ODNs (X, Fig. 2) in order to study their effect on DNA
and RNA secondary structures. Due to the non-restricted rotation
around the C2′–C3′ bond, the glycols are envisioned to conform
better to these non-canonical structures than natural nucleosides
or, possibly, better than the double-headed nucleosides with the
natural 2′-deoxyribofuranose skeleton.


Results and discussion


Chemical synthesis


The four diastereoisomeric double-headed phosphoramidite
building blocks were synthesised from the two commercially avail-
able enantiopure compounds D- and L-2,3-O-isopropylidene thre-
itol, 5a and 5b, respectively (Scheme 1). A Mitsunobu reaction20


with N3-benzoylated thymine21,22 furnished the regioselective N1-
alkylation of thymine. After chromatography, the compounds were
taken directly to the next step and hydrolysed by a standard
protocol to give the double-headed nucleosides 6a and 6b in a
yield of 50 and 36% over the two steps, somewhat hampered
by extensive chromatography well known for the Mitsunobu
reaction.21 The polarity sense of the nucleosides was fixed by
protecting one of the symmetry-equivalent hydroxy groups with
a DMT group. Hence, selective DMT-protection by treatment
with excess DMTCl in anhydrous pyridine afforded the two
enantiopure compounds 7a and 7b constituting a divergence
point between the threo- and erythro-configured stereoisomers.
With the orientation set by the DMT protection, the projected


threo-configured phosphoramidites 8a and 8b were immediately
obtained after isolation of the DMT-protected glycols in 74
and 77% yield followed by a standard phosphitylation in 64
and 39% yield. To render an erythro-configuration, an inversion
at the C2′ alcohol was required prior to phosphitylation. An
approach involving the participation of the neighboring thymine
was envisioned. To facilitate the enolic tautomer of the thymine
base, compounds 7a and 7b were debenzoylated, and the com-
pounds 9a and 9b were prepared in overall yields of 11 and 18%
based on the starting materials 5a and 5b. A leaving group was
introduced by mesylation in 41 and 50% yield to give 10a and
10b, and the configuration was subsequently inverted by treatment
with aqueous NaOH in ethanol.23 The reaction presumably
occurs via the anticipated intermediary O2-anhydro compound,
which is subsequently hydrolysed. By analogy, Holy isolated
the O2-anhydro compound obtained from the corresponding
GNA-monomer 3-dimethoxytrityloxy-2-mesyloxy-1-(thymine-1-
yl)propane treated with Et3N under anhydrous conditions.16 The
erythritols 11a and 11b were obtained in 84 and 88% yield and
finally phosphitylated to give the amidites 12a and 12b in 69 and
64% yield.


X-Ray crystallography, NMR spectroscopy and molecular
modelling


Confirmation of the C2′ inversion was made possible by crystal-
lization of the fully deprotected compounds 13 and 14 obtained
from acidic hydrolysis on the analytical scale of compounds 9a
and 11a, respectively. Compound 13 has also been prepared
directly from 6a. Thus, the D-threo- and the meso-1,4-bis(thymin-
1-yl)-2,3-butanediol, 13 and 14, respectively, were crystallized
from a DMSO–water system to give the structures shown in
Fig. 3. Both molecules were found to form an extended H-
bonded network in the crystalline state. Both molecules assume
the expected conformation based on gauche interactions between
the electronegative substituents around the C1′–C2′ bond. On the
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Scheme 1 Reagents and conditions: (a) i. 3-N-benzoylthymine, Ph3P, DEAD, THF; ii. TFA–H2O (3 : 1) (6a 50% and 6b 36%); (b) DMTCl, pyr (7a 74%
and 7b 77%); (c) CEOPClN(i-Pr)2, DIPEA, CH2Cl2 (8a 64% and 8b 39%); (d) aq. NaOH, dioxane (9a 11% from 5a and 9b 18% from 5b); (e) MsCl, Pyr
(10a 41% and 10b 50%); (f) aq. NaOH, EtOH (11a 84% and 11b 88%); (g) CEOPClN(i-Pr)2, DIPEA, DCM (12a 69% and 12b 64%); (h) DCA–SiO2,
DCM; (j) 80% aq. AcOH (42% from 5a). CE = 2-Cyanoethyl. DMT = 4,4′-Dimethoxytrityl.


other hand, only the threo-configured isomer 13 conforms to this
theory for the C2′–C3′ bond as well, while the erythro-configured
14 assumes an antiperiplanar conformation for all its substituents.
This could indicate that the anti relationship for the methylene
(thymine) groups in this case is more important than the gauche
interactions for the electronegative groups.


Conformational analysis based on the 1H NMR coupling
constants from 13 in DMSO-d6 also indicates an average gauche
(+) conformation around the C1′–C2′ bond (J = 2 Hz, 9 Hz
and 13 Hz) (see ESI-Fig. 1). For 14, similar coupling constants
also indicated this conformation (J ∼ 0 Hz, 8 Hz and 13 Hz).
The alternative gauche (−) conformation with a similar coupling
constant pattern seems less likely because of the unfavorable steric
overlap from the butane moiety and the pyrimidine. It was not
possible to discern the conformation around the C2′–C3′ bond
from coupling constants. Nevertheless, the conformation around
the C1′–C2′ bond discourages the possibility that the thymine
bases stack intramolecularly in solution; a conformation that
potentially could later impede its ability to fit properly into a
duplex environment.


In order to investigate how well the structures adapt to a B-type
DNA environment, models with the two isomers X(3S,2S) (L-threo)
and X(3R,2S) (D-erythro) were investigated with a 0.5 ns MD-
simulation (Fig. 4). Initially, the monomers in the conformations


obtained from the X-ray analysis were used as starting points.
Due to the 2(S)-configuration, the particular two isomers mimic
the (S)-GNA carbon framework; moreover, the X(3R,2S) monomer
assumes a conformation that resembles the quasi-2′,3′-trans-
diaxial backbone of TNA with its 2′,3′-antiperiplanar backbone.
The models in Fig. 4a and b indicate that the crystal state
conformations are accommodated well in a B-DNA duplex with
the extra base placed on the outside of the helix. Rotation around
the C1′–C2′ bond is the only significant adaptation required to
maintain base pairing. However, the P–P internucleotide distance
fluctuates around 4.9 Å for X(3S,2S) and 5.9 Å for X(3R,2S) compared
with 6.5 Å for the normal backbone. The short distance of 4.9 Å
may be an incitement for the threo-configured X(3S,2S) to shift the
conformation to a 2′,3′-antiperiplanar backbone. Indeed, a similar
MD-simulation with X(3S,2S) in this conformation (Fig. 4c) and
another with the C3′–C4′ bond also assuming an antiperiplanar
conformation (Fig. 4d) give longer P–P internucleotide distances,
around 5.3 Å and 5.9 Å, respectively.


Synthesis of oligodeoxynucleotides


Table 1 presents the oligodeoxynucleotides (ODNs) prepared
in this study. To investigate the effect of the four stereoiso-
meric double-headed nucleosides on DNA and RNA secondary
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Fig. 3 X-Ray crystal structures of the deprotected double-headed nu-
cleosides 13 (top) and 14 (bottom). Displacement ellipsoids are shown
at the 50% probability level for non-H atoms. In the meso-isomer 14,
unlabelled atoms are related to labelled atoms by a crystallographic center
of inversion.


Table 1 Oligodeoxynucleotides prepared for this study


ODN sequencesa MW (found/calc.)b


Ref. 5′-GCTCACTCTCCCA —
ON1 5′-GCTCACX(3R,2R)CTCCCA 3925.7/3925.1
ON2 5′-GCTCACX(3R,2S)CTCCCA 3925.7/3926.1
ON3 5′-GCTCACX(3S,2S)CTCCCA 3925.7/3925.6
ON4 5′-GCTCACX(3S,2R)CTCCCA 3925.7/3926.1
ON5 5′-GCTCACT(2S)CTCCCA 3787.7/3788.5
ON6 5′-GCTCACECTCCCA 3649.7/3645.9


a X refers to the incorporation of 8a, 12a, 8b and 12b, respectively. T refers
to the incorporation of the GNA–T phosphoramidite and E to the ethylene
glycol phosphoramidite. b MALDI-MS data obtained in negative mode.


structures, four ODNs incorporating any of the four building
blocks at the target site were synthesized (ON1–ON4). An ODN
that contains GNA–T allowing for a single base pairing was
included in the study (ON5) to investigate the effect of the extra
(thymine-1-yl)methyl moiety. Furthermore, an ODN containing
just an ethylene glycol linker providing no possibility for base
pairing was included (ON6).


The six ODNs were synthesised on an automated DNA
synthesiser employing phosphoramidite chemistry and standard
coupling procedures with 4,5-dicyanoimidazole as the activator
except for the non-conventional nucleosides, for which we used
pyridinium chloride (pyrHCl) as the activator. This activator has
been shown to give good coupling with ribofuranosyl phospho-
ramidites containing bulky protecting groups on the 2′-hydroxyl
group,24 and in a preliminary experiment, 1H-tetrazole proved
inefficient (see ESI-Fig. 2). With pyrHCl as activator, the incorpo-
ration of X = 8a into the short model ODN-sequence 5′-TTXTT
was achieved with 47–58% efficiency with pyrHCl compared to
8–9% for 1H-tetrazole. For comparison, the synthesis of the


corresponding n − 1 oligomer 5′-TTTT was also performed. Yield
assessment was based on analytical ion chromatography (IC) after
spiking and correcting the extinction coefficient by the 4 : 6 ratio
of thymine bases (see ESI-Fig. 3). Mass analysis of the product
indicated that the major byproducts were n − 1 oligomers missing
thymidines [M − 304] for both sequences. There was no detection
of an [M − 400] peak corresponding to an oligomer missing the
modified nucleoside X. This indicates that elongation must be
retarded only after the incorporation of the modification and also
rules out insufficient capping. Thus, pyrHCl was found to be the
best activator for these amidites, but the overall coupling yield was
still around 50%. Thus, when it was attempted to synthesise a tract
of four modifications flanked by unmodified 2′-deoxynucleotides,
5′-CGCT-XXXX-TGCG, with X = 8a using pyrHCl, the isolated
yield of the modified oligonucleotide was <2%.


Recently, Zhou et al. reported that the elongation step in the
phosphoramidite protocol of the 3-amino analogs of GNA was
impaired by a cyclization from attack by the nucleophilic amino
group on the P(III) level.25 We studied the similar cyclization as a
potential explanation for the low coupling yields of the double-
headed phosphoramidites. A 31P-NMR study of the coupling
steps between 8b and 3′-O-tert-butyldimethylsilylthymidine did,
however, indicate that the steps were fast and quantitative when
pyrHCl was employed as activator and t-BuOOH as oxidizer, and
indicated no formation of cyclic compounds at the P(III) oxidation
state during the coupling step (see ESI-Fig. 4). This result is
supported by the observed absence of [M − 400] masses for the
aforementioned 5′-TTXTT synthesis. Therefore, the coupling with
8b as the amidite cannot be the reason for poor yields, indicating
that the following detritylation or its subsequent coupling with an
unmodified phosphoramidite is retarding the elongation.


To investigate the final detritylation reaction, the dinucleotide
was resynthesized on a preparative scale and the detritylation step
was studied using catalytic amounts (2%) of trichloroacetic acid
in CD2Cl2 (Fig. 5). The reaction was very fast (t1/2 <2 min) as
evident by 1H-NMR, and it can be concluded that the following
coupling must be the weak step. However, the same experiment
revealed, after longer reaction time, a new set of peaks appearing
in the region of the 31P-NMR around d = 15 ppm. This indicates
a cyclisation to form a five-membered ring at the P(V) oxidation
state26 (Fig. 5, see also ESI-Fig. 5). The reaction was conducted
with both catalytic and stoichiometric amounts of trichloroacetic
acid and in both cases found to have a t1/2 = 2 h independent of
the acid concentration. Thus, while cyclisation reaction is easily
avoided in the fast detritylation step, it could represent a plausible
mechanism by which elongation is retarded in the subsequent
coupling step, if the coupling itself is slower.


The poor coupling was only observed with the threo-configured
phosphoramidites 8a and 8b. The erythro-configured amidites
12a and 12b along with the GNA–T amidite were coupled using
pyrHCl as activator with good yields (>90%).


Hybridisation studies


The oligonucleotides were annealed with a set of DNA and RNA
strands to give various structural motifs at the complementary
site of the modification (Table 2). The formation of a duplex with
a complementary DNA strand is seen to be destabilised by the
replacement of a thymidine with a double-headed nucleoside as
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Fig. 4 Modelling of two double-headed glycol nucleosides (highlighted) placed in a B-DNA environment. The average structures were obtained from the
last 50 ps of 500 ps MD-simulations. (a) The D-erythro-configured isomer (X(3R,2S)) based on the X-ray structure of 14. (b) The L-threo-configured isomer
(X(3S,2S)) based on the X-ray structure of 13 (inverted stereochemistry) (c) The same L-threo-configured isomer with an antiperiplanar conformation of the
C2′–C3′-bond. (d) The same L-threo-configured isomer with an antiperiplanar conformation of both the C2′–C3′ and the C3′–C4′ bond.


Fig. 5 Detritylation of the dinucleotide obtained from 8a with trichloroacetic acid in CD2Cl2 at T = 24 ◦C. The reactions were monitored with 1H and
31P NMR spectroscopy at 200 MHz (see ESI).


evident from the decrease in melting temperatures of −10 to
−13 ◦C (entry 1). On the other hand, the destabilizations are
smaller when compared to the insertion of an abasic moiety (ON6).
Among the four different stereoisomers, the double-headed nucle-
oside in ON2 (containing the D-erythro-configuration, X(3R,2S), see
Table 1) does not give any further destabilization, when compared
to the GNA-nucleoside in ON5. Thus, in the duplex formed with
ON2, the extra (thymin-1-yl)methyl moiety does not seem to affect
the structure significantly. This is in contrast with ON3, which has
the same C2′ configuration but with the C3′ configuration inverted
(L-threo-configuration). The latter duplex is destabilised by about
2 ◦C compared with the former two, indicating that the orientation
of the extra (thymin-1-yl)methyl moiety plays a role in the duplex
stability.


The model studies (Fig. 4) give some explanation of these
results. Considering the structural analogy with TNA–T, for which
a crystal structure of its incorporation into a B–DNA duplex
is available,27 the orientation of the methylene linker in ON3
would point towards the minor groove in an idealised mimic
of the O3′–C3′–C2′–O2′ antiperiplanar conformation found for
TNA–T. Thus, the modelling indicates that the extra base in
ON3 will either align itself with the minor groove (Fig. 4c) or
sit perpendicular to the groove (Fig. 4d) depending on the C3′–
C4′ conformation. In contrast, the extra base in ON2 seems to be
oriented towards the bulk solvent (Fig. 4a). This could indicate
that the slightly larger destabilization observed in the ON3 duplex
is partly attributed to a greater perturbation of the minor groove
hydration from the presence of the extra thymine base.
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Table 2 Hybridisation data for the prepared ODNs with different DNA- and RNA-complementsa


Tm/◦C DTm/◦C


Entry Complements Ref. ON1 ON2 ON3 ON4 ON5 ON6


1 DNA 3′-dCGAGTGAGAGGGT-5′ 52 −13 −10 −12 −12 −10 −16
2 DNA, with mismatch 3′-dCGAGTGTGAGGGT-5′ — — −14 — — — —
3 DNA, with mismatch 3′-dCGAGTGGGAGGGT-5′ — — −10 — — — —
4 DNA, with mismatch 3′-dCGAGTGCGAGGGT-5′ — — −24 — — — —
5 DNA, A-bulge 3′-dCGAGTGAAGAGGGT-5′ 53 −19 −15 −18 −16 ND −22
6 DNA, AG-bulge 3′-dCGAGTGAGAGAGGGT-5′ 42 −10 −8 −7 −8 ND −13
7 DNA hairpin (with


10 mM MgCl2)
3′-dCGAGTGACGCGT4CGCGAGAGGGT-5′ 32 −1 −2 −2 −1 ND −3


8 DNA bulged hairpin
(with 10 mM MgCl2)


3′-dCGAGTGACCCGCGT4CGCGAGAGGGT-5′ 33 −6 −5 −6 −5 ND −7


9 RNA 3′-rCGAGUGAGAGGGU-5′ 59 −11 −8 −11 −11 −5 −14
10 RNA, A-bulge 3′-rCGAGUGAAGAGGGU-5′ 60 −18 −14 −15 −16 ND −19
11 RNA, AG-bulge 3′-rCGAGUGAGAGAGGGU-5′ 49 −9 −6 −7 −7 ND −10
12 RNA hairpin 3′-rCGAGUGACGCGU4CGCGAGAGGGU-5′ 39 −3 −2 −3 +2 ND −4


(with 5 mM MgCl2)b 43 −3 −5 −5 +1 ND −4
(with 10 mM MgCl2)b 45 −3 −3 −5 −1 ND −4
(with 1 M NaCl)c 48 −3 −3 −4 +1 ND ND
(with 10 mM MgCl2 and 1 M NaCl)b ,c 48 −2 −3 −4 +1 ND ND


a Melting temperatures obtained from the maxima of the first derivatives of the melting curves (A260 vs. temperature) recorded in a medium salt buffer
(Na2HPO4 (7.5 mM), NaCl (100 mM), EDTA (0.1 mM), pH 7.0)) using 1.0 lM concentrations of each strand. All Tm values are given as averages of
double determinations. DTm values are the differences between the determined Tm values and the shown Tm values of the corresponding unmodified
reference complexes. ND = Not determined. b Obtained by the addition of MgCl2. c Obtained in a high salt buffer.


A mismatch study (Table 2, entries 2–4) for ON2 shows large
discrimination towards cytidine, but no discrimination towards
guanosine and low discrimination towards thymidine. Neverthe-
less, this indicates that base-pairing is taking place between the
double-headed nucleotide and the complementary nucleotide.


Despite the slightly smaller destabilization for ON2, the stere-
ochemistry seems in general to be of little importance in the
duplex. Insertion of an extra adenosine in the opposite strand (A-
bulge) enhances the stereochemical differences and again favors
ON2 over the other sequences (entry 5). However, an overall very
large destabilization is evident. In the case of structure ON1, the
destabilization approaches the result for the abasic analog in ON6.


Introducing an additional G bulge between the adenosines
lowers the relative destabilization (entry 6). In this motif, ON3
forms the more stable hybrid followed by ON2 and ON4. However,
the mismatch study for the ordinary duplex formed by ON2,
showing no discrimination towards guanosine (entry 3), makes it
impossible to discern whether or not an A or a G bulge is actually
formed.


The next motif comprises a three-way junction with 10 mM
MgCl2 added to stabilize the structure (entry 7).9 Here, only a slight
destabilization by the unconventional nucleosides is observed.
However, this is also evident for the oligonucleotide containing
an abasic site at the junction (ON6), indicating that canonical
base pairing is not an important structural factor in this motif.
As indicated by Seemann and co-workers, it is probably not
possible to form all canonical base pairs at the branch point in
a DNA three-way junction.28 Hence, the DNA three-way junction
is known to display a flexible structure, a trait which may be
imparted by incorporating a dinucleotide bulge adjacent to the
structural branch point.29,30 Therefore, we employed the same
three-way motif with a CC bulge adjacent to the junction to render
a less flexible motif (entry 8).11,13 The results suggest, however,
that the double-headed modifications do not fit in the motif, as


the destabilizations are larger and the differences between the
abasic site and the double-headed nucleosides are again of minor
importance.


The results obtained for the RNA based motifs are also given
in Table 2. With an unbulged RNA complement (entry 9), ON2
forms a duplex, which is more destabilized by approx. −3 ◦C
compared to the duplex formed by ON5 incorporating the GNA
thymidine analog. Compared to the native duplex, however, ON2
is less destabilized in an RNA environment than in the DNA
environment (−8 ◦C compared to −10 ◦C). This is not surprising
as GNA has been shown to cross-pair with RNA but not with
DNA.17 The effect, however, appears to be less pronounced for
the other three stereoisomers in ON1, ON3 and ON4 and the
abasic site in ON6. Again, it is particularly interesting that ON2 is
observed to form more stable duplexes than ON3 with a difference
of 3 ◦C. This is a clear indication that the orientation of the extra
methyl linker moiety at C3′ is important for the accommodation
of the extra thymine base in a duplex structure.


While the bulged RNA motifs display destabilized structures
without significant stereochemical influence, similar to the DNA
congener (entries 10–11), the stability of the RNA three-way
junction is observed to be very dependent on the stereochem-
istry of the double-headed nucleosides (entry 12). Indeed, ON4
stabilizes this RNA motif by +2 ◦C without MgCl2 whereas
the other oligonucleotides destabilize the motif by −2 ◦C to
−3 ◦C. This property is seen to be true in both medium and high
concentrations of NaCl. Although the observed stabilization for
ON4 seems to level off with increasing concentration of MgCl2,
the differences from the stereochemical relationship are almost
constant. Although the stabilization is modest, the fairly large
difference (which is dependent on stereochemistry) indicates that
this motif is not unduly flexible and that it is possible to target and
stabilize the secondary structure with a designed molecule. Indeed,
ON4, which shows the best fit into the RNA three-way junction,
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incorporates a nucleoside that is the mirror image of the nucleoside
incorporated into ON2, found to be the better oligonucleotide in
simple duplex formation.


Discussion


The synthesis of the four stereoisomeric double-headed nucle-
osides was fairly simple. The two threo-configured phospho-
ramidites were obtained in only four steps from cheap com-
mercially available starting materials, and the erythro-configured
analogs demanded only two additional steps. On the other hand,
the preparation of the latter was based on the so-called anhydro
approach, which is only possible with the pyrimidine nucleobases.
Therefore, the procedure would not be immediately useful for
the preparation of erythro-configured purine analogs. In contrast
to the relatively easy preparation of the phosphoramidites, their
oligomerisation was a challenging task. The kinetic studies proved
that pyrHCl is the preferred activator for these amidites and that
the incorporation can be performed with reasonable efficiency.
Nevertheless, steric problems in the coupling step and the ring-
closure during the detritylation and subsequent coupling step
hamper the incorporation of the threo-configured amidites so
much that more than single incorporations in the ODNs were
impossible. On the other hand, the erythro-configured amidites
were more efficiently incorporated, and a direct study of the
cooperativity between the double-headed acyclic nucleosides and
their GNA counterparts can thus be performed in the near future.


Compared to other double-headed nucleosides studied by us
and others,8–11 the four stereoisomeric acyclic nucleosides of this
study display the most pronounced destabilization of duplexes.
In other words, the combination of conformational flexibility, a
backbone that is shortened by one carbon atom, and an additional
base is not optimal for duplex formation. It is not surprising,
however, that an intact 2′-deoxyribose skeleton (as in 1–3) is
preferred, as single incorporations of the GNA-monomers into
duplexes are also known to induce significant destabilizations.14


For that reason, the effect of additional bases in fully modified
GNA-sequences might give completely different results. The
different stereochemistries give, however, some differences in the
destabilization of duplexes, and the most “GNA-like” analog (as
in ON2, Table 2), with the 2′(S)-configuration of GNA and the
additional thymine pointing away from the duplex (Fig. 4a), shows
almost the same thermal stability as the GNA-sequence (ON5).
The study of a 5′-positioned (thymine-1-yl)methyl group using
the double-headed nucleoside 2 has recently shown an intriguing
interstrand base–base interaction in a DNA-zipper motif.11 A
similar effect of the (thymine-1-yl)methyl group of the D-erythro-
configured compound 14 in a corresponding GNA-zipper motif
might be envisioned.


The study of three-way junctions has demonstrated that it is
impossible to obtain large increases in thermal stability by simple
and flexible acyclic double-headed nucleosides in the model system
studied. On the other hand, the four different stereochemical
configurations have demonstrated some influence, as one of them
actually gives a slight stabilization of the DNA–RNA three-way
junction. However, the three-way junction is not really very stable,
and the stabilization obtained with the double-headed nucleoside
1 in the presence of Mg2+ was significantly more powerful. The
TWJ stabilization obtained with one of the four stereoisomers


indicates an important effect on TWJ structure of one or rather
both of the nucleobases.


Conclusion


A set of four diastereomeric 1,4-bis(thymine-1-yl)butane-2,3-diols
has been prepared and incorporated into oligonucleotides. In
general, the nucleosides destabilize both DNA and RNA duplexes.
However, not unexpectedly the nucleosides bearing an 2′(S)-
configuration are marginally less destabilising. This is also true
for bulged motifs. For the three-way junctions formed with DNA
no proper indication of base pairing at the junction was observed.
However, in the case of three-way junctions formed with RNA it is
found that the stereochemistry of the nucleosides is important, as
one of the nucleosides demonstrates a stabilization effect, while the
others display a varying degree of destabilization in a consistent
manner when varying the Mg2+ and the Na+ concentrations. In
essence, these results demonstrate the possibility of targeting and
stabilizing nucleic acid secondary structures with suitably designed
nucleosides and oligonucleotides.


Experimental


Reactions were carried out under an atmosphere of nitrogen
when anhydrous solvents were used. Column chromatography
was carried out using glass columns with silica gel 60 (0.040–
0.063 mm). NMR spectra were recorded on Varian Gemini 2000
spectrometers. NMR spectra were recorded at 300 or 200 MHz for
1H NMR, 75 or 50 MHz for 13C NMR and 121.5 or 81 MHz for
31P NMR. The d values are in ppm relative to tetramethylsilane
as internal standard (for 1H and 13C NMR) and relative to 85%
H3PO3 as external standard (for 31P NMR). Assignments of NMR
spectra are based on 2D experiments and DEPT. HR MALDI and
ESI mass spectra were recorded in positive-ion mode except for
the oligonucleotides, which were recorded in negative-ion mode.
Optical rotation was recorded on a Perkin Elmer Model 141
polarimeter.


Preparation of (2R,3R)-1,4-bis(3-N-benzoylthymin-1-yl)-
butan-2,3-diol (6a)


3-N-Benzoylthymine (1.6 g, 6.9 mmol), 2,3-O-isopropylidene-D-
threitol 5a (0.52 g, 3.2 mmol) and triphenylphosphine (2.6 g,
9.9 mmol) were dissolved in anhydrous THF (50 mL) and the
solution was stirred at room temperature. When all the compounds
had dissolved, the solution was cooled to 0 ◦C and DEAD
(1.5 mL, 10 mmol) was added over 15 minutes. The mixture
was stirred for 16 h at room temperature and then concentrated
under reduced pressure at 30 ◦C. The residue was purified by
silica gel column chromatography (CHCl3–EtOH 99 : 1 v/v) to
give a crude intermediate containing triphenylphosphine oxide.
This intermediate was dissolved in a mixture of trifluoracetic acid
and water (3 : 1, 20 mL) and the solution was stirred for 4.5 h.
The reaction was quenched by the addition of a saturated aqueous
solution of NaHCO3 (170 mL) and the mixture was extracted with
CHCl3 (4 × 20 mL). The combined organic phases were dried
(MgSO4) and the solvent was removed under reduced pressure.
The residue was purified by silica gel column chromatography
(EtOAc–petrol ether 1 : 1 v/v, to remove triphenylphosphine
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oxide, and then CHCl3–EtOH 19 : 1 v/v). The residue was finally
precipitated from CHCl3 by the slow addition of hexane to give
the product 6a as a white powder (0.88 g, 50%). Rf 0.35 (CHCl3–
EtOH 9 : 1); dH (300 MHz, DMSO-d6, Me4Si) 7.94–7.91 (4H, m,
Ar H), 7.79–7.73 (2H, m, Ar H), 7.69 (2H, d, J = 0.9 Hz, H-6),
7.60–7.55 (4H, m, Ar H), 5.31 (2H, d, J = 5.7 Hz, OH), 3.93–3.65
(6H, m, H-1′, H-1′′, H-2′), 1.83 (6H, d, J = 0.9 Hz, 2 × CH3),
dC (75 MHz, DMSO-d6, Me4Si) 169.70 (C-4), 162.89 (PhC=O),
149.52 (C-2), 143.59 (C-6), 135.26, 131.17, 130.13, 129.34 (Ar C),
107.50 (C-5), 68.58 (CH), 51.04 (CH2), 11.76 (CH3); HR MALDI
MS m/z 569.1667 ([M + Na]+, C28H26N4O8Na calcd 569.1643).


Preparation of (2S,3S)-1,4-bis(3-N-benzoylthymin-1-yl)-
butan-2,3-diol (6b)


Same procedure as above. 2,3-O-Isopropylidene-L-threitol (0.888
g) was used to give the product 6b as a white powder (1.07 g,
36%). NMR data are identical to data for the enantiomer 6a; HR
MALDI MS m/z 569.1641 [M + Na]+.


Preparation of (2R,3R)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)butan-2-ol (7a)


The diol 6a (0.77 g, 1.4 mmol) was co-evaporated with anhydrous
pyridine (3 × 6 mL) and redissolved in anhydrous pyridine (9 mL).
DMTCl (1.2 g, 3.5 mmol) was added and the mixture was stirred
for 16 h. Another portion of DMTCl (0.59 g, 1.7 mmol) was
added and the mixture was stirred for another 24 h. The reaction
mixture was diluted with EtOAc (40 mL) and washed with water
(150 mL). The water phase was extracted with EtOAc (40 mL)
and the combined organic fractions were dried (Na2SO4) and
concentrated under reduced pressure. The residue was purified
by silica gel column chromatography (CHCl3–petrol ether 1 : 1
v/v containing 0.2% Et3N) to give the product 7a as a powder
binding 2.5 equivalents of Et3N (0.89 g, 74%). Rf 0.60 (CHCl3–
EtOH 9 : 1); dH (300 MHz, DMSO-d6, Me4Si) 7.92–7.81 (4H, m,
Ar H), 7.66–7.59 (2H, m Ar H), 7.51–7.40 (10H, m, Ar H), 7.33–
7.23 (4H, m Ar H), 7.15 (1H, d, J = 1.2 Hz, H-6), 6.88–6.84 (4H,
m, Ar H), 6.32 (1H, s, H-6), 4.23 (1H, d, J = 13.5 Hz), 3.98 (1H,
m), 3.90-3.85 (2H, m), 3.78 (6H, s), 3.68 (1H, dd, J = 3.9, 13.5
Hz), 3.58 (1H, m), 3.29 (1H, dd, J = 3.0, 13.8 Hz), 1.86 (3H, s,
CH3), 1.81 (3H, s, CH3). dC (75 MHz, DMSO-d6, Me4Si) 169.20,
168.56 (C-4), 157.85 (Ar C), 150.70, 146.57 (C-2), 143.15, 141.92
(C-6), 136.36, 136.14, 129.60, 127.43, 127.36, 126.19, 112.81 (Ar
C), 111.67, 109.93 (C-5), 87.48 (C(Ar)3), 73.17, 69.75 (CH), 55.42
(OCH3), 51.04, 47.00 (CH2), 12.39, 12.36 (CH3).


Preparation of (2S,3S)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)butan-2-ol (7b)


Same procedure as above. Diol 6b (0.13 g) was used to give the
product 7b as a powder binding 2.5 equivalents of Et3N (0.16 g,
77%). NMR data are identical to data for the enantiomer 7a.


Preparation of (2R,3R)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)but-2-oxy-b-cyanoethoxy-N ,N-
diisopropylaminophosphite (8a)


Compound 7a (1.75 g, 2.06 mmol) was dissolved in anhy-
drous CH2Cl2 (10 mL) and to the solution was added diiso-


propylethylamine (2.0 mL, 12 mmol) followed by chloro-(2-
cyanoethoxy)(diisopropylamino)phosphane (1.0 g, 4.2 mmol).
The mixture was stirred at room temperature for 1 h, diluted with
EtOAc (50 mL) and washed with brine (4 × 25 mL). The organic
phase was dried (Na2SO4) and concentrated under reduced pres-
sure. The residue was purified by silica gel column chromatography
(EtOAc–Et3N 99 : 1 v/v). The residual compound was dissolved in
CH2Cl2 (2 mL) and precipitated into hexane (20 mL) overnight at
−20 ◦C to give the product 8a as a white powder (1.43 g, 64%). Rf


0.66 (EtOAc–Et3N 99 : 1); dP (121 MHz, CDCl3) 152.13, 149.73;
HR MALDI MS m/z 1071.4007 ([M + Na]+, C58H62N6O11PNa
calcd 1071.4028).


Preparation of (2S,3S)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)but-2-oxy-b-cyanoethoxy-N ,N-
diisopropylaminophosphite (8b)


Same procedure as above. Compound 7b (125 mg) was used
to give the product 8b as a white powder (61 mg, 39%).
dP (121 MHz, CDCl3) 152.15, 149.74; HR MALDI MS m/z
1071.4072 [M + Na]+.


Preparation of (2R,3R)-1,4-bis(thymin-1-yl)-3-(4,4-
dimethoxytrityloxy)butan-2-ol (9a)


3-N-Benzoylthymine (12.80 g, 55.6 mmol), 2,3-O-isopropylidene-
D-threitol 5a (4.03 g, 24.9 mmol) and triphenylphosphine (23.1 g,
88.2 mmol) were dissolved in anhydrous THF (400 mL). The
solution was stirred at rt for 30 min, cooled to 0 ◦C and a 40%
w/w solution of DEAD in toluene (40 mL, 87 mmol) added over
15 min. The mixture was stirred at rt for 16 h and concentrated
under reduced pressure. The residue was dissolved in a mixture of
trifluoroacetic acid and water (3 : 1 v/v, 100 mL) and stirred
for 5 h. The mixture was diluted with water (300 mL) and
neutralized by slow addition of Na2CO3 (53 g). The mixture was
extracted with CHCl3 (4 × 100 mL), and the combined extracts
were dried (MgSO4) and concentrated under reduced pressure.
The residue was purified by column chromatography (CHCl3–
EtOH 19 : 1 v/v). The residue was dried under vacuum for 16 h
and then dissolved in anhydrous pyridine (100 mL). DMTCl
(4.9 g, 15 mmol) was added and the mixture was stirred for
24 h; another portion of DMTCl (3.5 g, 10 mmol) was then
added and the mixture stirred for another 24 h. The mixture
was concentrated under reduced pressure, and the residue was
suspended in a mixture of 1,4-dioxane (100 mL) and a 2 M aqueous
solution of NaOH (100 mL). The mixture was stirred for 2 d
and neutralized by the addition of neat AcOH (12 mL). Brine
(100 mL) was added and the mixture was extracted with EtOAc
(3 × 100 mL). The combined extracts were dried (Na2SO4) and
concentrated under reduced pressure. The residue was purified by
column chromatography (EtOAc–petrol ether 1 : 1 v/v containing
0.2 vol% Et3N, then CH2Cl2–MeOH 19 : 1 v/v containing 0.2
vol% Et3N) to give the product 9a as a white powder (1.68 g, 11%
over the four steps). Rf 0.36 (CHCl3–EtOH 9 : 1); dH (300 MHz,
DMSO-d6, Me4Si) 11.15 (1H, s, NH) 11.12 (1H, s, NH), 7.38–7.08
(10H, m, Ar H and H-6), 6.76–6.69 (4H, Ar H), 5.48 (1H, d J =
4.8 Hz, OH), 4.01-3.81 (3H, m), 3.72 (6H, s, 2 × OCH3), 3.60-
3.50 (1H, m), 3.21-3.17 (1H, m), 1.63 (3H, s, CH3), 1.48 (3H, s,
CH3); dC (75 MHz, DMSO-d6, Me4Si) 164.27, 164.13 (C-4), 157.85
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(Ar C), 150.70, 146.57 (C-2), 143.15, 141.92 (C-6), 136.36, 136.14,
129.60, 127.43, 127.36, 126.19, 112.81 (Ar C), 108.09, 106.96 (C-
5), 86.57 (C(Ar)3), 72.41, 67.60 (CH), 54.81 (OCH3), 50.23, 47.59
(CH2), 11.49, 11.44 (CH3); HR ESI MS m/z 663.2768 ([M + Na]+,
C35H36N4O8Na calcd 663.2453). [a]25


D = +86 (c = 1.00 g mL−1,
DMSO-d6).


Preparation of (2S,3S)-1,4-bis(thymin-1-yl)-3-(4,4-
dimethoxytrityloxy)butan-2-ol (9b)


Same procedure as above. 2,3-O-Isopropylidene-L-threitol 5b (3.06
g) was used to give the product 9b as a white powder (2.14 g, 18%).
NMR data are identical to data for the enantiomer 9a; HR ESI
MS m/z 663.2472 [M + Na]+. [a]25


D = −83 (c = 1.00 g mL−1,
DMSO-d6).


Preparation of (2R,3R)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)but-2-yl methansulfonate (10a)


Compound 9a (1.38 g, 2.15 mmol) was dissolved in anhydrous
pyridine (70 mL), and the reaction mixture was stirred at
0 ◦C. MsCl (0.50 mL, 6.4 mmol) was added slowly, and the reaction
mixture was stirred for 3 h, another portion of MsCl (0.50 mL,
6.4 mmol) added, stirred for 4 h, then added another portion
of MsCl (0.50 mL, 6.4 mmol) and stirred for 12 h. The mixture
was quenched in water (100 mL) and extracted with CH2Cl2 (4 ×
40 mL) The combined extracts were washed with brine (100 mL),
dried (Na2SO4) and concentrated under reduced pressure. The
residue was purified by column chromatography (CH2Cl2–MeOH
98:2 v/v containing 0.2 vol% Et3N) to give a brown oil, which
was dissolved in CH2Cl2 (3 mL) and precipitated into hexane
(30 mL) to give the product 10a as a white powder (0.640 g,
41%). Rf 0.33 (CHCl3–EtOH 9 : 1); dH (300 MHz, DMSO-d6,
Me4Si) 11.35 (1H, s, N-H), 11.06 (1H, s, N-H), 7.43–7.40 (2H,
m, Ar H), 7.31–7.20 (8H, m, Ar H), 7.09 (1H, s, H-6), 6.86–6.80
(4H, m, Ar H), 4.61-4.57 (1H, m), 4.52 (1H, dd, J = 2.1, 14.7
Hz), 4.10-3.91 (3H, m), 3.74 (6H, s, 2 × OCH3), 3.68-3.63 (1H,
m), 2.87 (3H, s, CH3SO3), 1.73 (3H, s, CH3), 1.56 (3H, s, CH3);
dC (75 MHz, DMSO-d6, Me4Si) 164.19, 164.09 (C-4), 158.40,
158.38 (Ar), 150.94, 150.60 (C-2), 145.36 (Ar), 141.72, 141.61 (C-
6), 135.10, 135.02, 130.50, 130.38, 127.93, 127.80, 126.93, 113.21,
113.09 (Ar), 108.54, 108.21 (C-5), 87.73 (C(Ar)3), 77.72, 70.01
(CH), 55.04, 54.92 (OCH3), 47.84, 45.71 (CH2), 38.08 (CH3SO3),
11.90, 11.71 (CH3); HR ESI MS m/z 741.2226 ([M + Na]+,
C36H38N4O10SNa calcd 741.2201).


Preparation of (2S,3S)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)but-2-yl methansulfonate (10b)


Same procedure as above. Compound 9b (1.84 g) was used to
give the product 10b as a white powder (1.04 g, 50%). NMR data
are identical to data for the enantiomer 10a. HR ESI MS m/z
741.2231 [M + Na]+.


Preparation of (2S,3R)-1,4-bis(thymin-1-yl)-3-(4,4-
dimethoxytrityloxy)butan-2-ol (11a)


Compound 10a (0.421 g, 0.586 mmol) was dissolved in a mixture
of EtOH (9 mL) and a 1 M aqueous solution of NaOH (9 mL)
and the mixture stirred at reflux for 4 h. After cooling to room


temperature, the mixture was neutralized with AcOH (approx.
0.5 mL) and diluted with water (20 mL). The mixture was extracted
with CH2Cl2 (4 × 20 mL), and the combined extracts were dried
(Na2SO4) and concentrated under reduced pressure. The residue
was purified by column chromatography (CH2Cl2–MeOH 98 : 2
v/v containing 0.2 vol% Et3N) to give the product 11a as a white
powder (0.314 g, 84%). Rf 0.55 (CHCl3–EtOH 9 : 1); dH (200 MHz,
DMSO-d6, Me4Si) 11.15 (1H, s, N-H), 11.12 (1H, s, N-H), 7.38–
7.08 (10H, m, Ar H and H-6), 6.76–6.69 (4H, Ar H), 5.48 (1H, d,
J = 6.6 Hz, OH), 4.01-3.81 (3H, m), 3.72 (6H, s, 2 × OCH3), 3.60-
3.50 (1H, m), 3.21-3.17 (1H, m), 1.63 (3H, s, CH3), 1.48 (3H, s,
CH3); dC (50 MHz, DMSO-d6, Me4Si) 164.27, 164.13 (C-4), 157.85
(Ar C), 150.70, 146.57 (C-2), 143.15, 141.92 (C-6), 136.36, 136.14,
129.60, 127.43, 127.36, 126.19, 112.81 (Ar C), 108.09, 106.96 (C-
5), 86.57 (C(Ar)3), 72.41, 67.60 (CH), 54.81 (OCH3), 50.23, 47.59
(CH2), 11.49, 11.44 (CH3); HR ESI MS m/z 663.2473 ([M + Na]+,
C35H36N4O8Na calcd 663.2453). [a]25


D = +107 (c = 1.00 g mL−1,
DMSO-d6).


Preparation of (2R,3S)-1,4-bis(thymin-1-yl)-3-(4,4-
dimethoxytrityloxy)butan-2-ol (11b)


Same procedure as above. Compound 10b (0.91 g) was used to
give the product 11b as a white powder (0.71 g, 88%). NMR data
are identical to data for the enantiomer 11a. HR ESI MS m/z
663.2442 [M + Na]+. [a]25


D = −104 (c = 1.00 g mL−1, DMSO-d6).


Preparation of (2S,3R)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)but-2-oxy-b-cyanoethoxy-N ,N-
diisopropylaminophosphite (12a)


Compound 11a (0.311 g, 0.486 mmol) was dissolved in anhydrous
CH2Cl2 (10 mL) and diisopropylethylamine (0.60 mL), and chloro-
2-cyanoethoxydiisopropylaminophosphane (0.30 g, 1.3 mmol)
was added. The mixture was stirred at room temperature for 1 h,
transferred directly onto a column and purified by chromatogra-
phy (EtOAc containing 0.2 vol% Et3N) to give the product 12a
as a white powder (0.281 g, 69%). dP (121 MHz, CDCl3) 151.29,
151.17; HR ESI MS m/z 863.3486 ([M + Na]+, C44H53N6O9PNa
calcd 863.3504).


Preparation of (2R,3S)-1,4-bis(3-N-benzoylthymin-1-yl)-3-(4,4-
dimethoxytrityloxy)but-2-oxy-b-cyanoethoxy-N ,N-
diisopropylaminophosphite (12b)


Same procedure as above. Compound 11b (0.59 g) was used to
give the product 12b as a white powder (0.50 g, 64%). NMR data
are identical to data for the enantiomer 12a. HR ESI MS m/z
863.3494 [M + Na]+.


Synthesis of (2R,3R)-1,4-bis(thymin-1-yl)butane-2,3-diol (13)


A small amount of compound 9a was dissolved in a little
CH2Cl2 and suspended with silica. A few drops of dichloroacetic
acid were added and the mixture was stirred for 10 min and
concentrated under reduced pressure. The powder was purified
by chromatography on a Pasteur pipette column (CHCl3–EtOH
4 : 1 v/v) to give the crude product. This was dissolved in a small
amount of DMSO in an open vial and placed in a closed beaker
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with water to give crystals after a few days. dH (300 MHz, DMSO-
d6, Me4Si) 11.21 (2H, s, N-H), 7.41 (2H, s, H-6), 5.10 (2H, d, J =
6 Hz, OH), 3.80 (2H, dd, J = 2 Hz, 13 Hz, H-1′), 3.66 (2H, m,
H-2′), 3.55 (2H, dd, J = 9 Hz, 13 Hz, H-1′′), 1.75 (6H, s, CH3).


Synthesis of meso-1,4-bis(thymin-1-yl)butan-2,3-diol (14)


Similar reaction procedure as above, but using 11a. The crude
product was dissolved in a little DMSO and evaporated under
reduced pressure at 100 ◦C until crystals appeared. Then, the
crystal growth was allowed to proceed while slowly cooling down
to room temperature over 5 h. dH (300 MHz, DMSO-d6, Me4Si)
11.19 (2H, s, N-H), 7.41 (2H, s, H-6), 5.25 (2H, br s, OH), 4.09
(2H, d, J = 13 Hz, H-1′), 3.55 (2H, m, H-2′), 3.35 (2H, dd, J =
8 Hz, 13 Hz, H-1′′), 1.74 (6H, s, CH3).


Synthesis of a model dinucleotide and 31P-NMR study of the
detritylation step


A solution of 8a (0.66 g, 0.63 mmol) and 3′-O-(tert-butyldimethyl-
silyl)thymidine (0.27 g, 0.75 mmol) in anhydrous MeCN (2.0 mL)
was stirred at room temperature and a 0.5 M solution of pyrHCl
in MeCN (2.0 mL, 1 mmol) was added. The mixture was stirred
for 20 h, and a 5.5 M solution of t-BuOOH in decane (0.2 mL,
1 mmol) was added. The mixture was stirred for 1 h and directly
purified by column chromatography (CH2Cl2–MeOH 99 : 1 v/v
containing 0.5 vol% pyridine). The residue was co-evaporated with
a xylene mixture and dried under reduced pressure to give the
dinucleotide product as a white compound (0.43 g, 57%). Rf 0.55
(CH2Cl2–MeOH 19 : 1); 31P-NMR (81 MHz, CDCl3) d 0.03, −0.36.
The kinetics were acquired as follows: the dinucleotide (0.191 g,
0.159 mmol) was dissolved in CD2Cl2 (0.50 mL) in an NMR tube.
A solution of trichloroacetic acid (26 mg, 0.16 mmol)) in CD2Cl2


(234 mg) was added to initiate the reaction. Spectra recorded
in 256 s were acquired in the spectral window from d = 100 to
−100 ppm.


Oligonucleotide synthesis


The oligonucleotides were synthesized on an automated DNA
synthesizer Expedite 8909 on a 0.2 lmol scale using CPG support
and employing a standard phosphoramidite protocol except for
the couplings involving the unconventional nucleosides. These
were coupled manually by treating the CPG support with a
0.05 M mixture of the phosphoramidite in acetonitrile (100 lL)
and a 0.5 M solution of activator (1H-tetrazole or pyridinium
chloride) in acetonitrile (100 lL) for 10 minutes. Resuming the
automatic cycle, the support was washed and capped according
to the standard protocol and then again manually treated with
a mixture of acetonitrile (300 lL) and a 5.5 M solution of t-
BuOOH in decane (100 lL) for 5 minutes. The next elongation
was conducted according to the standard protocol except for
a prolonged coupling time of 15 minutes. The oligonucleotides
were removed from the support and deprotected by treatment
with a 32% w/w aqueous NH3 solution (1 mL) at 55 ◦C for
16 h. Subsequent purification was performed using reversed HPLC
(column XTerra C18, 10 mm, 7.8 × 300 mm, with a gradient of
buffers A and B (A, 90% 0.1 M NH4HCO3 + 10% CH3CN; B, 25%
0.1 M NH4HCO3 + 75% CH3CN), 1 mL min−1), and detritylation


was performed using aqueous acetic acid. Precipitation with EtOH
afforded the oligonucleotides.


Thermal denaturation experiments


The thermal denaturation studies were conducted in a medium salt
buffer containing Na2HPO4 (10 mM), NaCl (100 mM) and EDTA
(0.1 mM), pH 7.0 with 1 lM concentrations of the two strands.
The concentrations were determined assuming the unconventional
double-headed nucleosides to have an extinction coefficient twice
the normal thymidines. The hyperchromicity was measured as a
function of time while increasing the temperature linearly between
10 and 80 ◦C at a time rate of 1 ◦C min−1. The melting temperature
was then determined as the maximum of the first derivative of the
hyperchromicity. Probes with both up and down curves were in
general found to be identical.


X-Ray crystallography


Single-crystal X-ray diffraction data for 13·DMSO·2H2O were
collected at 180(2) K using a Bruker-Nonius X8APEX-II CCD
diffractometer, with MoKa radiation (k = 0.7107 Å). Incorpo-
ration of DMSO into the crystal allowed the absolute structure
to be confirmed on the basis of the diffraction data. Crystals of
14·2DMSO were small and weakly diffracting, and diffraction
data were collected at 150(2) K at Beamline I911-3 of the MAX-
II storage ring at MAX-Lab, Lund, Sweden (k = 0.7500 Å). On
account of experimental constraints, data were collected using
only a single 360◦ φ scan, resulting in ca. 88% completeness
to a resolution of 1 Å. Data were corrected for beam decay
during integration on the basis of ring-current values using the
TWINSOLVE package.31 Both structures were solved and refined
using SHELXTL.32 H atoms bonded to C atoms were placed
geometrically and refined using a riding model. For 13, H atoms
bonded to O atoms were located in difference Fourier maps and
refined with restrained O–H distances and isotropic displacement
parameters constrained to be 1.2 or 1.5 times the equivalent
isotropic displacement parameter of the O atom to which they
are bonded. For 14, the H atom of the unique hydroxyl group
was placed so as to form a linear O–H · · · O hydrogen bond to
the incorporated DMSO molecule, and refined as riding with
an isotropic displacement parameter constrained to be 1.5 times
the equivalent isotropic displacement parameter of the parent
O atom. The data and resulting structure of 14·2DMSO are of
comparatively low quality, but are sufficient to establish the meso-
configuration.


Crystal data for 13·DMSO·2H2O. C16H28N4O9S, Mw =
452.48 g mol−1, crystal dimensions 0.20 × 0.14 × 0.12 mm,
monoclinic, space group P21, a = 5.2709(12), b = 16.736(4),
c = 12.148(3) Å, b = 97.432(4)◦, V = 1062.6(4) Å3, Z = 2,
qcalcd = 1.414 g cm−3, l(MoKa) = 0.208 mm−1, 3.60 < 2h <


26.13◦; of 9515 measured reflections, 4139 were independent
(Rint = 0.029) and 3634 observed with I>2r(I); R1 = 0.049,
wR2 = 0.138, GOF = 1.07 for 291 parameters and 10 restraints,
Flack parameter = −0.06(10), Dqmax/min = 0.99/−0.39. CCDC
reference number 643524. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b713888a
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Crystal data for 14·2DMSO. C18H30N4O8S2, Mw = 494.58 g
mol−1, crystal dimensions 0.10 × 0.02 × 0.02 mm, triclinic, space
group P1̄, a = 5.224(2), b = 9.313(4), c = 12.558(6) Å, a =
101.76(3), b = 91.68(3), c = 105.00(3)◦, V = 575.6(4) Å3, Z =
1, qcalcd = 1.427 g cm−3, l(k = 0.7500 Å) = 0.283 mm−1, 4.32 <


2h < 22.03◦; of 1231 measured reflections, 1047 were independent
(Rint = 0.025) and 918 observed with I > 2r(I); R1 = 0.117, wR2 =
0.316, GOF = 3.02 for 145 parameters, Dqmax/min = 0.90/−0.54.
CCDC reference number 643525. For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b713888a


Molecular modelling


MD-simulation was performed with the Amber99 force field with
parameters as supplied with Amber7.33 The coordinates for the
B-DNA were obtained from 1n1o.pdb, where one of the TNA
monomers was replaced with the ordinary T monomer and the
other replaced with the double-headed glycol nucleosides. The
partial charges were derived using resp and the rhf/6-31g* wave
function obtained from a GAMESS34 run using the nucleoside
coordinates from a MMFF94 force field minimization of the 2′,3′-
O-methyl analogs. The duplexes were neutralised with 10 Na+ and
placed in a 7.0 Å truncated octahedron with TIP3P waters. Using
Sander with PBC and PME, the systems were then allowed to relax
with 1000 minimisation steps using a 8 Å cutoff for the non-bonded
potential terms and a 500 kcal mol−1 Å−2 restraint on the duplex.
The hydrogens were then constrained using the SHAKE algorithm
and the whole system relaxed by 2500 minimization steps. MD
simulation was then initiated. While restraining the duplex with
a 10 kcal mol−1 Å−2 force constant, the solvent environment was
allowed to warm up to 298 K for 10 ps at constant volume using the
Berendsen thermostat before the system was allowed to equilibrate
unrestrained for 50 ps at 298 K and 1 atm (with time constants
1 ps and 2 ps, respectively). Finally, the dynamics of the system
was simulated for 0.5 ns with time steps of 0.2 ps. The coordinates
from the final 50 ps were used to produce an average structure of
the final duplexes (Fig. 4).
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A novel, efficient and diastereoselective procedure was developed for the gram-scale synthesis of
cis-4-phenyl-2-propionamidotetralin (4-P-PDOT), a selective MT2 melatonin receptor antagonist. The
synthetic strategy involved the conversion of 4-phenyl-2-tetralone to enamide followed by
diastereoselective reduction affording cis-4-P-PDOT in good yield. The mechanism of the reduction
step was explored by employing deuterated reagents.


Introduction


Most compounds endowed with biological interest are molecules
with a high degree of conformational freedom, which produces
several conformational isomers. Increasing the rigidity of bioactive
molecules is a valuable tool for investigating the stereochemical
features of small-molecule binding sites. In the case of simple
flexible substances, such as arylethylamines, a method commonly
used to reduce the flexibility has been the modification of the
ethylamine fragment into a bicyclic system. For instance, the
tetralin skeleton has been successfully used as a rigid template for
the synthesis of non-indolic melatonin-like agents,1 and several
other substances possessing important biological activities.2,3


Melatonin (N-acetyl-5-methoxytryptamine, MLT), a neurohor-
mone mainly secreted by the pineal gland during dark periods,
is an indole derivative with a flexible ethylamido chain attached
at the C3 position. In mammals, melatonin modulates a variety
of cellular, neuroendocrine and physiological processes through
activation of at least two high-affinity G-protein coupled receptors,
named MT1 and MT2.4


Converging evidence from pharmacophore analysis, 3D-QSAR
and GPCR comparative modelling in the field of melatonin
receptor ligands has allowed the definition of the structural
requirements for MT2 selective antagonism.5–7 In particular, we
evidenced that the presence of a bulky substituent in an area
corresponding to positions 1 and 2 of the indole nucleus of MLT,
and “out-of-plane” from the indole ring, confers selectivity for the
MT2 receptor and leads to a reduction of intrinsic activity.8 The
melatonin receptor ligand 4-phenyl-2-propionamidotetralin (4-P-
PDOT, Fig. 1) fulfilled this requirement9 and is one of the most
interesting melatonin MT2 selective antagonists.


Recently, we examined the influence of different stereo-
chemistries of 4-phenyl-2-propionamidotetralin on the binding
affinity and intrinsic activity at human MT1 and MT2 receptors.10


The (±)-cis diastereoisomer of compound1 (Fig. 1) has higher
MT2 binding affinity (pK i = 10.8), as compared to its corre-
sponding trans-isomer (pK i = 8.45) and good selectivity for the
MT2 receptor (MT2/MT1 = 225) rendering cis-4-P-PDOT one of
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Fig. 1


the most used pharmacological tools to identify functional MT2


receptors.
Although this compound has been used in small amounts in


in vitro tests to provide some understanding of the roles of MT1


and MT2 melatonin receptors,11–13 more precise and specific in
vivo animal experiments, where large amounts of compound are
required, are necessary to clarify the physiological role of both
receptors.


The need for multi-gram amounts of this very expensive
substance14 for in vivo studies prompted us to design a more
efficient, diastereoselective route to the more active cis-4-P-PDOT.


The method used in the first patent route,15 involved a base-
catalyzed condensation between phenylacetone and benzaldehyde,
followed by ring closure via an intramolecular Friedel–Crafts
alkylation with AlCl3 in CS2 to give 4-phenyl-2-tetralone. The
4-phenyl-2-propionamidotetralin 1 was obtained by reductive
amination with benzylamine, deprotection and finally acylation
with propionic anhydride according to the Schotten–Baumann
procedure. The overall yield for 4-P-PDOT prepared according to
this synthetic route was very low (ca. 1%) and moreover there is
no mention of the stereochemistry of the product synthesized.


Our initial approach to the synthesis of the cis-diastereoisomer
of compound 1 (Scheme 1)10 was based on the protocol reported
by Wyrick et al.16 and involved the synthesis of 4-phenyl-2-
tetralone 4 by cyclization of trans-1,4-diphenyl-3-buten-2-one 3 in
polyphosphoric acid followed by reduction with NaBH4 to give
a 85 : 15 cis–trans mixture of tetralols 5. The predominantly
cis-tetralol was epimerized via the ester intermediate 6 to the
trans-alcohol 7. The latter was converted to the cis-primary
amine 9 by tosylation, followed by reaction with sodium azide
in aqueous DMF then catalytical (10% Pd/C) hydrogenation.
Finally, the primary amine was converted to (±)-cis-4-phenyl-2-
propionamidotetralin 1 by acylation with propionic anhydride.
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Scheme 1 Precedented synthetic approach. Reagents: (a) PhCHO, NaOH, water, 60 ◦C, 18 h; (b) PPA, xylene, reflux, 2 h; (c) NaBH4, MeOH, reflux,
16 h; (d) DEAD, (C6H5)3P, PhCOOH, THF, 55 ◦C, 4 h; (e) NaOH, MeOH, reflux, 2 h; (f) TsCl, Py, 5 ◦C, 5 days; (g) NaN3, DMF–H2O, 50 ◦C, 4 h;
(h) H2 (4 atm.) 10% Pd/C, 2-propanol, rt, 24 h; (i) (C2H5CO)2O, Et3N, toluene, rt, 24 h.


The described synthetic procedure (Scheme 1) involved overall
nine tedious steps, several flash chromatography purifications, the
use of some hazardous reagents and the overall transformations
are not very efficient.


Herein we describe a more efficient synthesis of (±)-cis-4-P-
PDOT in only three steps and high overall yield that is suitable for
multigram-scale preparations.


Results and discussion


As presented, with the improved synthesis of cis-1 reported in
Schemes 2 and 3, we first sought a more direct single step
synthesis of the key tetralone 4 through addition of styrene to
phenylacetyl chloride in the presence of aluminium chloride as
a catalyst, by analogy to what has been reported previously.17


Then, we explored the reactivity of this cyclic ketone with
nitrogen nucleophiles. Attempts to convert 4-phenyl-2-tetralone
to 4-phenyl-2-aminotetraline by reductive amination procedures
gave low yields of product15 or even no product at all16 as the
tetralone dimerized immediately in the presence of weak bases
such as the amines employed.


Scheme 2 Retrosynthetic analysis.


Scheme 3 Novel synthetic approach. Reagents: (a) AlCl3, CH2Cl2, 0 ◦C
30 min; (b) propylamide, PTSA cat., toluene, reflux, 4 h; (c) TES, TFA,
−10 ◦C, 10 min.


We envisioned, then, propionamide, as a less basic and nu-
cleophilic enough alternative to the amine, to couple with the
tetralone 4. In fact it is well-known that enamides can be easily
prepared by the acid catalyzed condensation of primary amides
with carbonyl compounds18 and we took advantage of this trivial


fact in designing our synthetic route. Stereoselective reduction of
the newly formed enamide 10 (Scheme 2) would complete the
synthesis of the target compound.


The easy and direct route to the key enamide 10 was achieved by
condensation of primary propylamide with the cyclic ketone 4 in
the presence of p-toluenesulfonic acid as catalyst and continuous
removal of water using Dean–Stark apparatus.


Given our project’s ongoing synthesis of novel analogs of 4-P-
PDOT we required a general reduction procedure for enamides
which would be tolerant to functional groups. In addition, we
required the regiospecific delivery of a hydride equivalent to the
vinyl group in anticipation of the preparation of several 3H-labeled
analogs.


With all this in mind we thought to use ionic reduction
conditions for a chemo-, regio- and stereoselective reduction of
the enamide. We were delighted to find that treatment of the
substrate 10 with Et3SiH (TES) in the presence of trifluoroacetic
acid (TFA) furnished the desired product in excellent yield and
good diastereoselectivity (91% yield; 81 : 19 cis–trans ratio).
No reduction took place when acetic acid was used instead of
TFA. Attempts to further improve the diastereoselectivity by
lowering the temperature to −78 ◦C resulted in unacceptable low
conversion rates.


It is noteworthy, that the present method offers a highly atom
economic process to 4-P-PDOT.


The pure cis-isomer can be easily isolated by crystallization
(acetone–n-hexane). The physical–chemical properties and NMR-
spectra of compound cis-1 synthesized by the novel procedure
(Scheme 3) were identical to those previously reported.11


The mechanism of the reduction was briefly explored by
carrying out the reaction in the presence of deuterated and non-
deuterated reagents. Reduction of 10 using Et3SiD in place of
Et3SiH, resulted in high conversion to deuterium labeled 4-P-
PDOT d1-cis-1a (Fig. 2) in about the same time (10 min). In
contrast, by using CF3COOD only 4-P-PDOT d1-cis-1b was
obtained. Comparison of the 1H NMR signals for the CH and


Fig. 2
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-CH2 groups of cis-1a and cis-1b with those of 1 showed simplified
1H NMR multiplet patterns due to substitution by 2H. This
was confirmed by analysis of the MS spectrum which revealed
almost complete mono-deuteriation (d1 95 atom%) and 13C NMR
confirmed the location of the deuterium exclusively at the C2 (45.3)
and C1 (36.5) for cis-1a and cis-1b respectively.


Based on these results we hypothesized the mechanism shown
in Scheme 4. The diastereoselectivity outcome of the reduction
can be explained by both the Burgi–Dunitz trajectory for hydride
approach to carbonyls and the Cieplak19 mode for the nucleophilic
addition to a carbonyl group with non-chelating a-substituents.
It is known that the stereochemistry of nucleophilic addition to
cyclohexanones is determined by two factors: steric hindrance
which favours the equatorial approach (b, Scheme 4), and electron
donation from the cyclohexanone’s rC–C bonds into the r* which
favours the axial approach (a, Scheme 4) since the carbon–
hydrogen bonds are better electron donors. Given the predominant
cis product, we can confidently assume that the electronic factors
prevail over the steric hindrance on substrate 10 in our reaction
conditions.


Scheme 4 Proposed mechanism.


There are certain advantages to our synthetic approach
(Scheme 3) over the previous routes as presented and all of
them can be included within the concepts of “atom economy”20


and “step economy”.21 Indeed precise control over the individual
reactivity of functional groups (chemoselectivity) without the need
to use protecting groups or useless interconversions of functional
groups, has been achieved increasing the brevity and efficiency of
the synthesis (only three steps and a high overall yield of 38%).


Conclusion


In summary, we have developed a new, practical and convenient
protocol for the synthesis of the MT2 melatonin receptor antag-
onist cis-4-P-PDOT, improving yields and reducing the time and
cost of the procedure, making the compound more easily accessible
for further biological evaluations.


Experimental


General


Melting points were determined on a Büchi B-540 capillary
melting point apparatus and are uncorrected. 1H NMR and
13C NMR spectra were recorded on a Bruker AVANCE 200
spectrometer, using CDCl3 as solvent unless otherwise noted.
Chemical shifts (d scale) are reported in parts per million (ppm)
relative to the central peak of the solvent. Coupling constants


(J values) are given in hertz (Hz). ESI-MS spectra were taken on
a Waters Micromass ZQ instrument. Only molecular ions (M + 1)
are given. Infrared spectra were obtained on a Nicolet Avatar 360
FTIR spectrometer, absorbances are reported in cm−1. Column
chromatography purifications were performed under “flash” con-
ditions using Merck 230–400 mesh silica gel. Analytical thin-layer
chromatography (TLC) was carried out on Merck silica gel 60 F254


plates. All chemicals were purchased from commercial suppliers
and used directly without any further purification, including
the deuterated reagents [triethyl(silane-d) and trifluoroacetic
acid-d].


(±)-4-Phenyl-3,4-dihydronaphthalen-2-one (4)


Freshly distilled styrene (1 g, 9.7 mmol, 1 equiv.) in dry
dichloromethane (120 mL) was added dropwise under nitrogen at
0 ◦C during 15 min to a stirred suspension of anhydrous aluminium
trichloride (3.9 g, 29 mmol, 3 equiv.) in dry dichloromethane
(130 mL) containing phenylacetyl chloride (1.5 g, 9.7 mmol, 1
equiv.) and the mixture was stirred at 0 ◦C for a further 15 min.
The reaction was quenched by a saturated solution of Seignette
salt (100 mL) and the organic solution was washed by a saturated
solution of sodium hydrogen carbonate (3 × 50 mL), dried
over sodium sulfate and concentrated under reduced pressure.
The crude material was filtered through a silica gel plug (eluent
cyclohexane–ethyl acetate, 7 : 3) and the resulting yellow oil was
purified by Kugelrohr distillation (bp ca. 130 ◦C–0.1 Torr)17,22


obtaining a light yellow oil (1.2 g, 5.4 mmol, yield 56%).
NMR dH (200 MHz, CDCl3) 2.90–3.01 (2 H, m, CH2), 3.65


(2 H, AB, JAB = 20.0 Hz, CH2), 4.48 (1 H, t, J = 6.6 Hz, CH), 7.01
(1 H, d, J = 7.0 Hz, ArH), 7.12–7.36 (8 H, m, ArH); IR (nujol)
mmax/cm−1 1720 (CO); ESI-MS (m/z) 223 (M + 1).


(±)-N-(4-Phenyl-3,4-dihydronaphthalen-2-yl) propionamide (10)


To a 50 mL round-bottom flask equipped with a Dean–Stark
apparatus were introduced the tetralone 4 (1.5 g, 6.8 mmol, 1
equiv.), the propionamide (1.2 g, 16.9 mmol, 2.5 equiv.) and p-
toluenesulfonic acid (0.13 g, 0.7 mmol, 0.1 equiv.) in 30 mL
of toluene. The mixture was refluxed for 4 h under a nitrogen
atmosphere. After cooling down to room temperature, the pro-
pionamide was precipitated and filtered off. The organic solution
was washed by a saturated solution of sodium hydrogen carbonate
(3 × 50 mL) and water (3 × 50 mL), dried over sodium sulfate and
concentrated under reduced pressure. The enamide 10 was purified
by chromatography on silica gel (eluent cyclohexane–ethyl acetate,
7 : 3) and re-crystallized (diethyl ether–petroleum ether) obtaining
a light yellow solid (1.78 g, 6.4 mmol, yield 95%).


NMR dH (200 MHz, CDCl3) 1.18 (3 H, t, J = 7.6 Hz,
NHCOCH2CH3), 2.29 (2 H, q, J = 7.6 Hz, NHCOCH2CH3),
2.70 (1 H, dd, J1 = 16.0 Hz, J2 = 9.4 Hz, C3Ha), 2.77 (1 H, dd,
J1 = 16.0 Hz, J2 = 7.6 Hz, C3Hb), 4.21 (1 H, t, J = 8.2 Hz,
CHPh2), 6.42 (1 H, br s, NH), 6.79 (1 H, d, J = 7.6 Hz, C1H), 7.01
(1 H, td, J1 = 7.4 Hz, J2 = 1.6 Hz, ArH), 7.11–7.32 (8 H m, ArH);
dC (50 MHz, CDCl3) 9.5, 30.7, 36.0, 44.3, 111.2, 126.0, 126.4,
126.7, 127.1, 127.4, 128.3, 128.6, 133.4, 134.9, 135.2, 143.6, 172.4;
IR (nujol) mmax/cm−1 3337 (NH), 1655 (C=C); ESI-MS (m/z): 278
(M + 1); mp 123–124 ◦C.
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(±)-cis-N-(4-Phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)
propionamide (1)


A solution of enamide 10 (0.07 g, 0.25 mmol, 1 equiv.) in
CF3COOH (2 mL) was cooled down to −10 ◦C and triethylsilane
was added dropwise (0.4 mL, 2.5 mmol, 10 equiv.). After
10 minutes the reaction was completed and a saturated solution
of sodium hydrogen carbonate was carefully added until the
pH was neutral. The mixture was extracted by dichloromethane
(3 × 50 mL) and the organic solution was washed by brine
(3 × 50 mL). The resulting organic solution was dried over
sodium sulfate and concentrated under reduced pressure. The
crude material was purified by flash chromatography (silica gel,
eluent cyclohexane–ethyl acetate, 7 : 3) to yield a mixture of cis- and
trans-diastereoisomers (cis–trans ratio 81 : 19, 0.064 g, 0.23 mmol,
yield 91%). The pure cis-1 (0.05 g, 0.18 mmol, yield 71%) can be
obtained by a single re-crystallization (acetone–n-hexane).


NMR dH (200 MHz, CDCl3) 1.15 (3 H, t, J = 7.6 Hz,
NHCOCH2CH3), 1.79 (1 H, apt q, J = 11.6 Hz, C3Ha), 2.22
(2 H, q, J = 7.6 Hz, NHCOCH2CH3), 2.37–2.46 (1 H, m, C3Hb),
2.79 (1 H, dd, J1 = 11.0 Hz, J2 = 15.8 Hz, C1Ha), 3.23 (1 H, ddd,
J1 = 1.8 Hz, J2 = 5.3 Hz, J3 = 15.8 Hz, C1Hb), 4.25 (1 H, dd, J1 =
5.5 Hz, J2 = 11.5 Hz, C4H), 4.32–4.46 (1 H, m, C2H), 5.54 (1 H,
brs d, J = 7.1 Hz, NH), 6.80 (1 H, d, J = 7.4 Hz, ArH), 7.01–7.37
(8 H, m, ArH); dC (50 MHz, CDCl3) 9.8, 29.8, 36.8, 40.4, 45.6,
46.1, 126.21, 126.24, 126.4, 128.56, 128.64, 129.0, 129.5, 134.9,
138.7, 146.0, 173.1; IR (nujol) mmax/cm−1 3289 (NH), 3024 (ArH),
and 1670 (CO); ESI-MS (m/z): 280 (M + 1); mp 170–172 ◦C.


(±)-cis-N-(2-Deutero-4-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)
propionamide (cis-1a)


The compound cis-1a was synthesized by reduction of 10 by
triethyl(silane-d) (TESD) following the procedure described above.
The pure cis-1a (yield 70%) was obtained by re-crystallization
(acetone).


dH (200 MHz, CDCl3) 1.15 (3 H, t, J = 7.6 Hz, NHCOCH2CH3),
1.79 (1 H, apt t, J = 12.0 Hz, C3Ha), 2.22 (2 H, q, J = 7.6 Hz,
NHCOCH2CH3), 2.41 (1 H, ddd, J1 = 12.4 Hz, J2 = 5.8 Hz, J3 =
2.1 Hz, C3Hb), 2.80 (1 H, d, J = 15.6 Hz, C1Ha), 3.22 (1 H, d, J =
15.6 Hz, C1Hb), 4.24 (1 H, dd, J1 = 5.6 Hz, J2 = 11.2 Hz, C4H),
5.62 (1 H, br s, NH), 6.79 (1 H, d, J = 7.5 Hz, ArH), 7.00–7.36
(8 H, m, ArH); dC (50 MHz, CDCl3) 9.9, 29.8, 36.8, 40.3, 45.3
(1 C, t, J = 21.5 Hz), 46.1, 126.24, 126.26, 126.5, 128.6, 128.7,
129.1, 129.5, 135.0, 138.7, 146.0, 173.2; IR (nujol) mmax/cm−1 3291
(NH), 3026 (ArH), and 1670 (CO); ESI-MS (m/z): 281 (M + 1);
mp 172–174 ◦C.


(±)-cis-N-(1-Deutero-4-phenyl-1,2,3,4-tetrahydronaphthalen-2-yl)
propionamide (cis-1b)


The compound cis-1b was synthesized by reduction of 10 by
triethylsilane using trifluoroacetic acid-d as a solvent following
the procedure described above. The pure cis-1b (yield 67%) was
obtained by re-crystallization (acetone).


dH (200 MHz, CDCl3) 1.15 (3 H, t, J = 7.6 Hz, NHCOCH2CH3),
1.78 (1 H, apt q, J = 11.7 Hz, C3Ha), 2.21 (2 H, q, J = 7.6 Hz,
NHCOCH2CH3), 2.36–2.47 (1 H, m, C3Hb), 2.75–2.86 (0.5 H, m,


C1Ha/Da), 3.19–3.27 (0.5 H, m, C1Hb/Db), 4.24 (1 H, dd, J1 =
5.6 Hz, J2 = 11.6 Hz, C4H), 4.31–4.44 (1 H, m, C2H), 5.54 (1 H,
br d, J = 7.4 Hz, NH), 6.80 (1 H, d, J = 7.4 Hz, ArH), 7.01–
7.34 (8 H, m, ArH); dC (50 MHz, CDCl3) 9.9, 29.9, 36.5 (1 C, t,
J = 19.0 Hz), 40.4, 45.5, 46.1, 126.23, 126.27, 126.5, 128.6, 128.7,
129.1, 129.5, 134.9, 138.8, 146.0, 173.2; IR (nujol) mmax/cm−1 3291
(NH), 3023 (ArH), 1671 (CO); ESI-MS (m/z): 281 (M + 1); mp
171–173 ◦C.
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Transition structures have been optimised using the B3LYP/6-31+G* density functional level method,
in vacuum and in implicit (PCM) and explicit (DFT/MM) aqueous solvation, for the degenerate
rearrangement of the a-lactone derived by the formal addition of Cl+ to acrylate anion and for the
dyotropic rearrangement of this to the b-lactone. Despite being lower in energy than the a-lactone, there
is no direct pathway to the b-lactone from the acrylate chloronium zwitterion, which is the transition
structure for the degenerate rearrangement. This may be rationalised by consideration of the
unfavorable angle of attack by the carboxylate nucleophile on the b-position; attack on the a-position
involves a less unfavorable angle. Formation of the b-lactone may occur by means of a dyotropic
rearrangement of the a-lactone. This involves a high energy barrier for the acrylate derived a-lactone,
but dyotropic rearrangement of the b,b-dimethyl substituted a-lactone to the corresponding b-lactone
involves a much lower barrier, estimated at about 46 kJ mol−1 in water, and is predicted to be a facile
process.


Introduction


Halolactonisation is the well-known synthetic procedure whereby
electrophilic halogenation (often iodination) of an unsaturated
carboxylic acid yields a lactone product.1 The mechanism is
generally considered to involve initial formation of an intermediate
cyclic halonium ion which then undergoes intramolecular nucle-
ophilic substitution with the carboxyl group attacking the halo-
nium moiety in accordance with Baldwin’s rules for ring closure.2


For example, Barnett and Sohn showed that the kinetic product
of iodolactonisation of 2,2-dimethylbut-3-enoate (Scheme 1) is the
c-iodo-b-lactone, which at longer reaction times rearranges to the
thermodynamic product b-iodo-c-lactone.3


Scheme 1


Rousseau and co-workers have reported the preparation of
a-bromo-b-lactones by use of bis(collidine)bromine(I) hexafluo-
rophosphate in dichloromethane as the electrophilic reagent with
b-substituted a,b-unsaturated acids.4,5 With R = H and R′, R′′ =
alkyl or with R = alkyl, R′ = aryl, R′′ = H (Scheme 2), Rousseau
represents the process as a 4-endo-trig cyclisation with attack
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† Electronic supplementary information (ESI) available: Cartesian co-
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10.1039/b714118a


Scheme 2


of the (undissociated) carboxyl group on a cyclic bromonium
ion. However, since two molecules of collidine are present in the
reagent it is more likely that the carboxylate form is involved.
When R, R′′ = H and R′ = aryl the intermediate is believed
to be a resonance-stabilised benzylic cation which undergoes
decarboxylation. With R, R′′ = H and R′ = alkyl, polymeric
products were reported which were considered to arise from the
intermediacy of a highly reactive a-lactone.


We have previously reported results of electronic structure
calculations for the a-lactone produced by halide elimination from
an a-halocarboxylate,6 and have estimated the strain energy of the
three-membered ring of this smallest example of a cyclic ester.7


We have argued that, despite unusual electronic properties in the
ring,8 this species is best described as an a-lactone, and have
shown that it exists in an energy minimum in a hybrid quantum-
mechanical/molecular-mechanical (QM/MM) model for explicit
solvation in water.9 We have presented experimental evidence for


66 | Org. Biomol. Chem., 2008, 6, 66–72 This journal is © The Royal Society of Chemistry 2008







the intermediacy of an a-lactone in the aqueous bromination
of 2,3-dimethylmaleate and fumarate dianions.10 We have also
communicated density-functional theoretical (DFT) results within
the polarised continuum model (PCM) of aqueous solvation
indicating that addition of Cl+ to acrylate anion leads directly
to the chloromethyl-a-lactone 2.11 The cyclic chloronium species
1 is a transition structure (TS) for a degenerate rearrangement
of 2 that exchanges the two oxygen atoms of the carboxylate
group (Scheme 3, 2*→ 1 → *2). Whereas in principle it could be
imagined (Scheme 4) that the carboxylate nucleophile in 1 could
have a choice to attack either Ca or Cb leading to the a-lactone 2
and b-lactone 3, respectively, in practice this competition does not
exist since 1 is not an intermediate.


Scheme 3


Scheme 4


This paper addresses primarily the question of how the
thermodynamically more stable b-lactone 3 may be formed
from the kinetically preferred a-lactone 2: we present results of
calculations for a novel 1,2-transposition via TS 4. Although
this type-1 dyotropic rearrangement12 of the acrylate-derived
chloromethyloxiranone 2 involves a high barrier, the b,b-dimethyl
substituted a-lactone 5 (formally derived from addition of Cl+


to senecioate anion) converts into the corresponding b-lactone
7 via TS 6 in a low-energy rearrangement. We propose that b-
lactones produced during electrophilic halogenation of the salts
of simple a,b-unsaturated monocarboxylic acids dialkylated on
Cb are formed by dyotropic rearrangement of initially formed a-
lactones. We also present a more complete discussion regarding
the degenerate rearrangement of a-lactone 2 via TS 1, including
the effects of both implicit and explicit solvation by water.


Computational methods


The GAUSSIAN98 package of programs13 was used with the
B3LYP/6-31+G* level14 of DFT and the polarized continuum
model (PCM)15 for aqueous solvation (e = 78.4). TSs were located


by means of the EF algorithm and characterized by frequency
calculations, and by intrinsic reaction coordinate calculations to
verify the adjacent local minima. The PCM energies given in
the Tables include both electrostatic and the non-electrostatic
(surface-area dependent cavity) contributions to the free energy
of the solvated species.


Hybrid QM/MM calculations were performed using the
CHARMM29b2 program16 as follows. The PCM-optimised TSs
1 and 4 were placed in the centre of a 15 Å-radius random sphere
of TIP3P17 water molecules; water molecules overlapping with
the solute were removed, and a PCM Mulliken point charge
was assigned to each solute atom. The water molecules were
restrained by imposition of a stochastic boundary to mimic the
effect of bulk solvent beyond the 15 Å-sphere. A sequence of initial
energy minimisation using only the molecular mechanics (MM)
energy function was performed in order to produce a reasonably
well-packed arrangement of the 496 solvating water molecules
around the solute species. Molecular dynamics calculations were
performed with the solute atoms fixed throughout the simulations
using CHARMM. The system was heated to 300 K over a period
of 18 ps followed by 2 ps equilibration; it was then equilibrated for
a further 20 ps. The equilibrated structure was taken as a starting
point to initiate a TS search with the B3LYP/6-31+G* method
for the QM solute, together with TIP3P solvent, using an interface
with GAMESS-UK.18 The ab initio QM/MM stationary-point
location and characterization were guided by means of GRACE,19


which uses a Newton–Raphson algorithm. The system was divided
into two parts, the core and the environment; the Hessian matrix
was calculated explicitly only for the core atoms, and stationary
point location was carried out in the degrees of freedom of the core.
Before each energy and gradient evaluation step for the core, the
degrees of freedom of the environment were relaxed to maintain an
approximately zero gradient and to minimise the potential energy.
The core Hessian was then used to start an intrinsic reaction
coordinate (IRC) calculation: the environment was continually
relaxed while the core atoms followed the mass weighted reaction
coordinate down from the saddle point to reactants (or products).
A few QM/MM optimization steps were then used to lower the
r.m.s. gradient to 0.005 kJ mol−1 Å−1.


Results and discussion


A selection of key geometrical parameters for each optimised
structure is presented in Table 1, along with relative energies
and (for each TS) the imaginary frequency (expressed as a
wavenumber) corresponding to the transition vector. Results are
shown for species with R = H (Scheme 4) in vacuum, in PCM
water and with explicit QM/MM solvation by TIP3P water, and
with R = CH3 in vacuum and PCM water only.


The energy difference between the a-lactone 2, chloromethy-
loxiranone, and the b-lactone 3, 3-chlorooxetan-2-one, in vacuum
and in implicit or explicit water is similar in value to the energy
difference between the isomeric a- and b-lactones derived from
succinate,20 and reflects the difference in strain energy of the three-
and four-membered rings. The Oa–Ca bond of 2 is unusually long,
as noted previously for the parent oxiranone,8,9 and is further
elongated by specific hydrogen-bonding interactions formed in
the explicit QM/MM solvation model (Fig. 1) but not in PCM
water.9 The Cb–Cl bond is also significantly elongated by specific


This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 66–72 | 67







Table 1 B3LYP/6-31+G* relative energies DE/kJ mol−1 (total energies E/hartree), transition wavenumbers [m‡/cm−1] and selected geometrical
parameters (bond lengths/Ångström, angles/degree) for optimised species in vacuum (italics), in PCM water and with explicit QM/MM (bold) solvation
by TIP3P water


Species Rel. energy m‡ Ca–Cl Cb–Cl Oa–Ca Oa–Cb OaCaCl OaCbCl


R = H


a-Lactone 2 0 2.704 1.808 1.536 2.550 152.0 141.7
0 2.703 1.808 1.537 2.762 152.0 141.7
0 2.732 1.885 1.635 2.618 146.8 136.9


‡degenerate 1 171 [73i] 2.058 1.867 2.341 3.676 118.9 79.0
71 [75i] 1.988 1.882 2.352 3.683 112.1 78.5
99 1.952 1.872 2.318 3.531 129.8 78.5


‡dyotropic 4 177 [484i] 1.985 2.233 2.133 2.392 144.4 116.0
137 [379i] 1.872 2.278 2.224 2.445 138.7 108.5
151 1.976 2.340 2.247 2.513 133.8 106.4


b-Lactone 3 −83 1.786 2.852 2.124 1.472 130.8 106.3
−92 1.800 2.842 2.122 1.489 126.3 103.5
−87 1.717 2.807 2.145 1.479 129.5 105.1


R = CH3


a-Lactone 5 0 2.644 1.851 1.544 2.587 156.4 134.8
0 2.636 1.862 1.563 2.602 155.3 133.3


‡degenerate 8 140 [71i] 1.965 2.014 2.401 3.029 108.2 86.9
64 [55i] 1.858 2.385 2.415 2.990 102.4 76.1


‡dyotropic 6 112 [234i] 1.952 2.307 2.176 2.686 151.9 106.4
46 [45i] 1.864 2.299 2.298 2.937 145.7 98.2


b-Lactone 7 −82 1.787 2.901 2.121 1.499 133.8 105.1
−54 1.791 2.904 2.122 1.518 132.8 95.6


Fig. 1 B3LYP/6-31+G*/TIP3P optimised structures with explicit aque-
ous solvation (only the closest of the 496 water molecules are shown for
the sake of clarity).


solvation of a-lactone 2. The Oa–Cb and Ca–Cl bonds of the b-
lactone 3 are of normal length and are not significantly affected
by solvation.


In discussing his rules for ring closure, Baldwin stated that ‘the
rules for opening three membered rings to form cyclic structures


seem to lie between those for tetrahedral and trigonal systems,
generally preferring exo modes’.2 Regarding the two carbon atoms
within the three-membered ring of the chloronium species 1 as
being both tetrahedral, intramolecular nucleophilic attack by the
carboxylate group would appear to be either a 3-exo-tet or 4-exo-
tet process, depending upon whether it leads to the a- or the b-
lactone (Scheme 4). Alternatively, consideration of the chloronium
as involving only a loose association of Cl+ with a C=C double
bond would suggest these same processes to be 3-exo-trig or 4-
endo-trig, respectively. It is not at all clear that it is appropriate to
consider the carbons in the chloronium ring as being tetrahedral:
the sums of the CCC and two HCC angles about Ca and Cb in
1 are 356.2 and 358.8◦, respectively, indicating trigonal planar
character. Moreover, the angles Cl–Ca–Cb = 65.1◦ and Cl–Cb–
Ca = 71.1◦ deviate even more from the ideal tetrahedral angle. The
relevant diagram in Baldwin’s paper2 to illustrate these modes of
ring closure, where the leaving group is part of a three-membered
ring, does not employ the designations trig or tet. Instead, the
modes labelled in our Scheme 4 as “3-exo-tet”or “4-exo-tet” are
differentiated only as “exo” and “endo”, respectively. The latter
usage is arguably at odds with the definition given earlier in
the paper, which would apparently require the breaking bond to
be endocyclic to the smallest ring formed in the process.21 An
alternative way to distinguish the modes of ring closure is to
adopt Danishefsky’s terminology: formation of the a-lactone is
“spiro” whereas formation of the b-lactone is “fused”, these terms
describing the relationship of the making and breaking rings in
the (putative) transition states.22


In practice, species 1 is not an energy minimum, either in vacuum
or in implicit (PCM) or explicit (TIP3P) water, but a TS for a
degenerate rearrangement (Scheme 3) of equivalent a-lactones 2
which serves to scramble the two oxygen atoms.11 Fig. 2 shows how
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Fig. 2 B3LYP/6-31+G* energy profile in vacuum with selected structures along the intrinsic reaction path for degenerate rearrangement of a-lactone 2.


the carboxylate group in the cyclic chloronium species TS ‡degenerate


may rotate in either direction to form an a-lactone with either one
or the other oxygen atom. This unstable species 1 spontaneously
collapses to the a-lactone 2 with an accompanying decrease in
energy of 171, 71 or 99 kJ mol−1 in vacuum, PCM, or TIP3P water,
respectively. All efforts to locate a TS leading from 1 directly to the
b-lactone 3 have failed: this is not surprising, since a TS can only
interconnect two valleys,23 even in a degenerate rearrangement. (A
TS may interconnect with a third valley only by means of another
saddle point of even higher energy.) Formation of the a-lactone
by the 3-exo-tet or spiro mode of ring closure is evidently the
sole favoured process. The TS ‡degenerate 1 is zwitterionic in nature
(dipole moment 9.0 D) and hence is more strongly solvated than 2
(dipole moment 2.9 D); thus the barrier to rearrangement in PCM
water is much lower than in vacuum owing to this favourable
solvation energy contribution. The Ca–Cl bond in 1 is consistently
longer than the Cb–Cl bond in all computational models. Although
the barrier to degenerate rearrangement with implicit solvation is
a little lower than with explicit solvation, nonetheless the PCM
model provides overall similar results to the QM/MM model.
While it is tempting to speculate upon the origin of geometric
differences between structures optimised with implicit and explicit
solvation methods, it should be noted that the stationary points in
Table 1 for the QM/MM model each represent only one among
many accessible solvent configurations with differing hydrogen-
bonding patterns; a proper analysis must await a future study of
ensemble-averaged structures.


The b-lactone 3 can be formed from the a-lactone by a dyotropic
rearrangement12 involving concerted intramolecular nucleophilic
substitution at vicinal carbon atoms. The leaving group of one
component is the nucleophile for the other, and vice versa. The key
frontier-orbital interaction of each “SN2” (four electrons in three
orbitals) component is between an nX lone-pair on the nucleophilic
atom X (designated in Fig. 3 as “HOMO”, but not necessarily the


Fig. 3 Connectivity for (a) a-lactone 2 and (b) b-lactone 3 and frontier
molecular orbitals (c) and (d) of TS 4 for the dyotropic rearrangement.


true HOMO) and a r*CY antibonding orbital involving the leaving
group Y (designated in Fig. 3 as “LUMO”, but not necessarily the
true LUMO); both components are important in the TS (Fig. 3)
but in the absence of symmetry (X �= Y) these orbitals are not
degenerate. The third orbital in each component (not shown in
Fig. 3) is the rCY bonding orbital of the reactant which becomes
an nY lone-pair in the product. The barrier for this process via
TS ‡dyotropic 4 (Fig. 4) is only slightly higher in vacuum than for
the degenerate rearrangement via ‡degenerate 1, but in implicit and
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Fig. 4 B3LYP/6-31+G* energy profile in vacuum with selected structures along the intrinsic reaction path for dyotropic rearrangement of a-lactone 2
to b-lactone 3.


explicit water is predicted to be some 50 or 60 kJ mol−1 higher, with
a value of 151 kJ mol−1 in the QM/MM calculation. The TS 4 is
rather dipolar in nature, with considerable chloronium carboxylate
character (dipole moment 6.7 D), and so is more strongly solvated
than either 2 or 3 (dipole moment 4.0 D). The Pauling bond orders
for the Oa–Ca and Oa–Cb bonds are both small (0.29 and 0.20,
respectively), whereas those for the Ca–Cl and Cb–Cl bonds are
both substantial (0.89 and 0.45, respectively). This suggests that
the two components of intramolecular nucleophilic substitution
are concerted but not synchronous. It also suggests that the relative
energy of the TSs ‡degenerate 1 and ‡dyotropic 4 is determined more by
strain effects than by orbital symmetry considerations.


By what means may a-lactone 2 be generated in the first place?
While this question is not the primary concern of the present study,
and its detailed answer in the case of chloromethyloxiranone will
be presented elsewhere, it is of interest in view of the fact that
the chloronium carboxylate 1 is not an intermediate but a TS. In
our recent B3LYP/6-31+G(d) study of aqueous bromination of
alkene dicarboxylates,10b addition of Br2 to 2,3-dimethylfumarate
dianion in PCM water was found to be exothermic by 100 kJ mol−1,
yielding a structure in which the two bromine atoms were aligned
perpendicularly to the plane of the fumarate moiety, but with a
very elongated Br · · · Br distance; this intermediate was 35 kJ mol−1


higher in energy than the bromoalkyloxiranone and Br−. We
suspect the existence of a TS in which electrophilic attack by
molecular bromine on Cb is coupled with departure of the bromide
leaving group and with nucleophilic attack by the carboxylate
group on Ca leading to the a-lactone and avoiding formation
of the unfavourable cyclic bromonium dicarboxylate. This TS
may be very difficult to locate and characterise within a PCM
treatment of water, since an important component of the reaction
coordinate is likely to be specific solvation of the incipient bromide
anion.


Consider again the acrylate-derived chloronium zwitterion 1.
Formally we may conceive of a “4-exo-tet” or “fused” intramolec-
ular nucleophilic substitution (Scheme 4) leading to the b-lactone
by means of ‡dyotropic 4. In principle either of the two carboxylate
O atoms could act as the nucleophile: the two possible angles
OnuCbCl in 1 are 79 and 91◦ (Scheme 5) and this process is uphill in
energy by 52 kJ mol−1 in TIP3P water. Alternatively 1 may undergo
a “3-exo-tet” or “spiro” intramolecular nucleophilic substitution
leading directly to the a-lactone 2: the two possible angles OnuCaCl
in 1 are 103 and 112◦ (Scheme 5), and this process is downhill by
99 kJ mol−1 in TIP3P water. The favoured option is that involving
the largest angle OnuCCl, and thus the least angle strain, just as in
the case of chlorosuccinate.20


Scheme 5
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The chlorosuccinate dianion provides an interesting comparison
because it involves competition between a- or b-lactone formation
involving a choice of two carboxylate nucleophiles to attack a
single carbon atom attached to a chloride leaving group. The b-
lactone product is favoured because it involves the TS with atoms
OnuCCl closer to collinearity than that for a-lactone formation
(angle OnuCCl = 174 vs. 139◦) and therefore involving less angle
strain;20 the chloride leaving group is attached to a normal
tetrahedral carbon atom (Fig. 5). In contrast, the carbon atoms
in the three-membered ring of 1 are substantially distorted from
tetrahedrality, each being “tied back” by approximately 40◦. The
OnuCCl angles made by the internal nucleophile with the two
leaving groups are significantly affected by this distortion: the
angle OnuCbCl is much closer to 90◦ than to 180◦, whereas OnuCaCl
becomes the larger angle. In consequence the a-lactone product is
now kinetically favoured, as implied by the stereochemical result
of aqueous bromination of the dianions of 2,3-dimethylmaleic
and fumaric acids as recently determined10 by X-ray crystallo-
graphy.


Fig. 5 Comparison of angles of intramolecular nucleophilic attack in
chlorosuccinate dianion and acrylate-derived chloronium zwitterion.


Addition of Cl+ to the 3-methylbut-2-enoate (senecioate, b,b-
dimethylacrylate) anion leads to a-lactone 5 (Scheme 4, R = CH3)
as the first-formed intermediate. Both the Ca–Oa and Cb–Cl bonds
are longer than in the unsubstituted species 2, in vacuum and
in PCM water. The b-lactone 7 has essentially the same Ca–Cl
bond length as in 3 but a significantly longer Cb–Oa bond, owing
to the effect of its gem-dimethyl substitution. While the greater
stability of 7 with respect to 5 in vacuum is the same as that
of 3 relative to 2, in PCM water this difference is diminished,
possibly due to enhanced polar character of the Cb–Cl bond in
5 (dipole moment 3.4 D) than in 2. In TS 8 for the degenerate
rearrangement of the a-lactone, Cb–Cl is significantly longer
than Ca–Cl, in contrast to the situation in TS 1; this suggests
appreciably more carbocation character at Cb in the gem-dimethyl
substituted chloronium zwitterion (dipole moment 10.3 D). The
same dissymmetry is found between the Ca–Cl and Cb–Cl bonds
in TS 6 for the dyotropic rearrangement of 5 to 7 (Fig. 6); moreover,
both the Ca–Oa and Cb–Oa bonds are longer in 6 than in 4,
with that to Cb being significantly the longer of the two. This
suggests greater carbocation character at Cb in TS 6 also (dipole
moment 8.9 D). The Pauling bond orders for the Oa–Ca and Oa–
Cb bonds in 6 are both small (0.26 and 0.09, respectively) and
smaller than in 4, whereas those for the Ca–Cl and Cb–Cl bonds
are both larger (0.90 and 0.44, respectively) and about the same
as in 4. This suggests that the two components of intramolecular
nucleophilic substitution are once again concerted but now even
less synchronous.


Fig. 6 B3LYP/6-31+G* optimised transition structure ‡dyotropic 6 for
interconversion of a-lactone 5 and b-lactone 7.


The barrier for degenerate rearrangement via TS 8 is lower (140
vs. 171 kJ mol−1) than that via 1 in vacuum, owing to the greater
carbocation character at Cb. In PCM water the barrier for each is
considerably lower (64 vs. 71 kJ mol−1) with more similar values;
the stabilising influence of solvation is more important than the
substituent effect. The barrier for dyotropic rearrangement via TS
6 is also lower (112 vs. 177 kJ mol−1) than that via 4 in vacuum,
presumably for the same reason. However, now there is both a
significant substituent effect and a substantial solvation effect in
PCM water, with a barrier of only 46 kJ mol−1 via 6 as compared
with 137 kJ mol−1 via 4. In particular, the barrier for dyotropic
rearrangement is 18 kJ mol−1 less than that for the degenerate
rearrangement and easily surmountable at room temperature.
While specific hydrogen-bonding interactions might affect the
value of this barrier upwards (as for the unsubstituted TS 4) it is
unlikely to alter the prediction of a facile dyotropic rearrangement
for the less stable gem-dimethyl substituted a-lactone 5 to the more
stable b-lactone 7.


Solas and Wolinsky reported the synthesis of a-chloro-b-
lactones by treatment of certain a,b-unsaturated acids (including
3-methylbut-2-enoate) with hypochlorous acid in a two-phase
system.24 In view of their use of excess 70% calcium hypochlorite as
the reagent, we consider that under their experimental conditions
it is the salt of the acid that reacts with Cl+. Consequently, in our
view it is most likely that the initial kinetic product is an a-lactone
5 which then undergoes dyotropic rearrangement to b-lactone 7
as the thermodynamically preferred product.


As noted above, Homsi and Rousseau have reported the use
of a solution of bis(collidine)bromine(I) hexafluorophosphate
in dichloromethane to prepare a-bromo-b-lactones from a,b-
unsaturated acids disubstituted in the b-position.4,5 In contrast
to the mechanism shown in Scheme 2, we believe that an a-lactone
is initially involved which rearranges into a b-lactone.


There is already some evidence for such a rearrangement
in the regioisomeric b,c-unsaturated acids (Scheme 6). Barnett
and Sohn showed that iodolactonisation of carboxylate an-
ions 9 afforded b-lactones 10 as the kinetic products.3 Under
the reaction conditions these rearranged into the more stable
c-lactones 11. Since the reagents were still present, particularly
iodide ion, there remains the possibility of an alternative mech-
anism for the rearrangement: besides dyotropy, c-lactone might
be produced slowly from the alkene formed by reversal of the
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Scheme 6


fast initial step that led to b-lactone (Scheme 6). However, when
thallium salts are used in a non-polar solvent the insoluble thallium
iodide is produced and under these conditions rearrangement of
b- to c-lactone still takes place, thus ruling out the alternative
mechanism; dyotropy provides a viable pathway.25 Most con-
vincingly, Ganem isolated c-bromo-b-lactones 12 from similar
reactions and showed that they were converted thermally into
the corresponding b-bromo-c-lactones 13.26


Conclusions


Transition structures have been optimised using the B3LYP/6-
31+G* density functional level method, in vacuum and in implicit
(PCM) and explicit (DFT/MM) aqueous solvation, for the
degenerate rearrangement of the a-lactone 2 and for the dyotropic
rearrangement of this to the b-lactone 3. Despite being lower in
energy than the a-lactone, there is no direct pathway to the b-
lactone from the acrylate chloronium zwitterion, which is the
transition structure for the degenerate rearrangement. This may be
rationalised by consideration of the unfavourable angle of attack
by the carboxylate nucleophile on the b-position; attack on the
a-position involves a less unfavourable angle. Formation of the
b-lactone 3 may occur by means of a dyotropic rearrangement
of the a-lactone 2 involving a high energy barrier, but the
similar rearrangement of the b-dimethyl substituted a-lactone
5 to b-lactone 7 involves a much lower barrier, estimated at
about 46 kJ mol−1 in water, and is predicted to be a facile
process.
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Pyrrolidine-amide oligonucleotide mimics (POMs) can cross-pair strongly with complementary parallel
and antiparallel DNA and RNA targets in a sequence-specific fashion. As a result POMs have
significant potential for applications including in vivo gene silencing, diagnostics and bioanalysis. To
further modulate the DNA- and RNA-recognition properties and fine-tune the physiochemical
properties of POMs for nucleic acid targeting, backbone-extended pyrrolidine-amide oligonucleotide
mimics (bePOM I and II) were introduced. The bePOMs differ from the original POMs through the
insertion of an additional methylene group into the backbone units, which increases the flexibility of the
oligomers. bePOM I and II oligomers were synthesised using solid-phase peptide chemistry.
Interestingly, UV thermal denaturation and circular dichroism studies reveals bePOM I and II can
hybridise with complementary RNA, but not DNA.


Introduction


Nucleic acid mimics that can selectively hybridise with comple-
mentary DNA and RNA can be used to down regulate gene
expression in vivo, which is particularly valuable for functional
genomics.1 In addition, nucleic acid mimics have been employed
as bioanalytical tools or diagnostic agents,2 as well as building
blocks in the programmed assembly of nanostructures.3 Moreover,
a study of the properties of nucleic acid mimics can also provide
a valuable alternative insight into the structure, recognition
properties, function and origins of the natural genetic material.4


Previously we introduced the pyrrolidine-amide oligonucleotide
mimics (POMs) 3 (Fig. 1). Notably it was shown that fully modified
short POM homopolymers5 and longer mixed sequences6 are ca-
pable of cross-pairing with both complementary DNA and RNA,
exhibiting UV transition melting temperatures (Tm) that on the
whole are higher than isosequential peptide nucleic acids (PNAs).7


Interestingly, mixed sequence POMs (e.g. Lys–TCACAACTT–
NH2)6 cross-pair strongly with parallel and antiparallel DNA
as well as RNA, but with rates of association/dissociation that
are noticeably slower than those typically observed with short
oligonucleotides or PNA. One possible reason for this could
be the rigidity of the POM backbone compared to other more
flexible mimics such as PNA. Indeed, nucleic acid mimics with
more rigid backbone structure could favour formation of stable
secondary structures in the single-stranded state, which are not
optimal for hybridisation.8 As a consequence, the conformational
reorganisation of the backbone into a structure that enables base
pairing to take place may be slow and rate-limiting. In light of this
it was decided to investigate the effects of increasing the flexibility
of the POM backbone, by introducing an additional methylene
group into the backbone. This leads to the backbone extended
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Fig. 1 Pyrrolidine-amide oligonucleotide mimics (POM) and back-
bone-extended POMs (bePOM I and II). The protonated pyrrolidine
N1′ -substituent prefers the less sterically demanding trans-configuration
and POMs are thus stereochemically equivalent to natural nucleic acids.5,6


POMs (bePOM I (1) and II (2), Fig. 1), which both possess
repeating 7-atom linkages and differ only in the relative position
of the amide linkage. Previous studies have established that it is
not necessary to match the six-atom linkage of the backbone of
native nucleic acids in order to retain base pairing. In fact, modified
nucleic acids with units containing five-9 and seven-atom10 linkages
are also capable of cross-pairing with complementary DNA
and RNA. Accordingly, oligomers of bePOM I (1) and II (2)
were synthesised, using solid-phase peptide chemistry and their
hybridisation properties explored using UV thermal denaturation
experiments and CD spectroscopy.


Results and discussion


Synthesis of backbone-extended POM monomers


It was envisaged that the synthesis of bePOM oligomers would
be accomplished using Boc-Z solid-phase peptide synthesis pro-
tocols, similar to those developed previously for the original
fully modified mixed sequence POM.6 In order to test this the
bePOM I thymine monomer was first prepared from the ethyl ester
hydrochloride salt 4 (Scheme 1).11 Protection of the pyrrolidine
nitrogen of 4 with a benzyloxycarbonyl group gave 5 in 91% yield
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and subsequent tert-butyldimethylsilyl (TBDMS)-protection of
the secondary alcohol provided pyrrolidine 6 in 85% yield. This
allowed reduction of the ethyl ester of 6 with LiBH4 resulting in
the primary alcohol 7 in 70% yield, which was then transformed
to the mesylate 8. The mesylate was not isolated but treated
with sodium cyanide to give nitrile 9 in a yield of 68% over
the two steps. Reduction of nitrile 9 was then achieved with
NaBH4 in the presence of CoCl2·6H20.12 The resulting primary
amine 10 was then Boc-protected using di-tert-butyldicarbonate
to give Boc-amine 11 in 62% overall yield. Deprotection of the
pyrrolidine nitrogen by hydrogenation over 10% Pd–C afforded
amine 12, which was alkylated with methyl bromoacetate to afford
methyl ester 13 in 65% yield. Following TBDMS-deprotection
with tetrabutylammoniumfluoride (TBAF), it was necessary to
invert the stereochemistry of the C4 alcohol of 14 in order
to obtain the desired (2S,4R) configuration of the bePOM I
monomer. Accordingly (4R)-alcohol 14 was transformed to the
(4S)-formyl ester 15 under Mitsunobu conditions13 in 70% yield.
Cleavage of the formyl ester with sodium methoxide in anhydrous
methanol gave the (4S)-alcohol 16 in 90% yield. Thymine was then
introduced onto the pyrrolidine ring as N3-benzoylthimine14 to
ensure the desired N1-alkylation is obtained. This was achieved
using another Mitsunobu reaction to form the N1-thyminyl
derivative 17 in a yield of 67%. Treatment with aqueous sodium
hydroxide in THF, followed by neutralisation provided the bePOM
I thyminyl acid 18 in 71% yield.


Scheme 1 Synthesis of bePOM I thyminyl monomer: (a) benzylchlo-
roformate, Et3N, 1 : 1 water–1,4-dioxane, 50 ◦C for 2 h then rt for 18 h;
(b) TBDMS–Cl, imidazole, DIEA, DMF, rt, 18 h; (c) LiBH4, THF, 0 ◦C →
rt, 18 h; (d) MsCl, DIEA, CH2Cl2, 0 ◦C → rt, 3 h; (e) NaCN, DMF, 75 ◦C,
20 h; (f) NaBH4, CoCl2·6H2O, CH3OH, rt, 4 h; (g) Boc anhydride, Et3N,
1 : 1 water–1,4-dioxane, rt, 18 h; (h) 10% Pd–C, CH3OH, H2, rt, 18 h;
(i) BrCH2CO2CH3, DIEA, CH2Cl2, 0 ◦C → rt, 18 h; (j) TBAF, THF, rt,
4 h; (k) HCO2H, PPh3, DIAD, THF,–20 ◦C → rt, 18 h; (l) NaOCH3,
CH3OH, rt, 5 h; (m) N3-benzoylthymine, PPh3, DIAD, THF,–20 ◦C → rt,
18 h; (n) 1 M NaOH (aq), THF, rt for 18 h, then 0.1 M HCl (aq).


The synthesis of the bePOM II thymine monomer is achieved
via a conjugate addition between the reported5d amine HCl salt
19 and methyl acrylate, which gave methyl ester 20 in 85%
yield (Scheme 2). Azide-reduction with trimethylphosphine under
Staudinger conditions, and in situ Boc-protection of the resulting
amine with 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile
(Boc-ON)15 afforded the Boc-amine 21 in 89% yield. The C4-OH
group of the pyrrolidine ring was again inverted via the (4S)-formyl
ester 22, which was formed in 65% yield then cleaved with sodium
methoxide to give (4S)-alcohol 23 in 82% yield. Introduction of
N3-benzoylthimine under Mitsunobu conditions, similarly gave
the thyminyl derivative 24 in 64% yield and saponification and
neutralisation as before provided the bePOM II thyminyl acid 25
in 69% yield.


Scheme 2 Synthesis of bePOM II thyminyl monomer: (a) methyl
acrylate DIEA, CH2Cl2, 0 ◦C for 30 min then rt for 18 h; (b) PMe3,
THF, rt, 1.5 h, then 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile
(Boc-ON), −20 ◦C, 15 min, then rt for 1 h; (c) HCO2H, PPh3, DIAD, THF,
−20 ◦C → rt, 18 h; (d) NaOCH3, CH3OH, rt, 2 h; (e) N3-benzoylthymine,
PPh3, DIAD, THF, 0 ◦C → rt, 18 h; (f) 1M NaOH (aq), THF, rt for 3 h,
then 0.1 M HCl (aq).


Boc-Z solid-phase synthesis of POM, bePOM I and bePOM II
Lys–(T)8–NH2 oligomers


POM Lys–(T)8–NH2 27, bePOM I Lys–(T)8–NH2 28 and bePOM
II Lys–(T)8–NH2 29 were synthesised following the Boc-Z POM
synthetic protocol.6,16 The octamers were prepared on methylben-
zhydrylamine (MBHA LL)-functionalised resin, adjusted at the
first coupling to give a loading of 0.12 mmol.g−1. Unreacted amino
groups were capped with acetic anhydride. In the case of POM
Lys–(T)8–NH2 27 subsequent couplings employed four equivalents
of Boc-protected POM thyminyl acid 26,6 preactivated with 2-
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylguanidinium hexaflu-
orophosphate (HBTU) (3.8 equiv.) and diisopropylethylamine
(DIEA) (4.4 equiv.). Coupling reactions proceeded for 2 h and
were monitored by the Kaiser test.17 Capping of any unreacted
oligomer was carried out by reaction with acetic anhydride
again in the presence of DMF and collidine. Boc-deprotection
with trifluoroacetic acid (TFA) and m-cresol as a scavenger was
followed by repeated coupling, capping and deprotection steps. In
the case of bePOM I Lys–(T)8–NH2 28 and bePOM II Lys–(T)8–
NH2 29 five equivalents of thyminyl acid 18 or 25 were preactivated
with HBTU (4.75 equiv.) and DIEA (5.5 equiv.) prior to the second
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and subsequent coupling reactions. Cleavage of the oligomers from
the resin was carried out by the “low–high” TFMSA method16 and
the crude oligomers were analysed by analytical C18 HPLC and
MALDI-TOF mass spectrometry (Fig. 2). POM Lys–(T)8–NH2


27 was synthesised in a yield of 52%, as determined by analytical
C18 HPLC, this corresponds to an average coupling efficiency of
93.0%. The yield for the synthesis of bePOM I Lys–(T)8–NH2 28
was 86%, equating to an average coupling efficiency of 98.3%. The
yield for the synthesis of bePOM II Lys–(T)8–NH2 29 was 60%,
equating to an average coupling efficiency of 94.5%. Oligomers
were purified by semi-preparative C18 HPLC and the purity of
oligomers was estimated to be higher than 95% based on analytical
C18 HPLC.


Nucleic acid-binding properties of bePOM I and II: UV thermal
denaturation and renaturation experiments


The POM and bePOM oligomers were next subjected to UV
thermal denaturation/renaturation experiments. In line with
earlier observations,5 the prototype POM Lys–(T)8–NH2 27 hy-
bridises strongly with both RNA and DNA, exhibiting transition
melting temperatures (Tm heating) of 41.5 and 36.4 ◦C with
r(CGCA8CGC) and d(CGCA8CGC), respectively, under close to
physiological conditions (Table 1). With longer homopolymers
poly(rA) and poly(dA), higher Tm were observed, which are
accompanied by more pronounced hysteresis, indicative of slow
rates of association/dissociation. Interestingly the extent of this
hysteresis, is similar for both poly(rA) and poly(dA), suggesting
that the kinetic selectivity for RNA over DNA observed previously
with thyminyl POM pentamers,5 is not evident with the octameric
POM 27.


The oligomer with the type-I extended-backbone bePOM I
Lys–(T)8–NH2 28 hybridises with r(CGCA8CGC) with a Tm


(heating) of 36.7 ◦C (Fig. 3) and exhibits slight hysteresis with
Tm (cooling) of 32.5 ◦C. Incubation at room temperature for
24 h prior to denaturation has little effect on Tm or hyperchromic
shift (Table 1). Under identical conditions bePOM I Lys–(T)8–
NH2 28 shows no evidence of cooperative melting transitions with
d(CGCA8CGC), poly(dA) or poly(rA) and there is no significant


Fig. 2 (A) MALDI-MS of crude POM Lys–(T8)–NH2 27 showing
m/z 2260.1 ([M + H]+ 100%, C111H154N51O19 requires m/z, 2260.2);
(B) MALDI-MS of crude POM bePOM I Lys–(T8)–NH2 28 showing
m/z 2372.1 ([M + H]+ 100%, C119H160N51O19 requires m/z, 2372.2); (C)
MALDI-MS of crude POM bePOM I Lys–(T8)–NH2 29 showing m/z
2372.2 ([M + H]+ 100%, C119H160N51O19 requires m/z, 2372.2).


hyperchromic shifts. For the type-II backbone-extended POM
(29) apparent hybridisation with r(CGCA8CGC) is observed


Table 1 UV thermal denaturation/renaturation transition temperatures (Tm) for POM 27, bePOM I 28 and bePOM II 29 vs. complementary nucleic
acids


POM Lys–(T)8–NH2 27 bePOM I Lys–(T)8–NH2 28 bePOM II Lys–(T)8–NH2 29
Tm/◦Ca (hyperchromicb and
hypochromicc shifts (%)) Heating Cooling Heating Cooling Heating Cooling


r(CGCA8CGC) 41.5a (12.6)b 37.9a (12.2)c 36.7a (9.1)b 32.5a (7.7)c 31.2 and 48.8a (13.5)b 38.6a (7.7)b


43.8d (13.4) 34.8d (13.4) n.t.de (16.2)
d(CGCA8CGC) 36.4a (12.3) 35.6a (10.6) n.t.e (4.0) n.t.e (1.0) n.t.e (5.4) n.t.e (3.0)


41.0d (20.5) n.t.de (12.5) n.t.de (12.7)
Poly(rA) 52.4a (22.0) 38.2a (21.5) n.t.e (17.1) n.t. (14.5) 44.4a (9.2)b 33.3a (8.8)b


54.0d (24.7) n.t.de (17.6) 48.2d (13.6)
Poly(dA) 53.4a (10.0) 41.4a (12.1) n.t.e (12.7) n.t. (11.0) n.t.e (9.4) n.t.e (8.3)


53.4d (15.8) n.t.de (12.9) n.t.de (17.7)


a Experiments were carried out with 84 lM total conc. in bases, in a 1 : 1 ratio of strands for d(CGCA8CGC) and r(CGCA8CGC) and 1 : 1 ratio of bases
for poly(rA) and poly(dA), and 10 mM K2HPO4, 0.12 M K+, pH 7.0 (total volume 1.0 cm3). UV absorbance (A260) was recorded with heating at 5 ◦C min−1


from 23 to 93 ◦C, cooling at 0.2 ◦C min−1 to 15 ◦C and heating at 0.2 ◦C min−1 to 93 ◦C. The Tm was determined from the 1st derivative of the slow
heating and cooling curve. b Hyperchromic and are indicated in parentheses and were calculated as follows: [Abs 93 ◦C − Abs 15 ◦C] × 100/Abs 93 ◦C.
c Hypochromic shifts are indicated in parentheses and were calculated as follows: [Abs 93 ◦C − Abs 15 ◦C] × 100/Abs 93 ◦C. d Samples were incubated
with nucleic acid for 24 h before being subjected to slow thermal denaturation (0.2 ◦C min−1). e n.t. = no transition evident. Note that no transitions are
evident in control experiments where POMs are subjected to UV thermal denaturation in the absence of complementary nucleic acid targets.
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Fig. 3 UV thermal denaturation curves and first derivatives for
POM Lys–(T8)–NH2 27, bePOM I Lys–(T8)–NH2 28 and bePOM II
Lys–(T8)–NH2 29 vs. r(CGCA8CGC) at 7.6 lM (total conc. in strands, 1 :
1 ratio of strands) and 10 mM K2HPO4, 0.12 M K+, pH 7.0 (total volume
1.0 cm3): (A) slow heating (denaturation) curves for POM 27 (i), bePOM
I 28 (ii) and bePOM II 39 (iii) vs. r(CGCA8CGC); (B) the corresponding
first derivatives for POM 27 (i), bePOM I 28 (ii) and bePOM II 39 (iii) vs.
r(CGCA8CGC).


(Fig. 3), with two distinct transitions in the denaturation curve,
at 31.2 ◦C and 48.8 ◦C, possibly indicative of transitions from
triplex to duplex to single strands. However attempts to define
stoichiometry of binding through Job plots were inconclusive. It
was previously noted that the prototype POM can hybridise with
DNA and RNA in a parallel or antiparallel fashion.6 Therefore
the presence of a mixture of parallel and antiparallel complexes
of differing thermodynamic stability, may also account for the
observed double transition. Clearly this issue is best resolved
using mixed-sequence oligomers, with defined orientations and
modes of hybridisation. Cross-pairing between bePOM II 29 and
poly(rA) was also apparent. In this case, notable hysteresis was
observed with Tm of 44.4 and 33.3 ◦C (DTm = 11.1 ◦C) for
the denaturation and renaturation curves, respectively. On the
other hand, bePOM II 29 shows no evidence of thermal denat-
uration/renaturation d(CGCA8CGC) or poly(dA) even after the
complementary strands are incubated at room temperature for a


prolonged period of time. These experiments indicate that both
the type-I and type-II backbone-extended POMs (28 and 29)
can hybridise with complementary RNA, but not DNA. This
apparent cross-pairing selectivity of bePOM I and II for RNA
over DNA was further investigated using circular dichroism (CD)
spectroscopy.


Circular dichroism experiments


Initially the CD spectra of POM Lys–(T)8–NH2 27, bePOM I
Lys–(T)8–NH2 28 and bePOM II Lys–(T)8–NH2 29 single strands
were recorded (Fig. 4). In the case of prototype, POM Lys–(T)8–
NH2 27 shows a strong negative bands at 215 and 285 nm and
a strong positive band at 260 nm. Interestingly, the sign of the
bands for the single stranded POM 27 are opposite to those
typically observed in the CDs of short RNA and DNA strands
(see ESI†).18 This might suggest that POM 27 is preorganised into
a base-stacked conformation with a left-handed helical sense that
is opposite to that typically observed with right-handed helical
DNA and RNA. The bePOM I and II oligomers (28 and 29) have
CD spectra that exhibit bands of lower intensity than the original
POM 27. This is indicative of bePOM I and II possessing less
structurally ordered single strands than the more rigid POM 27,
which is presumably due to the extra methylene group increasing
the intrinsic flexibility of the backbone. Also notable is the fact
that bePOM II 29 possesses bands, which are opposite in sign to


Fig. 4 CD spectra of POM 27, bePOM I 28 and bePOM II 29 vs.
r(CGCA8CGC) at 7.6 lM (total conc. in strands, 1 : 1 ratio of strands)
and 10 mM K2HPO4, 0.12 M K+, pH 7.0 (total volume 1.0 cm3):
(A) single strands (i) POM 27, (ii) bePOM I 28, (iii) bePOM II 29,
(iv) r(CGCA8CGC); (B) bePOM I 28 vs. r(CGCA8CGC), (i) calculated,
(ii) acquired; (C) bePOM II 29 vs. r(CGCA8CGC), (i) calculated,
(ii) acquired.
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those observed with POM 27, suggesting that the single strands
possess opposite helical sense.


The CD spectra for the equimolar complexes of oligomers (27,
28 and 29) with r(CGCA8CGC) and d(CGCA8CGC) were next
compared against the calculated CD spectra resulting from the
average of the CD spectra obtained for the corresponding separate
single strands. For POM 27 with RNA and DNA (CGCA8CGC)
significant difference in both the wavelength and intensity of
the CD bands is observed between the calculated and observed
spectra (Fig. 5). Notably, the overall CD spectra of the complex
between POM 27 and r(CGCA8CGC) closely resembles that of
typical A-type RNA helices.18 This suggests that the RNA strand
has greater influence over the final conformation of the POM–
RNA complex. In the case of bePOM I and II (28 and 29) with
r(CGCA8CGC) a noticeable increase in band intensity is evident
for the observed CD compared with the calculated CD, and again
the CD spectra closely resemble those observed for A-type helical
RNA (Fig. 4). In contrast, there are essentially no differences
between the observed and calculated CDs of equimolar mixtures of
bePOM I and II (28 and 29) with d(CGCA8CGC) (see ESI†). This
fully supports the earlier observations, showing that whilst bePOM
I and II can cross-pair with RNA, no hybridisation is evident with
isosequential DNA. Of course the interpretation of the CD spectra
is only qualitative and NMR or X-ray crystallography are required
for more detailed structural and conformational analysis.


Fig. 5 CD spectra for POM Lys–(T)8–NH2 27 vs. d(CGCA8CGC) and
r(CGCA8CGC) 7.6 lM (total conc. in strands, 1 : 1 ratio of strands) and
10 mM K2HPO4, 0.12 M K+, pH 7.0 (total volume 1.0 cm3). (A) CD
spectra of acquired and calculated for POM 27 vs. d(CGCA8CGC);
(B) CD spectra of acquired and calculated for POM 27 vs. r(CGCA8CGC).


Conclusion


Boc-protected thyminyl monomers were prepared and used for
the solid-phase synthesis of backbone-extended pyrrolidine-amide
oligonucleotide mimics. The synthetic bePOMs POM I and II
thyminyl octamers (28 and 29) were purified by RP-HPLC and


characterised by MALDI mass spectrometry and analytical RP-
HPLC. The DNA- and RNA-hybridisation properties of bePOMs
POM I and II thyminyl octamers (28 and 29) were then compared
with the prototype POM oligomer, using UV thermal denaturation
and renaturation experiments and CD spectroscopy. This showed
that bePOM I thyminyl octamer 28 binds to r(CGCA8CGC) with
a slightly lower Tm (heating) than that of the prototype POM,
but shows no evidence of hybridisation with d(CGCA8CGC).
The bePOM II thyminyl octamer 29 similarly exhibits hybridi-
sation with RNA, but not DNA. Hybridisation of bePOM II
with r(CGCA8CGC) is accompanied by two transitions in the
denaturation curve. This could be due to triplex formation or the
formation of a mixture of parallel and antiparallel complexes of
differing thermodynamic stability. Circular dichroism experiments
also show additional evidence of complex formation between the
bePOM I and II oligomers with RNA but not DNA. These find-
ings are consistent with the earlier observation that a backbone-
extended nucleic acid mimic containing (2′S,4′S)-pyrrolidine units,
which is the enantiomer of the bePOM II presented here, is also
capable of selective cross-pairing with RNA.10d Currently, the
synthesis of longer mixed-sequence bePOMs is under way in order
to fully investigate the recognition of more biologically relevant
nucleic acid sequences.6


Experimental


NMR spectra were recorded on a Bruker DPX 300 operating at
300 MHz (1H) and 75.5 MHz (13C) or a Bruker DPX 400 operating
at 400 MHz (1H) and 100.6 MHz (13C). Chemical shifts in 1H
and 13C NMR spectra are expressed in ppm relative to tetram-
ethylsilane and were internally referenced to the residual solvent
signal. Chemical shift assignments for 1H and 13C spectra were
assisted with COSY, DEPT, HMQC and HMBC experiments. The
splitting patterns for NMR spectra are designated as follows: s
(singlet), d (doublet), t (triplet), q (quartet), dd (doublet of
doublets), ddd (doublet of doublet of doublets), m (multiplet) and
br (broad). Mass spectra were obtained using electrospray (ES)
on a MassLynx orthogonal accelerated-TOF mass spectrometer
with samples introduced from a Waters 7240 sample injector.
MALDI mass spectra were obtained on a Micromass TOF Spec
2e or a Shimadzu AXIMI-CF+ using a-cyano-4-hydroxycinnamic
acid as matrix. Infrared spectra were recorded on a Nicolet
Nexus 670 FT-IR spectrometer with samples prepared as a thin
film on KBr discs or as Nujol mulls. UV measurements were
carried out on a Varian Cary 400 spectrometer with cell-transport
accessories with samples. Molar extinction coefficients (e) were
calculated from Beer–Lambert law from a sample solution of
known concentration. Optical rotations were measured at 25 ◦C
with an Optical Activity AA-1000 polarimeter. Melting points
were determined with an electrothermal capillary apparatus and
are uncorrected. X-Ray crystallographic analysis was collected on
a Nonius jCCD diffractometer. Thin layer chromatography was
performed on Fluka silica gel (60 F254) coated on aluminium plates.
TLC plates were visualised by UV (254 nm) and/or developed
using potassium permanganate, vanillin or Ehrlichs reagent and
ninhydrin. Flash column chromatography was performed on silica
gel LC 60A purchased from Fluorochem Ltd. Chemicals were
purchased from Aldrich Chemical Company, Acros Organics
and Lancaster Synthesis Ltd and were used without further
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purification unless otherwise noted. Solvents were purified and
dried where necessary; THF was distilled from sodium with
benzophenone as indicator under nitrogen. Dichloromethane was
distilled from CaH2. DMF, 1,4-dioxane, DIEA and pyridine
were purchased anhydrous from Aldrich Chemical Company or
Acros Organics and used without further purification. Deionised
water was used throughout. For reactions requiring anhydrous
conditions, glassware was flame dried under vacuum and cooled
under a positive pressure of nitrogen.


(2R,4R)-2-Ethoxycarbonyl-4-hydroxy-N-
(benzyloxycarbonyl)pyrrolidine (5)


To a solution of pyrrolidine hydrochloride salt 4 (61.9 g,
0.316 mmol) in 1 : 1 water–1,4-dioxane (465 mL), was added
triethylamine (110 mL, 0.783 mmol), followed by benzylchloro-
formate (66.4 mL, 0.472 mmol) dropwise. The reaction mixture
was stirred at 50 ◦C for 2h then at room temperature for 18 h.
Solvent was removed under reduced pressure, water (300 mL) was
added and the product extracted with Et2O (4 × 500 mL). The
organic fractions were combined and dried over MgSO4, MgSO4


was removed by filtration and solvent was removed under reduced
pressure. The product was purified by flash chromatography (3 :
1 EtOAc–hexanes, Rf 0.6) to afford benzyloxycarbonyl-protected
product 5 (84.4 g, 91%) as a colourless oil. [a]D + 19.5◦ (c =
1, CHCl3); mmax(KBr)/cm−1 3428 br (OH), 1754, 1712, (CO); 1H
NMR (400 MHz, CDCl3) d 1.14 and 1.31 (3H, 2 × t, J 7.1 Hz,
CH2CH3 rotamers), 2.12 (1H, dd, J 14.1 Hz, 6.7 Hz, Ha3), 2.29–
2.40 (1H, m, Hb3), 3.59 and 3.63 (1H, 2 × dd, J 11.9 Hz, 4.1 Hz,
Ha5 rotamers), 3.73 and 3.78 (1H, 2 × d, J 11.9 Hz, Hb5 rotamers),
4.09 and 4.26 (2H, 2 × q, J 7.1 Hz, CH2CH3 rotamers), 4.36–4.43
(2H, m, H2 and H4), 5.06–5.21 (2H, m, benzyl CH2), 7.32–7.36
(5H, m, benzyl aromatic); 13C NMR (75.5 MHz, CDCl3) d 13.4
and 13.5 (CH2CH3 rotamers), 37.3 and 38.1 (C3 rotamers), 54.4
and 54.7 (C5 rotamers), 57.3 and 57.6 (C4 rotamers), 60.8 and
60.9 (CH2CH3 rotamers), 66.5 and 66.6 (benzyl CH2 rotamers),
68.8 and 69.7 (C2 rotamers), 127.1, 127.2, 127.4, 127.8 and
127.9 (benzyl aromatic CH), 135.8 and 136.0, (benzyl ipso-C
rotamers), 153.9 and 154.4 (CO2Bn rotamers), 172.7 and 172.8
(CO2Et rotamers); m/z (ES) 332 ([M+K]+ 70%); HRMS m/z (ES)
332.0895, calculated for C15H19O5NK 332.0895.


(2R,4R)-2-Ethoxycarbonyl-4-[(tert-butyl)dimethylsilyloxy]-N-
(benzyloxycarbonyl)pyrrolidine (6)


To a solution of alcohol 5 (84.0 g, 0.286 mmol) in anhydrous DMF
(110 mL) was added tert-butyldimethylsilylchloride (TBDMS–Cl)
(64.3 g, 0.427 mmol), imidazole (38.1 g, 0.56 mmol) and DIEA
(50 mL, 0.303 mmol) under nitrogen. The reaction mixture was
stirred at room temperature under nitrogen for 18 h. The solvent
volume was reduced in vacuo and water (200 mL) was added.
The product was extracted with CH2Cl2 (4 × 300 mL) and the
organic fractions were combined and dried over MgSO4, MgSO4


was removed by filtration and solvent was removed under reduced
pressure. The product was purified by flash chromatography (3 :
1 hexanes–EtOAc, Rf 0.4) to afford TBDMS-protected alcohol
6 (99.6 g, 85%) as a colourless oil. Found: C 61.59; H 8.43, N
3.31, Calculated for C19H31O4NSi; C 61.88, H 8.16, N 3.44%; [a]D


+ 44.9◦ (c = 1, CHCl3); mmax(KBr)/cm−1 1750, 1708 (CO); 1H


NMR (400 MHz, CDCl3) d 0.00 and 0.01 (6H, 2 × s Si(CH3)2,
rotamers), 0.81 (9H, s, SiC(CH3)3), 1.11 and 1.22 (2 × t, J 7.1 Hz,
CH2CH3, rotamers), 2.07–2.15 (1H, m, Ha3), 2.22–2.31 (1H, m,
Hb3), 3.36 and 3.40 (1H, 2 × dd, J 11.3 Hz, 2.6 Ha5, rotamers),
3.62 and 3.66 (1H, 2 × dd, J 11.3, 5.3 Hz, Hb5, rotamers), 4.03
and 4.13 (1H, 2 × q, J 7.1 Hz, CH2CH3, rotamers), 4.04 and
4.14 (1H, 2 × q, J 7.1 Hz, CH2CH3, rotamers), 4.31–4.35 (1H,
m, H4), 4.36 and 4.42 (1H, 2 × dd, J 8.8, 3.7 Hz, H2 rotamers),
5.05 and 5.09 (1H, d, J 12.4 Hz, benzyl CH2, rotamers), 5.13
and 5.15 (1H, d, J 12.4 Hz, benzyl CH2, rotamers), 7.23–7.36
(5H, m, benzyl aromatic); 13C NMR (100.6 MHz, CDCl3) d −5.5
and −5.4 (Si(CH3)2 rotamers), 13.6 and 13.7 (CH2CH3, rotamers),
17.4 (SiC(CH3)3), 25.2 (SiC(CH3)3), 38.3 and 39.2 (C3, rotamers),
54.3 and 54.7 (C5, rotamers), 57.3 and 57.6 (C2 rotamers), 60.5
(CH2CH3), 66.5 (benzyl CH2), 69.4 and 70.2 (C4 rotamers), 127.3,
127.4, 127.5 and 127.5, (benzyl aromatic, rotamers), 127.9 and
128.0 (benzyl aromatic, rotamers), 136.2 and 136.3 (benzyl ipso-
C, rotamers), 154.0 and 154.3 (CO2Bn rotamers); m/z (ES) 446
([M + K]+ 100%), 408 ([M + H]+ 40%); HRMS m/z (ES), 446.1768
calculated for C19H31O4NSiNa 446.1760.


(2R,4R)-2-Hydroxymethyl-4-[(tert-butyl)dimethylsilyloxy]-N-
(benzyloxycarbonyl)pyrrolidine (7)


To a solution of ethyl ester 7 (99.0 g, 0.243 mmol) in anhydrous
THF at 0 ◦C under nitrogen was added LiBH4 portionwise. The
reaction mixture was allowed to warm to room temperature and
stirred under nitrogen for 18 h. The reaction mixture was cooled to
−10 ◦C and quenched by dropwise addition of 1 : 1 water–sat. aq.
K2CO3 (200 mL), this mixture was stirred at room temperature
for 24 h. Water (200 mL) was added and the product extracted
with EtOAc (4 × 500 mL). The organic fractions were combined
and dried over MgSO4, MgSO4 was removed by filtration and
solvent was removed under reduced pressure. The product was
purified by flash chromatography (2 : 1 hexanes–EtOAc, Rf 0.3)
to afford alcohol 7 (62.2 g, 70%) as a colourless oil. [a]D + 10.7◦


(c = 1, CHCl3); mmax(KBr)/cm−1 3428 br (OH), 1762, 1708 (CO);
1H NMR (400 MHz, CDCl3) d 0.08 and 0.12 (6H, 2 × s, Si(CH3)2


rotamers), 0.88 and 0.89 (9H, 2 × s, SiC(CH3)3 rotamers), 1.70
and 1.91 (1H, 2 × d, J 13.7 Hz, Ha3 rotamers), 2.10–2.31 (1H, m,
Hb3), 3.45 and 3.37 (1H, 2 × d, J 11.7 Hz, Ha5 rotamers), 3.60–
3.68 (1H, m, Hb5), 3.78–3.88 (2H, m, Ha6 and Hb6), 4.06–4.14
(1H, m, H2), 4.34 and 4.40 (1H, 2 × br s, H4 rotamers), 5.09–5,19
(2H, m, benzyl CH2), 7.29–7.37 (5H, m, benzyl aromatic); 13C
NMR (75.5 MHz, CDCl3) d −5.3 (Si(CH3)2), 17.6 (SiC(CH3)3),
25.2 and 25.4 (SiC(CH3)3 rotamers), 37.5 and 38.1 (C3 rotamers),
55.3 and 56.1 (C5 rotamers), 59.5 (C2), 66.1 (benzyl CH2), 66.7
and 66.8 (C6 rotamers), 70.0 and 70.2 (C4 rotamers), 126.5, 126.8,
127.6, 127.7, 128.0 and 128.2 (benzyl aromatic CH, rotamers),
136.2 (benzyl ipso-C) 154.6 and 156.2 (CO2Bn rotamers); m/z
(ES) 388 ([M + Na]+ 50%); HRMS m/z (ES) 388.1915, calculated
for C19H31O4NSiNa 388.1915.


(2S,4R)-2-Cyanomethyl-4-[(tert-butyl)dimethylsilyloxy]-N-
(benzyloxycarbonyl)pyrrolidine (9)


To a solution of alcohol 7 (5.25 g, 14.36 mmol) in anhydrous
CH2Cl2 (20 mL) at 0 ◦C, under nitrogen was added DIEA (3.8 mL,
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23.0 mmol) followed by methanesulfonyl chloride (1.3 mL,
17.0 mmol) dropwise. The reaction mixture was allowed to warm
to room temperature and stirred under nitrogen for 3 h. The
reaction was quenched by addition of sat. NaHCO3 (aq) (25 mL).
Water (25 mL) was added and the crude product was extracted with
CH2Cl2 (4 × 100 mL). The organic fractions were combined and
dried over MgSO4, MgSO4 was removed by filtration and solvent
was removed under reduced pressure. The crude methanesulfonate
8 was dried under reduced pressure and dissolved in anhydrous
DMF (40 mL). NaCN (3.55 g, 72.4 mmol) was added under
nitrogen and the suspension stirred at 75 ◦C, under nitrogen for
20 h. Water (150 mL) was added to the reaction mixture and the
product extracted with Et2O (4 × 250 mL). The aqueous layer
was drained into a solution of NaOCl. The organic fractions were
combined, washed with water and dried over MgSO4, MgSO4 was
removed by filtration and solvent was removed under reduced
pressure. Flash chromatography (hexanes–EtOAc 2 : 1 Rf 0.7)
afforded nitrile 9 (3.65 g, 68%) as a pale yellow oil. [a]D + 21.3◦


(c = 2, CHCl3); mmax(KBr)/cm−1 2253 (CN), 1707 (CO); 1H NMR
(400 MHz, CDCl3) d 0.07 and 0.10 (6H, 2 × s, Si(CH3)2 rotamers),
0.89 (9H, s, SiC(CH3)3), 2.04–2.09 (1H, m, Ha3), 2.13–2.20 (1H,
m, Hb3), 2.85–3.10 (2H, m, Ha6Hb6), 3.39 and 3.34 (1H, 2 × d, J
11.6 Hz, Ha5 rotamers), 3.55 and 3.60 (1H, 2 × dd, J 11.6, 4.5 Hz,
Hb5 rotamers), 4.16–4.21 (1H, m, H2), 4.41 (1H, br s, H4), 5.08–
5.18 (2H, m, benzyl CH2), 7.36–7.37 (5H, m, benzyl aromatic);
13C NMR (75.5 MHz, CDCl3) d −5.1 and −5.0 (Si(CH3)2


rotamers), 17.8 (SiC(CH3)3, 22.3 and 23.2 (C6 rotamers), 25.6
(SiC(CH3)3, 38.2 and 39.0 (C3, rotamers), 53.5 and 54.0 (C2
rotamers), 55.6 and 56.2 (C5 rotamers), 67.0 and 67.3 (benzyl
CH2 rotamers), 70.4 and 71.1 (C4 rotamers), 117.9 and 118.0
(CN rotamers), 127.8, 128.0, 128.1, 128.2, 128.4 and 128.6 (benzyl
aromatic CH rotamers), 136.0 and 136.3 (benzyl ipso-C rotamers),
154.2 and 154.6 (CO2Bn rotamers); m/z (ES) 375 ([M + H]+


100%); HRMS m/z (ES) 375.2100, calculated for C20H31O3N2Si
375.2098.


(2S,4R)-2-[2-(tert-Butoxycarbonylamino)ethyl]-4-[(tert-
butyl)dimethylsilyloxy]-N-(benzyloxycarbonyl)pyrrolidine (11)


To a solution of nitrile 9 (230 mg, 0.66 mmol) in CH3OH (4 mL) at
room temperature was added CoCl2·6H2O (315 mg, 1.32 mmol),
followed by portionwise addition of NaBH4 (250 mg, 6.60 mmol).
The solution was stirred at room temperature for 4 h. EtOAc
(20 mL) was added to the reaction mixture and the resulting black
precipitate removed by filtration. Water (20 mL) was added to the
filtrate and the crude amine extracted with EtOAc (4 × 100 mL).
The organic fractions were combined and dried over MgSO4,
MgSO4 was removed by filtration and solvent was removed under
reduced pressure. The crude amine 10 was dried under reduced
pressure and dissolved in 1 : 1 H2O–1,4-dioxane (0.9 mL). To this
solution was added triethylamine (200 lL, 1.43 mmol) and di-
tert-butyl-dicarbonate (Boc anhydride) (220 mg, 1.01 mmol). The
reaction mixture was stirred at room temperature for 18 h and the
product was extracted with Et2O (5 × 100 mL). The organic frac-
tions were combined and dried over MgSO4. MgSO4 was removed
by filtration and solvent was removed under reduced pressure.
Purification by flash chromatography (3 : 1 hexanes–EtOAc, Rf


0.7) afforded the Boc-protected product 11 (195 mg, 62%) as a
colourless oil. [a]D −16.6◦ (c = 1, CHCl3); mmax(KBr)/cm−1 3357


(NH), 1710, 1685 (CO); 1H NMR (400 MHz, CDCl3) d 0.05 (6H, s,
Si(CH3)2), 0.86 (9H, s SiC(CH3)3), 1.43 (9H, s, C(CH3)3), 1.72–1.82
(2H, m, Ha3 and Ha6), 1.95–2.17 (2H, m, Hb3 and Hb6), 2.92–3.00
(1H, m, Ha8), 3.28 (1H, d, J 11.7 Hz, Ha5), 3.34–3.40 (1H, m,
Hb8), 3.67 (1H, dd, J 11.7 Hz, 5.2 Hz, Hb5 rotamers), 3.93 and
4.06 (1H, 2 × d, J 7.0 Hz, H2 rotamers), 4.36 (1H. br s, H4), 5.07–
5.17 (2H, m, benzyl CH2), 7.34–7.38 (5H, m, benzyl aromatic); 13C
NMR (100.6 MHz, CDCl3) d −5.0 (Si(CH3)2), 17.8 (SiC(CH3)3,
25.6 (SiC(CH3)3, 28.4 (C(CH3)3), 35.4 (C6), 37.5 (C8), 39.6 and
39.7 (C3 rotamers), 54.6 and 54.8 (C2 rotamers), 55.3 (C5), 66.7
and 67.0 (benzyl CH2 rotamers), 70.5 and 71.3 (C4 rotamers), 78.6
and 78.9 (C(CH3)3 rotamers), 127.7, 127.9, 128.1, 128.4 and 128.6,
(benzyl aromatic CH rotamers), 136.4 and 136.7 (benzyl ipso-C ro-
tamers), 155.6 (CO2Bn), 156.1 (CO2


tBu); m/z (ES) 479 ([M + H]+


100%); HRMS m/z (ES) 479.2929, calculated for C25H43O5N2Si
479.2936.


(2S,4R)-2-[2-(tert-Butoxycarbonylamino)ethyl]-4-[(tert-butyl)-
dimethylsilyloxy]-N-(methoxycarbonylmethyl)pyrrolidine (13)


A solution of 11 (12.84 g, 26.8 mmol) in anhydrous CH3OH
(350 mL) was degassed with nitrogen before being added to
10% palladium on carbon (1.50 g) under a nitrogen atmosphere.
Hydrogen was bubbled through the reaction mixture for 5 minutes
and the reaction mixture was then stirred under a hydrogen
atmosphere for 18 h. Palladium on carbon was removed by
filtration and solvent was removed under reduced pressure. The
crude amine 12 was dried and then dissolved in anhydrous
CH2Cl2 (40 mL) under nitrogen. The solution was cooled to
0 ◦C and DIEA (9.8 mL, 59.1 mmol) was added followed by
dropwise addition of methyl bromoacetate (4.9 mL, 53.1 mmol).
The reaction mixture was allowed to warm to room temperature
and stirred under nitrogen for 18 h. Solvent was removed under
reduced pressure and flash chromatography (4 : 1 hexanes–EtOAc,
Rf 0.5) afforded methyl ester 13 (7.21 g, 65%) as a pale yellow oil.
[a]D −11.5◦ (c = 1, CHCl3); mmax(KBr)/cm−1 3360 (NH), 1751,
1710, 1688 (CO); 1H NMR (400 MHz, CDCl3) d 0.03 (6H, s,
Si(CH3)2), 0.86 (9H, s, SiC(CH3)3), 1.42 (9H, s, C(CH3)3), 1.55–
1.75 (3H, m, Ha3, Ha6 and Hb6), 2.23 (1H, ddd, J 13,4, 7.3, 6.1 Hz,
Hb3), 2.63 (1H, dd, J 9.7, 5.8 Hz, Ha5), 2.75–2.81 (1H, m, H2),
3.06 (1H, dd, J 9.7 1.6, Hz, Hb5), 3.14–3.27 (3H, m, Ha7, Ha8 and
Hb8), 3.55 (1H, m, J 16.7 Hz, Hb7), 3.70 (3H, s, OCH3), 4.30–
4.35 (1H, m, H4), 5.30 (1H, br s, NH); 13C NMR (100.6 MHz,
CDCl3) d −4.8 (Si(CH3)2), 18.1 (SiC(CH3)3, 25.8 (SiC(CH3)3, 28.4
(C(CH3)3), 32.2 (C6), 37.3 (C8), 40.3 (C3), 51.5 (OCH3), 53.7 (C7),
60.5 (C2), 62.3 (C5), 70.5 (C4), 78.7 (C(CH3)3), 156.0 (CO2


tBu),
171.2 (CO2CH3); m/z (ES) 417 ([M + H]+ 100%); HRMS m/z
(ES) 417.2787, calculated for C20H41O5N2Si 417.2779.


(2S,4R)-2-[2-(tert-Butoxycarbonylamino)ethyl]-4-hydroxy-N-
(methoxycarbonylmethyl)pyrrolidine (14)


To a solution of 13 (6.51 g, 15.64 mmol) in anhydrous THF (65 mL)
was added tetrabutylammonium fluoride (TBAF) (14.00 g,
44.37 mmol) under nitrogen. The reaction mixture was stirred at
room temperature for 4 h. Solvent was removed under reduced
pressure and flash chromatography (EtOAc, Rf 0.2) afforded
alcohol 14 (3.88 g, 82%) as a pale yellow oil. [a]D + 28.5 (c =
1, CHCl3); mmax(KBr)/cm−1 3360 br (OH), 1740, 1684 (CO); 1H
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NMR (400 MHz, CDCl3) d 1.42 (9H, s, (C(CH3)3), 1.56–1.66 (2H,
m, Ha3 and Ha6), 1.74–1.79 (1H, m, Hb6), 2.30–2.37 (1H, m, Hb3),
2.54 (1H, dd, J 9.8 4.4 Hz, Ha5), 2.61–2.64 (1H, m, H2), 3.10–3.18
(4H, m, Hb5, Ha7, Ha8 and Hb8), 3.56 (1H, d, J 16.8 Hz, Hb7),
3.70 (3H, s, OCH3), 4.25 (1H, br s, H4); 13C NMR (100.6 MHz,
CDCl3) d 28.3 (C(CH3)3), 32.8 (C6), 37.3 (C8), 40.2 (C3), 51.6
(OCH3), 53.4 (C7), 60.5 (C2), 62.6 (C5), 69.6 (C4), 78.9 (C(CH3)3),
156.0 (CO2


tBu), 171.4 (CO2CH3); m/z (ES) 325 ([M + Na]+ 100%),
303 ([M + H]+ 85%); HRMS m/z (ES) 303.1913, calculated for
C14H27O5N2 303.1914.


(2S,4S)-2-[2-(tert-Butoxycarbonylamino)ethyl]-4-formyloxy-N-
(methoxycarbonylmethyl)pyrrolidine (15)


To a solution of alcohol 14 (3.20 g, 10.59 mmol) in anhydrous THF
(50 mL) under nitrogen, was added triphenylphosphine (3.60 g,
13.73 mmol). The solution was cooled to −20 ◦C and anhydrous
formic acid (560 lL, 13.78 mmol) was added followed by dropwise
addition of DIAD (2.75 mL, 13.97 mmol). The reaction mixture
was allowed to warm to room temperature and stirred under
nitrogen for 18 h. Triphenylphosphine (1.80 g, 6.87 mmol) was
added and the reaction mixture was cooled to −20 ◦C, anhydrous
formic acid (260 lL, 6.89 mmol) was added followed by dropwise
addition of DIAD (1.38 mL, 6.99 mmol). The reaction mixture was
allowed to warm to room temperature and stirred under nitrogen
for 3 h. Solvent was removed under reduced pressure and flash
chromatography (1 : 1 hexanes–EtOAc Rf 0.3) afforded formyl
ester 15 (2.45 g, 70%) as a pale yellow oil. [a]D−10.2◦ (c = 1,
CHCl3); mmax(KBr)/cm−1 3336 (NH), 1739, 1720, 1685 (CO); 1H
NMR (400 MHz, CDCl3) d 1.43 (9H, s, (C(CH3)3), 1.50–1.59 (1H,
m, Ha6), 1.75–1.82 (1H, m, Hb6), 1.92 (1H, ddd, J 13.6, 6.7, 2.1 Hz,
Ha3), 2.04 (1H, ddd, J 13.6, 6.4, 2.2 Hz, Hb3), 2.54 (1H, dd, J 11.1,
3.6 Hz, Ha5), 2.92–2.98 (1H, m, H2), 3.09–3.19 (2H, m, Ha8 and
Hb8), 3.22 (1H, d, J 16.7 Hz, Ha7), 3.60 (1H, d, J 16.7 Hz, Hb7),
3.69 (1H, dd, J 11.1, 6.3 Hz, Hb5), 3.72 (3H, s, OCH3), 4.95 (1H,
br s, NH), 5.26–5.31 (1H, m, H4), 8.00 (1H, s, OCHO); 13C NMR
(100.6 MHz, CDCl3) d 28.4 (C(CH3)3), 32.4 (C6), 37.3 (C8), 37.4
(C3), 51.8 (OCH3), 54.0 (C7), 59.5 (C5), 59.9 (C2), 72.5 (C4), 79.1
(C(CH3)3), 155.9 (CO2


tBu), 160.5 (OCHO), 171.0 (CO2CH3); m/z
(ES) 331 ([M + H]+ 100%), 353 ([M + Na+] 40%); HRMS m/z
(ES) 331.1864, calculated for C15H27O6N2 331.1864.


(2S,4S)-2-[2-(tert-Butoxycarbonylamino)ethyl]-4-hydroxy-N-
(methoxycarbonylmethyl)pyrrolidine (16)


To a solution of formyl ester 15 (2.21 g, 6.68 mmol) in anhydrous
CH3OH (15 mL) under nitrogen, was added anhydrous sodium
methoxide (90 mg, 1.67 mmol). The reaction mixture was stirred
at room temperature for 2 h. Anhydrous sodium methoxide
(45 mg, 0.84 mmol) was added and the reaction mixture stirred
for a further 3 h. Solvent was removed under reduced pressure
and flash chromatography (EtOAc Rf 0.2) afforded 4S alcohol
16 (1.82 g, 90%) as a pale yellow oil. [a]D + 31.4◦ (c = 1,
CHCl3); mmax(KBr)/cm−1 3362 br (OH), 1744, 1690 (CO); 1H NMR
(400 MHz, CDCl3) d 1.39 (1H, s, (C(CH3)3), 1.44–1.51 (1H, m,
Ha6), 1.63–1.75 (2H, m, Ha3 and Hb6), 1.93 (1H, dd, J 13.0,
6.1 Hz, Hb3), 2.53 (1H, d, J 10.8 Hz, Ha5), 3.01–3.13 (3H, m, H2,
Ha8 and Hb8), 3.35 (1H, d, J 17.6 Hz, Ha7), 3.48 (1H, dd, J 10.8,


5.2 Hz, Hb5), 3.55 (1H, d, J 17.6 Hz, Hb7), 3.69 (3H, s, OCH3),
4.26–4.28 (1H, m, H4); 13C NMR (100.6 MHz, CDCl3) d 28.2
(C(CH3)3), 32.7 (C6), 37.3 (C8), 40.5 (C3), 51.6 (OCH3), 53.2 (C7),
59.1 (C2), 61.8 (C5), 69.9 (C4), 78.8 (C(CH3)3), 155.9 (CO2


tBu),
172.2 (CO2CH3); m/z (ES) 303 ([M + H]+ 100%); HRMS m/z
(ES) 303.1914, calculated for C14H27O5N2 303.1914.


(2′S,4′R)-2-[2-(tert-Butoxycarbonylamino)ethyl]-4-(N 3-
benzoylthymin-1-yl)-N-(methoxycarbonylmethyl)pyrrolidine (17)


To a solution of alcohol 17 (400 mg, 1.32 mmol) in anhydrous THF
(50 mL) under nitrogen, was added N3-benzoylthymine (370 mg,
1.61 mmol) and triphenylphosphine (420 mg, 1.60 mmol). The
mixture was cooled to −20 ◦C and DIAD (360 lL, 1.83 mmol)
was added dropwise. The reaction mixture was allowed to warm to
room temperature and stirred under nitrogen for 18 h. Solvent was
removed under reduced pressure and flash chromatography (1 : 1
hexanes–EtOAc Rf 0.4) afforded thyminyl derivative 17 (453 mg,
67%) as a white foam. Found: C 60.28; H 6.76, N 10.36, Calculated
for C26H34O7N4; C 60.69, H 6.66, N 10.89%; [a]D−49.3◦ (c =
0.5, CHCl3); mmax(KBr)/cm−1 3373 (NH), 1746, 1698, 1652 (CO);
kmax (CH3OH)/nm 252 (e/dm3mol−1 cm−1 1.6 × 104); 1H NMR
(400 MHz, CDCl3) d 1.42 (9H, s, C(CH3)3), 1.48–1.55 (1H, m,
Ha3′), 1.60 (1H, dd, J 13.9, 7.2 Hz, Ha6′), 1.83–1.91 (1H, m, Hb6′),
1.99 (3H, s, thymine CH3), 2.56–2.66 (3H, m, H2′, Hb3′ and Ha5′),
2.99 (1H, d, J 17.2 Hz, Ha7′), 3.09–3.18 (2H, m, HaHb8′), 3.33
(1H, d, J 11.1 Hz, Hb5′), 3.69 (1H, d, J 17.2 Hz, Hb7′), 3.74
(3H, s, O–CH3), 4.85 (1H, br s, NH), 5.00–5.04 (1H, m, H4′), 7.47
(2H, t, J 7.5 Hz, Bz meta-H), 7.62 (1H, t, J 7.5 Hz, Bz para-H),
7.90 (2H, d, J 7.5 Hz, Bz ortho-H), 8.09 (1H, s, H6); 13C NMR
(100.6 MHz, CDCl3) d 12.7 (thymine CH3), 28.3 (C(CH3) 3), 32.6
(C6′), 37.2 (C8′), 38.7 (C3′), 51.8 (O-CH3), 51.9 (C4′), 52.7 (C7′),
58.7 (C5′), 60.7 (C2′), 79.3 (C(CH3)3), 111.3 (C5), 129.0 (Bz meta-
C), 130.3 (Bz ortho-C), 131.6 (Bz ipso-C), 134.8 (Bz para-C), 137.7
(C6), 149.9 (C2), 155.8 (CO2


tBu), 162.8 (C4), 169.2 (Bz CO), 170.9
(CO2CH3); m/z (ES) 537 ([M + Na]+ 100%), 515 ([M + H]+ 60%);
HRMS m/z (ES) 515.2514, calculated for C26H35O7N4 515.2500.


(2′S,4′R)-2-[2-(tert-Butoxycarbonylamino)ethyl]-4-(thymin-1-
yl)pyrrolidine-1-yl-acetic acid (18)


To a solution of methyl ester 17 (400 mg, 0.78 mmol) in THF
(4 mL) was added 1 M aqueous NaOH (2.4 mL, 2.4 mmol)
and the reaction mixture was stirred at room temperature for
18 h. THF was removed under a stream of nitrogen and the
pH of the remaining aqueous solution was adjusted to 7 by
addition of 0.1 M aqueous HCl. Water was removed under reduced
pressure and the resulting white residue was submitted to column
chromatography (7 : 3 EtOAc–CH3OH Rf 0.2) followed by reversed
phase chromatography (BondElut C18, H2O–CH3CN 9 : 1), the
product was lyophilised to afford acid 18 (220 mg, 71%) as a white
powder. [a]D + 5.2◦ (c = 1, CH3OH); mmax(KBr)/cm−1 3353 br (OH),
1720, 1680, 1651 (CO); kmax (CH3OH)/nm 267 (e/dm3 mol-1 cm-1


1.27 × 104); 1H NMR (400 MHz, CD3OD) d 1.35 (9H, s, (C(CH3)3),
1.72–1.77 (1H, m, Ha6′), 1.80 (3H, s, thymine CH3), 1.98–2.08 (2H,
m, Ha3′ and Hb6′), 2.74–2.81 (1H, m, Hb3′), 3.03–3.08 (2H, m, Ha8′


and Hb8′), 3.28–3.38 (2H, m, H2′ and Ha5′), 3.43 (1H, d, J 16.2 Hz,
Ha7), 3.74 (1H, d, J 16.2 Hz, Hb7′), 3.91 (1H, d, J 12.6 Hz, Hb5′),
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4.68–4.75 (1H, m, H4′), 7.47 (1H, s, H6); 13C NMR (100.6 MHz,
CD3OD) d 12.4 (thymine CH3), 28.8 (C(CH3) 3), 31.9 (C6′), 36.6
(C3′), 38.2 (C8′), 56.2 (C7′), 58.5 (C4′), 60.2 (C5′), 66.5 (C2′), 80.3
(C(CH3)3), 111.6 (C5), 142.7 (C6), 153.2 (C2), 158.5 (CO2


tBu),
166.5 (C4), 171.2 (CO2H); m/z (ES) 397 ([M + H]+ 100%), 419
([M + Na]+ 50%); HRMS m/z (ES) 397.2094, calculated for
C18H29O6N4 397.2082.


(2R,4R)-2-(Azidomethyl)-4-hydroxy-N-
(methylpropanoate)pyrrolidine (20)


To a suspension of the azide hydrochloric salt 19 (4.17 g,
23.34 mmol) in anhydrous CH2Cl2, was added DIEA (1 mL,
8.22 g, 63.57 mmol) at 0 ◦C under nitrogen and the suspension
stirred until dissolution. To the solution was added methyl acrylate
(4.25 mL, 4.06 g, 47.19 mmol) dropwise, and the reaction mixture
was stirred at 0 ◦C for 30 min. The reaction mixture was allowed
to warm to room temperature and stirred for a further 18 h under
nitrogen. Solvent was removed under reduced pressure and the
crude product purified by flash chromatography (1 : 1 hexanes–
EtOAc, Rf 0.2 EtOAc) to afford methyl ester 20 (4.52 g, 85%)
as a pale yellow oil. [a]D +57.7 (c = 1, CHCl3); mmax(BaF)/cm−1


3401 br (OH), 2104 (N3), 1727 (CO); 1H NMR (400 MHz; CDCl3)
d 1.65 (1H, dd, J 14.3, 4.6 Hz, Ha3), 2.20–2.27 (1H, m, Hb3),
2.30 (1H dd, J 9.8, 4.0 Hz Ha5), 2.45–2.57 (3H, m, Ha7, Hb7
and Ha8), 2.65–2.71 (1H, m, H2), 2.83 (1H, s, OH), 3.05–3.17
(2H, m, Hb5 and Hb8), 3.29 (1H, dd, J 12.4, 4.4 Hz, Ha6), 3.46
(1H, dd, J 12.4, 3.2 Hz, Hb6), 3.65 (3H, s, OCH3) 4.17 (1H, s,
H4); 13C NMR (100.6 MHz; CDCl3) d 33.5 (C7), 38.1 (C3), 48.1
(C8), 51.6 (OCH3), 53.8 (C6), 61.8 (C5), 61.9 (C2), 70.1 (C4),
172.6 (CO2CH3); m/z (ES) 251 ([M + Na]+ 100%), 229 ([M + H]+


55%); HRMS m/z (ES) 251.1118, calculated for C9H16N5O2


251.1115.


(2R,4R)-2-[(tert-Butoxycarbonyl)aminomethyl]-4-hydroxy-N-
(methylpropanoate)pyrrolidine (21)


To a solution of the methyl ester azide 20 (522 mg, 2.28 mmol) in
THF (10 mL) was added a 1 M solution of trimethylphosphine
in THF (3.43 mL, 3.43 mmol) and water (42 lL, 2.33 mmol).
The solution was stirred until all the starting material had been
consumed, as determined by TLC (ca. 1.5 h). The solution
was cooled to −20 ◦C and 2-(tert-butoxycarbonyloxyimino)-2-
phenylacetonitrile (Boc-ON) (1.41 g, 5.74 mmol) was added, the
reaction mixture was stirred at −20 ◦C for 15 minutes then allowed
to warmed to room temperature and stirred for a further hour.
Solvent was removed under reduced pressure and the crude
product was purified by flash chromatography (1 : 1 hexanes–
EtOAc, Rf 0.1 EtOAc) to afford the Boc-protected product 21
(619 mg, 89%) as a pale yellow oil. [a]D +63.2 (c = 1, CHCl3);
mmax(BaF)/cm−1 3389 br (OH) 1742 and 1692 (CO); 1H NMR
(400 MHz, CDCl3) d 1.42 (9H, s, C(CH3)3), 1.60 (1H, dd, J 14.3,
5.9 Hz, Ha3), 2.16–2.26 (1H, m, Hb3), 2.28 (1H, dd, J 9.8, 4.1 Hz,
Ha5), 2.37–2.43 (1H, m, Ha8), 2.46–2.53 (2H, m, Ha7 and Hb7),
2.59 (1H, br s, OH), 3.07–3.17 (3H, m, Hb5, H2 and Ha6), 3.32–
3.37 (1H, m, Hb6), 3.69 (3H, s, OCH3), 4.20 (1H, t, J 4.4 Hz,
H4), 5.20 (1H, br s, NH); 13C NMR (100.6 MHz; CDCl3) d 28.4
(C(CH3)3), 33.5 (C7), 38.0 (C3), 40.9 (C6), 48.2 (C8), 51.7 (OCH3),
61.9 (C2), 62.0 (C5), 69.9 (C4), 79.1 (C(CH3)3), 156.5 (CO2


tBu),


173.0 (CO2CH3); m/z (ES) 325 ([M + Na]+ 100%), 303 ([M + H]+


90%; HRMS m/z (ES) 325.1725, calculated for C14H26N2O5Na
325.1734.


(2R,4S)-2-[(tert-Butoxycarbonyl)aminomethyl]-4-formyloxy-N-
(methylpropanoate)pyrrolidine (22)


To a solution of alcohol 21 (2.01 g, 6.68 mmol) in THF (30 mL),
was added triphenylphosphine (2.25 g, 8.3 mmol) and anhydrous
formic acid (0.32 mL, 8.48 mmol) under nitrogen. The solution
was cooled to −20 ◦C and DIAD (1.7 mL, 8.57 mmol) was
added dropwise. The reaction mixture was allowed to warm to
room temperature and stirred under nitrogen for 18 h. Solvent
was removed under reduced pressure and the crude product was
purified by flash chromatography (5 : 1 hexanes–EtOAc, Rf 0.5
EtOAc) to afford the formyl ester 22 (1.44 g, 65%) as a pale
yellow oil. [a]D +57.7 (c = 1, CHCl3); mmax(BaF)/cm−1 2976 (CHO),
1723 (CO); 1H NMR (400 MHz, CDCl3) d 1.40 (9H, s, C(CH3)3),
1.82–1.96 (2H, m, Ha3, Hb3), 2.23 (1H, dd, J 10.6, 3.7 Hz, Ha5),
2.41–2.46 (3H, m, Ha8, Ha7, Hb7), 2.82 (1H, br s, H2), 3.08–
3.15 (2H, m, Hb8, Hb5), 3.31–3.37 (1H, m, Ha6), 3.56 (1H, dd, J
10.6, 6.1 Hz Hb6), 3.67 (3H, s, OCH3), 5.04, 5.06 (1H, 2 × s, NH
rotomers), 5.14–5.19 (1H, m, H4), 7.96 (1H, s, CHO); 13C NMR
(100.6 MHz; CDCl3) d 28.3 (C(CH3)3), 33.5 (C7), 34.5 (C3), 39.9
(C6), 48.7 (C8), 51.7 (OCH3), 59.0 (C5), 61.2 (C2), 72.3 (C4), 78.9
(C(CH3)3), 156.3 (CO2


tBu), 160.5 (CHO), 172.8 (CO2CH3); m/z
(ES) 353 ([M + Na]+ 100%), 331 ([M + H]+ 40%); HRMS m/z
(ES) 353.1690, calculated for C15H26N2O6Na 330.1783.


(2R,4S)-2-[(tert-Butoxycarbonyl)aminomethyl]-4-hydroxy-N-
(methylpropanoate)pyrrolidine (23)


To a solution of formyl ester 22 (1.39 g, 4.19 mmol) in anhydrous
CH3OH (15 mL) was added sodium methoxide (34 mg, 0.62 mmol)
under nitrogen at room temperature. The reaction mixture was
stirred until no starting material was left (ca. 2 h), as shown by
TLC. Solvent was removed under reduced pressure and the crude
product was purified by flash chromatography (1 : 1 hexane–
EtOAc, Rf 0.1 EtOAc) to afford the S-alcohol 23 (1.03 g, 82%)
as a pale yellow oil. [a]D +111.7 (c = 1, CHCl3); mmax(KBr)/cm−1


3389 br (OH) 1737 and 1688 (CO); 1H NMR (400 MHz, CDCl3)
d 1.40 (9H, s, C(CH3)3), 1.70–1.75 (1H, m, Ha3), 1.78–1.90 (1H,
m, Hb3), 2.20 (1H, dd, J 9.85, 4.67 Hz, Ha5), 2.40–2.51 (3H, m,
Ha8, Ha7 and Hb7), 2.86 (1H, br s, H2), 3.07–3.13 (2H, m, Hb5
and Hb8), 3.25–3.30 (1H, m, Ha6), 3.40 (1H, dd, J 9.72, 5.81 Hz,
Hb6), 3.66 (3H, s, OCH3), 4.30 (1H, br s, H4), 5.06 (1H, d, J 6.57,
NH); 13C NMR (100.6 MHz; CDCl3) d 28.3 (C(CH3)3), 33.7 (C7),
37.9 (C3), 40.4 (C6), 49.1 (C8), 51.7 (OCH3), 61.3 (C2), 61.7 (C5),
69.6 (C4), 78.9 (C(CH3)3), 156.4 (CO2


tBu), 173.0 (CO2CH3); m/z
(ES) 325 ([M + Na]+ 100%), 303 ([M + H]+ 75%); HRMS m/z
(ES) 303.1916, calculated for C14H27N2O5 303.1914.


(2′R,4′R)-2-[(tert-Butoxycarbonyl)aminomethyl]-4-(N 3-
benzoylthymin-1-yl)-N-(methylpropanoate)pyrrolidine (24)


To the S-alcohol 23 (475 mg, 1.57 mmol) in anhydrous THF
(20 mL) under nitrogen was added triphenylphosphine (550 mg,
2.04 mmol) and N3-benzoylthymine (462 mg, 2.00 mmol). The
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suspension was cooled to 0 ◦C and DIAD (462 lL, 2.00 mmol)
was added dropwise and the reaction mixture was stirred for 5 min.
The reaction mixture was allowed to warm to room temperature
and stirred for 18 h under nitrogen. Solvent was removed under
reduced pressure and the crude product was purified by flash
chromatography (1 : 1 hexane–EtOAc, Rf 0.1 EtOAc) to afford
the thyminyl derivative 24 (516 mg, 64%) as a white foam. [a]D


+68.1 (c = 1, CHCl3); mmax(KBr)/cm−1 1746, 1699 and 1652 (CO);
1H NMR (400 MHz; CDCl3) d 1.46 (9H, s, C(CH3)3), 1.63–1.70
(1H, m, Ha3′), 2.00 (3H, s, thymine CH3), 2.23–2.30 (1H, m, Ha8′),
2.52–2.60 (5H, m, Ha7′, Hb7′, Hb3′, Ha5′ and H2′), 3.19–3.32 (3H,
m, Ha6′, Hb8′ and Hb5′), 3.59 (1H, dd, J 14.2, 9.6 Hz, Hb6′),
3.77 (3H, s, OCH3), 5.14 (1H, br s, H4′), 5.37 (1H, d, J 7.1 Hz,
NH), 7.47 (2H, t, J 7.6 Hz, Bz meta-H), 7.62 (1H, t, J 7.6 Hz,
Bz para-H), 7.79 (1H, s, H6), 7.89 (2H, d, J 7.6 Hz, Bz ortho-
H); 13C NMR (100.6 MHz; CDCl3) d 12.7 (thymine CH3), 28.3
(C(CH3)3), 33.2 (C7′), 35.5 (C3′), 39.0 (C6′), 47.2 (C8′), 51.0 (C4′),
51.8 (OCH3), 59.0 (C5′), 63.2 (C2′), 79.4 (C(CH3)3), 111.0 (C5),
129.1 (Bz ortho-C), 130.4 (Bz meta-C), 131.5 (Bz ipso-C), 134.9
(Bz para-C), 137.5 (C6), 149.8 (C2), 156.2 (CO2


tBu), 162.7 (C4),
169.1 (benzamide CO) 173.2 (CO2CH3); m/z (ES) 515 ([M + H]+


100%); HRMS m/z (ES) 515.2504, calculated for C26H35N4O7


515.2500.


(2′R,4′R)-2-(tert-Butoxycarbonylamino-methyl)-4-(thymin-1-
yl)pyrrolidine-1-yl propanoic acid (25)


To a solution of methyl ester 24 (314.7 mg, 0.611 mmol) in THF
(5 mL) was added 1 M aqueous NaOH (1.85 mL, 1.85 mmol). The
reaction mixture was stirred at room temperature for 3 h. THF was
removed under a stream of nitrogen and the aqueous solution was
adjusted to pH 7 by addition of 0.1 M aqueous HCl. Water was
removed under reduced pressure and the resulting white residue
was submitted to column chromatography (EtOAc–CH3OH 7 :
3 Rf 0.2) followed by reversed phase chromatography (BondElut
C18, H2O–CH3CN 9 : 1), the product was lyophilised to afford acid
25 (295 mg, 69%), as a white solid. [a]D + 60.3 (c = 1, CH3OH);
mmax(KBr)/cm−1 1701, 1696, 1685, 1680 and 1675 (CO); 1H NMR
(400 MHz; CD3OD) d 1.31 (9H, s, C(CH3)3), 1.52–1.61 (1H, m,
Ha3′), 1.84 (3H, s, thymine CH3), 2.32–2.39 (1H, m, Ha8′), 2.42–
2.54 (3H, m, Ha7′, Hb3′ and Hb7′), 2.61–2.70 (2H, m, Ha5′ and H2′),
3.12–3.21 (1H, m, Ha6′), 3.25–3.42 (3H, m, Hb8′, Hb5′and Hb6′),
4.84 (1H, s, H4′), 7.76 (1H, s, H6). 13C NMR (100.6 MHz; CD3OD)
d 12.7 (thymine CH3), 28.7 (C(CH3)3), 34.7 (C7′), 36.6 (C3′), 40.8
(C6′), 50.4 (C8′), 54.6 (C4′), 58.9 (C5′), 65.7 (C2′), 80.3 (C(CH3)3),
111.5 (C5), 140.8 (C6), 153.0 (C2), 158.7 (CO2


tBu), 166.5 (C4),
177.6 (CO2H); m/z (ES) 419 ([M + Na]+ 100%), 397 ([M + H]+


10%); HRMS m/z (ES) 419.1909, calculated for C17H26O6N4Na
419.1901.


POM oligomer synthesis


All experiments were carried out in solid-phase synthesis vessels
purchased from Kinesis and fitted a with porosity-3 frit. Resin
was agitated by rotation of the vessel and reagents were removed
by suction filtration through a Buchner flask. MBHA resin LL
(100–200 mesh) (loading of 0.62 mmol/g), Boc–Lys–(2-Cl–Z)–
OH and HBTU were purchased from Novabiochem. Fresh bottles
of anhydrous solvents from Acros Organics were used for each


POM oligomer synthesised. All other chemicals used in solid-
phase work were obtained at the highest purity grade from
Aldrich Chemical Company or Acros Organics and were used
without further purification. Reagents used for the Kaiser test
were prepared according to literature.17


General procedure for solid-phase synthesis


Into a 1 mL solid-phase synthesis vessel was weighed MBHA
resin (5 equiv.). Washing of the resin was carried out 3 times
with DMF (all washings use 1 mL per 25 lmol resin loading,
in all cases performed with rotation of vessel for 30 s each time,
after which solvent was removed through a Buchner flask under
reduced pressure) and 3 times with CH2Cl2. The resin was swelled
in CH2Cl2. Washing of the resin was carried out 3 times with DMF
for 30 s each time, once with 5% piperidine–DMF for 4 minutes
and 3 times with DMF–CH2Cl2 (1 : 1). In a separate small vial,
Boc-POM–(T)–OH (1 equiv.), HBTU (0.95 equiv.) and DIEA
(1.1 equiv.) in DMF–pyridine (3 : 1) (monomer concentration
of 0.1 M) were allowed to activate for 3 min. The mixture was
then added to the resin. Coupling was allowed to proceed with
agitation for 6 h. The coupling reagent was removed and the
resin washed 2 times with DMF for 30 s each time. The resin
was treated with freshly prepared acetic anhydride–collidine–
DMF (1 : 1 : 8) (1 mL per 25 lmol) with agitation for 15 min.
The acetylating reagent was removed by vacuum suction and
resin washed with DMF (3 times for 30 s each time), complete
reaction was indicated by negative Kaiser test. The resin was
then washed with 5% piperidine–DMF (once for 4 minutes) and
DMF–CH2Cl2 (1 : 1) (3 times for 30 s each time). Deprotection of
the resin-bound Boc-protected POM oligomer was accomplished
using TFA–m-cresol (1 mL per 25 lmol) 4 times for 4 minutes
each time. The resin was washed with DMF–CH2Cl2 (1 : 1)
(3 times for 30 s each time) and deprotection was indicated by
a positive Kaiser test. The resin was then washed with pyridine
(2 times for 30 s each time). Subsequent coupling employed Boc-
POM(T)–OH (5 equiv.), HBTU (4.75 equiv.), DIEA (5.5 equiv.)
and coupling times of 2 h. In the case of lysine, Boc-Lys-(2-Cl-Z)–
OH (6 equiv.), HBTU (5.7 equiv.), and DIEA (6.6 equiv.) were
used. Capping after subsequent couplings was carried out for
5 min. The coupling–capping–deprotection sequence was repeated
until the desired oligomer was obtained. Deprotection of Cbz-
protected nucleobases and cleavage of the oligomer from the resin
was achieved by the ‘Low–high TFMSA’ method. During ‘low
TFMSA’ the resin was treated with a solution of (TFA–DMS–m-
cresol (1 : 3 : 1)) and a solution of (TFA–TFMSA (9 : 1)) (each
1 mL per 20 lmol resin loading) each separately cooled to 0 ◦C
before being added to resin and agitated for 1 h. The cleavage
mixture was removed by vacuum suction. ‘High TFMSA’ was
carried by treating the resin with a solution of TFMSA–TFA–
m-cresol (1 : 8 : 1) (1 mL per 10 lmol resin loading) cooled
to 0 ◦C before being added to resin and agitated for 1 h. The
cleavage mixture was removed by vacuum suction. The cleavage
solutions were separately concentrated under a stream of nitrogen
to ∼50 lL and the oligomer was precipitated from the cleavage
mixtures by addition of a ten-fold excess of anhydrous diethyl
ether. The mixture was subject to centrifugation (10 min, 12 000
rpm, 4 ◦C) and the resulting pellet was redissolved in formic acid
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and diluted again with anhydrous diethyl ether. The centrifugation
process was repeated a further three times. After the final time
the pellets were dissolved in water and lyophilised to give crude
POM oligomers as off-white powders. The oligomers were then
purified by semi-preparative reversed-phase HPLC on a C18
column (Phenomenex Gemini 5 l C18, 250 × 10 mm) with a typical
gradient of 0–10% acetonitrile with 0.1% HCO2H–0.1% aqueous
HCO2H. Fractions collected were evaporated and lyophilised to
give pure product as a white powder. Product purity was verified
by analytical reversed-phase HPLC (Phenomenex Gemini 5 l C18,
150 × 4.6 mm) and oligomers were characterised by MALDI-TOF
mass spectrometry.


POM Lys–(T)8–NH2 (27)


Retention time on analytical HPLC was 29 min, using a Phe-
nomenex Gemini 5 l C18 150 × 4.6 mm analytical column. Solvent
A was H2O with 0.1% HCO2H and solvent B was acetonitrile with
0.1% HCO2H. The flow rate was 1 mL min−1 with 100% A for
9 min followed by a gradient from 100% A changing to 90% A
with 10% B over 52 min. m/z MALDI-TOF MS 2259 ([M + H]+


100%, C102H144N35O25 requires m/z, 2259.1).


bePOM I Lys–(T)8–NH2 (28)


Retention time on analytical HPLC was 33 min, using a Phe-
nomenex Gemini 5 l C18 150 × 4.6 mm analytical column. Solvent
A was H2O with 0.1% HCO2H and solvent B was acetonitrile with
0.1% HCO2H. The flow rate was 1 mL min−1 with 100% A for
9 min followed by a gradient from 100% A changing to 90% A
with 10% B over 52 min. m/z MALDI-TOF MS 2371 ([M + H]+


100%, C110H160N35O25 requires m/z, 2371.2).


bePOM II Lys–(T)8–NH2 (29)


Retention time on analytical HPLC was 21 min, using a Phe-
nomenex Gemini 5 l C18 150 × 4.6 mm analytical column. Solvent
A was H2O with 0.1% HCO2H and solvent B was acetonitrile with
0.1% HCO2H. The flow rate was 1 mL min−1 with 100% A for
9 min followed by a gradient from 100% A changing to 97% A
with 3% B over 45 min. m/z MALDI-TOF MS 2372.1 ([M + H]+


100%, C110H159N35O25 requires m/z, 2371.2).


Thermal denaturation experiments


UV melting plots of absorbance versus temperature were measured
at 260 nm on a Varian Cary 400 Scan UV-visible spectropho-
tometer fitted with a 6 × 6 Peltier thermostatable multicell holder
connected to a temperature-controller module. Experiments were
performed in double-beam mode and controlled by an interfaced
Dell OptiPlex GX150 computer. Denaturation experiments were
performed in 10 mm path length 4 mm path width self-masking
semi-micro quartz cells fitted with a Teflon stopper. Concentra-
tions of POM oligomers, oligonucleotides and polynucleotides
were measured spectrophotometrically at 80 ◦C from molar
extinction coefficients of nucleotidyl units calculated from the
literature.


Buffers were prepared as double-concentrated stock solutions
and diluted to the appropriate concentrations during sample
preparation. All appropriate equipment were autoclaved before


use. Sterile nuclease, protease and DEPC-free deionised water was
used throughout. All samples were stored at −20 ◦C. Oligonu-
cleotides were purchased from Sigma-Genosys or sigma Proligo.
PNA monomers were purchased from Applied Biosystems. Each
thermal denaturation experiment consists of 3 ramps and an
averaging time of 1 s was used throughout. Data was collected
every 1 ◦C for the first ramp and 0.1 ◦C for subsequent part of the
experiment. Samples were initially heated at a rate of 5 ◦C min−1


to 93 ◦C to dissociate all strands. After 1 min, samples were cooled
at 0.2 ◦C min−1 to 15 ◦C and after a holding time of 1 min were
heated at 0.2 ◦C min−1 to 93 ◦C. All Tm values were obtained
from the maxima of first derivative curves calculated from
Varian Thermal software using a filter size of 97 and smoothed
every 0.3 ◦C.


Circular dichroism experiments


CD spectra were recorded on a JASCO J-715 spectropolarimeter.
The CD spectra of the POM–DNA complexes and the relevant
single strands were recorded in 10 mM potassium phosphate
buffer, 0.12 M KCl at pH 7.0 unless otherwise stated. The CD
spectra were recorded as an accumulation of 10 scans from 320 to
180 nm using a 0.5 cm cell, a resolution of 0.1 nm, band-width of
1.0 nm, sensitivity of 2 m deg, response of 2 seconds and a scan
speed of 50 nm min−1.
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Impregnation of nickel(II) onto graphite, upon reduction in situ, leads to a reagent that catalyzes both
C–H and C–C bond formations between aryl halides, or aryl pseudo-halides, and various
organometallics. Cross-couplings, most notably with tosylates, can lead to either reduced aromatics,
biaryls, or styrenes as products under the influence of Ni/Cg. The catalyst is inexpensive,
non-pyrophoric, and reusable.


Introduction


“Make it cheaper, faster, and better.” We hear it all the time.
What industrial process chemist doesn’t look for ways to get all
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in Negishi carboaluminations, and a process for applying this chemistry towards the industrial production of coenzyme Q10. Most recently,
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are also well underway.


Tom Butler Elizabeth Swift Bruce Lipshutz


three in the lab? Even a single improvement in a process could
make a huge difference in the lifetime of a compound making
its way to market. One approach that may have merit, given the
extraordinary popularity of organopalladium chemistry, involves
finding suitable alternatives to this precious group 10 metal for
highly valued cross-couplings. The ‘base’ metal among the group
10 trio (Ni, Pd, Pt) is nickel, and while most organonickel-
catalyzed cross-couplings (as with Pd) are done in solution, there
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are other options. Initially considered was activated charcoal.
The reagent derived from the combination of inexpensive nickel
and charcoal (Aldrich; new catalog # 675326), namely nickel-
in-charcoal (Ni/C), is easily prepared and has been shown to
mediate several common ‘name’ reactions.1 Oftentimes, these
heterogeneous events can be greatly accelerated by the convenient
use of microwave heating.2 Although the extent of impregnation
of metals (such as Ni) within a charcoal matrix benefits from
ultrasonication of Ni(NO3)2 admixed with 100 mesh charcoal
in water,3 the loading phenomenon can be dependent upon the
intricacies of charcoal itself. That is, there are many “flavors”
of charcoal; indeed, books with titles such as Active Carbon
contain an enormous reservoir of science on this allotrope.4


The variety of natural sources from which activated charcoal is
prepared is interesting, including as examples wood, coconut,
coal, nutshells, lignite, lignin, sawdust, fruit stones, and peat.
Processing (or “carbonization”) can determine pore structure and
surface area, and hence catalytic activity. Although an empirically-
derived “formulation” leads reproducibly to useful heterogeneous
catalysts such as Ni/C5 and more recently Cu/C,6 switching to
graphite (from graphein, Greek, to write) was expected to offer
some advantages: (1) it is less costly than activated charcoals;
(2) its thermal conductivity is far greater than that of charcoal,
potentially important when used under microwave conditions;
(3) it is free-flowing and thus easier to handle and control;
and (4) its structural differences (Scheme 1) relative to charcoal
might lead to different reactivity patterns in their corresponding
metal-impregnated catalysts. While charcoal has its irregular,


Scheme 1 Comparison: charcoal vs. graphite.


random pore structure brought about by cracking of carbon
sheets during carbonization,7 graphite retains its ordered state
in which the distance between sheets is constant (ca. 3.3 Å).
Thus, charcoal can have micropores (diameters, d < 2 nm),
mesopores (d = 2–50 nm), and macropores (d > 50 nm)
in which cross-couplings can take place. On the other hand,
graphite can accommodate metals between the sheets but the
desired catalysis must occur on the surface (and hence, nickel-on-
graphite).


Catalyst preparation: Ni/Cg


It’s easy . . . at least in hindsight.8 Grams of graphite (Aldrich;
catalog # 28,286–3) from a 1 kilo jug are mixed in water at
room temperature with hydrated nickel nitrate [Ni(NO3)2·6H2O],
also sold in multi-gram bottles (Aldrich; catalog # 24,407–4).
Impregnation of nickel is best accomplished by ultrasonication of
the heterogeneous mixture for ca. 1 hour in a standard laboratory
ultrasonic bath (Scheme 2). Subsequent distillation of water
presumably serves to convert the nickel present, by removal of
(NO)x, to nickel(II) oxide, in which state the reagent is stored.
Transmission electron microscopy (TEM) shows both the sheets of
graphite and the distribution of nickel nanoparticles (dark blobs;
Scheme 3). The procedure below, carried out on a convenient
scale, produces Ni/Cg in sufficient quantities for several trials as
a group 10 metal catalyst. Activation by reduction to Ni(0)/Cg is
done either immediately before use, or in situ, depending upon the
intended chemistry (vide infra).


Scheme 2 Impregnation of nickel(II) onto graphite.


Scheme 3 Bright field TEM of Ni/Cg nm size blobs.
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The Ni(II)/Cg as prepared above is best stored under argon in
a dessicator or glove box. This precaution is mainly to extend
lifetime, which is on the order of months, rather than due to any
safety issues that, in all likelihood, would have been observed
by now after years of use in our group. Thus, unlike other metals
impregnated onto graphite (e.g., K/Cg,9 Cu/Cg


10), Ni/Cg prepared
in this fashion appears to have no pyrophoric nature. The same
is true for the activated catalyst, Ni(0)/Cg, which is conveniently
generated in dry THF at room temperature using n-BuLi (2 equiv.
vs. Ni) for ca. 15 minutes (Scheme 4).


Scheme 4 Reduction of Ni(II)/Cg to active Ni(0)/Cg.


Ni/Cg-catalyzed reductions of aryl sulfonates. . .


. . .No, not triflates, or even nonaflates; the cheaper ones: tosylates
and mesylates, compliments of nickel. In hindsight, it was not
obvious that such reductions represented the ideal starting point
for developing the chemistry of this reagent. Nonetheless, the
methodology for effecting such transformations at the time was
quite limited11 and this observation provided the incentive. More
recently, several new procedures have appeared that offer both
homogeneous alternatives, such as cat. Pd–HCOOH–Et3N–cat.
PPF-P(t-Bu)2


12 and cat. Ni–NaBH4–Cy3P,13 and heterogeneous
options, including Pd/C as catalyst.14 A heterogeneous method


applicable to both tosylates and mesylates, however, based on
inexpensive nickel should be competitive. Preformed Ni(0)/Cg


(prepared in THF as above) and then used in dry(!) DMF under
conventional conditions of heating at 120 ◦C (Scheme 5), catalyzes
the reduction of aryl tosylates in the presence of the potassium salt
of commercially available dimethylamine-borane, Me2NH·BH3


(Acros; catalog # 177310250). The combination of K2CO3 with
this Lewis acid–Lewis base complex, forming a white solid of
somewhat limited shelf-life, provides a highly chemoselective
source of hydride for the presumed Ni(II) intermediate following
oxidative addition. The caesium salt, generated using Cs2CO3 in
place of K2CO3, provides a more quickly formed, more soluble
(but far more expensive) alternative that works equally well.
Usually, ca. 5% Ni/Cg is used relative to substrate, not to be
confused with the percent loading of Ni on the solid support
(which can be far different). The amount of catalyst is actually
not crucial, since the metal is being used on the support, although
too much catalyst may prevent stirring and hence slow the rate.
Thus, there is a balance that needs be achieved, and at the loading
indicated in the procedure provided (ca. 3–4%), a 5% level of
catalyst allows for essentially complete conversion. Noteworthy is
the overall tolerance to several functional groups, including aryl
esters, amides, and ketones. Moreover, since the amide–borane
is pre-formed prior to introduction of the substrate, the reaction
conditions are not highly basic. Thus, peptidic educts (e.g., 1,
Scheme 6) survive the time needed for full conversion, which is on
the order of a day (although most substrates took 3–12 hours).


Scheme 5 Ni/Cg-catalyzed reduction of aryl tosylates.


To add potential value to reductions with Ni/Cg, two additional
features needed attention: (1) reaction times should be shortened,
and (2) the catalyst should be recyclable. Thus, while conventional
heating led to clean reactions, reducing the timeframe from
several hours to minutes seemed like a worthwhile goal. By car-
rying out these reductions in a microwave instrument at elevated
temperatures (ca. 200 ◦C) under otherwise identical conditions,
reaction times were dramatically lowered (e.g., 1 to 2: conventional
29 h, lW 45 min; Scheme 6). A similar pattern of susceptibility
to Ni/Cg-mediated reduction was observed for mesylates. Using
tosylated quinoline 3 to arrive at product 4 as a test case for
recycling of the catalyst, virtually identical results were obtained
after a second use (Scheme 7). Also, particularly intriguing was
the unexpected result with substrate 3 using Ni/C, realized under
otherwise identical conventional conditions (DMF, 120 ◦C) but
run overnight: no reaction. A hint that Ni/C �= Ni/Cg (vide infra).


Cross-couplings catalyzed by Ni/Cg


Suzuki couplings


Prior success using Ni/C15 suggested that Ni/Cg should also
mediate biaryl bond formation between ArB(OH)2 and aryl
halides (including chlorides). In light of the reductions of tosylates
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Scheme 6 Microwave-assisted reduction of a tyrosine tosylate.


Scheme 7 Recycling of Ni/Cg; comparison with Ni/C.


and mesylates catalyzed by Ni/Cg (vide supra),8 perhaps these
pseudo-halides are viable alternatives? If both halides (especially
chlorides) and tosylates are useful in such couplings, then several
aspects of the chemistry look economically attractive: substrates
(Ar–Cl/OTs), catalyst (heterogeneous Ni), ligand (Ph3P), solvent
(dioxane), reaction times (shortened by microwave assistance?).


Halides were tested first to gauge the relative catalytic properties
of nickel-in-charcoal versus nickel-on-graphite. Ni(0)/Cg was
formed in the usual way, by prior reduction of Ni(II)/Cg with
n-BuLi. Under conventional heating conditions, the trend was
clear: in all cases Ni/Cg gave either similar or better results
(meaning cleaner, higher yielding reactions) relative to nickel-in-
charcoal. Thus, for deactivated p-chloroanisole 5, coupling with
boronic acid 6 gave rise to 7 in roughly the same yields and
reaction times, although Ni/Cg was slightly favored with respect
to both parameters (Scheme 8). The o-chloro-analog 8, however,
revealed a greater difference, with none of the corresponding biaryl
being observed in the Ni/C-catalyzed reaction with phenylboronic
acid 9, while Ni/Cg led to a good yield of product 10.


Aryl tosylates were studied next. Apparently, biaryl bond
formations involving tosylates that rely on heterogeneous nickel
of any form are unprecedented. Nonetheless, a variety of this
substrate type along with boronic acid partners (2 equivalents
vs. sulfonate) could be coupled in good yields. Reactions under
conventional conditions of heating were run in refluxing dioxane
at ca. 0.2 M in tosylate using excess K3PO4 as the base, with the
Ni/Cg pre-reduced with n-BuLi. Done in this fashion, however,
reactions can take several hours or even days to reach completion.
On the other hand, increasing the temperature, conveniently done
in a microwave instrument at 180–200 ◦C, greatly accelerates the
process leading to completion in 1.5–5 hours. Under microwave
irradiation, lower molecular weight bases/additives (e.g., LiOH


Scheme 8 Ni/Cg vs. Ni/C as catalysts in Suzuki couplings.


and/or KF) can be used, allowing for more efficient stirring.
Employing these modified conditions, the graphite-based catalyst
led to a better yield, e.g., of biaryl 12 from precursors 6 and 11
(Scheme 9), although only ca. half the time was needed for reaction
relative to that using Ni/C. An additional representative example
involving tosylate 13 is illustrated in Scheme 10, highlighting the
deactivated nature of the boronic acid 14 en route to 15.


Scheme 9 Suzuki couplings using lW assistance: effect of temperature.


Scheme 10 Another example of Ni/Cg-catalyzed coupling of an aryl
tosylate.
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Noteworthy is the finding that homocoupling is minimal in
these reactions. Curiously, these couplings are also considerably
less sensitive to hydrolysis of the sulfonate back to phenols by
adventitious water (perhaps more readily retained within the
charcoal matrix). Although roughly twice the more commonly
used amount of Ni/Cg (ca. 8% relative to substrate) is required
for net tosylate displacement, the virtues of this heterogeneous
catalyst should far outweigh the usual goal of achieving high
turnover numbers. Thus, given a recyclable, heterogeneous nickel
catalyst, this is a case where “more is better than less”: who
cares whether a reaction takes 8% Ni or 4% Ni under such
circumstances?


Negishi couplings of vinylzirconocenes17


Another comparison between Ni/Cg and Ni/C came in the form
of cross-couplings between vinylic zirconocenes, derived from
terminal alkynes, and aryl halides. Previously, it had been shown
that such intermediates, in fact, are unexpectedly robust upon
heating to 200 ◦C under microwave irradiation in the presence
of an aryl halide and Ni/C, leading to stereodefined styrenes in
good yields.15 Perhaps not unexpectedly, pre-activated Ni(0)/Cg,
likewise, produced clean E-b-substituted styrenes, typified by
the conversion of octyne 16 to product 19, R = n-C6H13 upon
exposure to bromide 18 (83%; Scheme 11). By way of comparison,
related acetylene 17 led to 19 (R = (CH2)4OTIPS) in comparable
yield under identical conditions using Ni/C. In these sequential


Scheme 11 Hydrozirconation–Ni-catalyzed couplings.


hydrozirconation–cross-couplings, THF can be used for both steps
and the catalysis is complete within 15 minutes at 200 ◦C. As is
oftentimes the case in hydrozirconation chemistry, the quality of
the Schwartz reagent and handling of the derived intermediate
zirconocenes can be crucial in subsequent group 10 metal-
catalyzed C–C bond formation. Care should be taken to exclude
moisture, not only given the sensitivity of C–Zr bonds but also to
avoid hydrolysis of the starting tosylates back to the corresponding
phenols, which has been observed if the solvent (THF) is wet. The
conclusion here is that there is no obvious benefit to graphite over
charcoal, other than the fundamental differences noted earlier.


Carboalumination-coupling


Vinylalanes are viable coupling partners with various sp2-based
substrates, using Pd(0) catalysis. On the other hand, use of catalytic
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Scheme 12 Carboalumination–cross-coupling: vinylalane + aryl tosylate.


Ni(0) to effect the equivalent process is not common and, to the
best of our knowledge, cross-couplings of vinylalanes with aryl
tosylates have not been described, let alone with a heterogeneous
source of Ni(0). While admittedly only a single example has been
demonstrated to date, a modified carboalumination of 1-octyne
16 was initially carried out in toluene (Scheme 12).18 Then, in the
presence of a mixed Al–Zr catalyst generated from excess Me3Al
and 5% Cp2ZrCl2, addition of commercial isobutylaluminoxane
(IBAO), exchange of isobutyl residues into a mixed metal complex
presumably occurs. This approach takes advantage of our recently
discovered method for controlling the regiochemistry in Negishi
carboaluminations18 using the inexpensive zirconocene Cp2ZrCl2,


as opposed to an earlier solution using the bridged Brintzinger
zirconocene (ebi)ZrCl2 (ebi = ethylene bis-indenyl).19 Transfer
of the vinylalane intermediate 20, upon consumption of the
acetylene, to a microwave vial containing Ni/Cg and an aryl
tosylate (e.g., 11) was followed by heating at 200 ◦C for one hour.
Filtration of the mixture through a Buchner funnel and workup led
to an 83% isolated yield of the desired E-trisubstituted styrene 21.


Reaction variables & processing


There are several other reaction parameters associated with the
use of Ni/Cg not addressed as yet in these latest cross-coupling
reactions, including: (1) ligand used; (2) reaction work-up; and (3)
recycling of Ni/Cg, all of which can be considered in terms of the
potential impact insofar as the overall economics of the chemistry
are concerned. Fortunately, all three work to the advantage of
this heterogeneous catalysis. That is, screening of ligands (e.g.,
PCy3, S-Phos) led to the conclusion that Ph3P is the most effective,
and least expensive. In cases where biaryl products were close in
polarity to Ph3P, addition of CuCl to the crude worked-up reaction
mixtures cleanly and quickly removed the phosphine and allowed
for the smooth isolation of products (Scheme 13).20 Recycling of
Ni/Cg, as with Ni/C, is possible, and here the greater ease of
handling of graphite over charcoal allows for more facile recovery
and reuse. As illustrated in Scheme 14, an initial Suzuki coupling


Scheme 13 Use of CuCl to remove phosphines from reaction mixtures.


Scheme 14 Recycling the Ni/Cg catalyst.
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under microwave conditions between boronic acid 6 and halide
18 led to biaryl 22 (84%). The Ni/Cg could be easily recovered
by simple filtration in air, and then reused following activation in
the standard fashion (i.e., using n-BuLi in THF; vide supra). Re-
exposure of the catalyst to the same reaction conditions, albeit
involving completely different coupling partners (13 and 14),
afforded product 15 in similar yield (83%; cf. Scheme 10).


Outlook


Nickel-on-graphite has some attractive features, including ele-
ments of “green” chemistry,21 and if these are highly competitive
with those of the catalyst impregnated into charcoal, it could find
broader use. Nonetheless, it’s the unexpected differences between
reagents that may offer the biggest ‘bonus’; in particular, with
respect to chemoselectivities that lead to options otherwise not
possible under more commonly used homogeneous conditions.
For example, Ni/C catalyzes aminations of aryl chlorides15 easily
under microwave irradiation conditions22 especially when using
an activated case such as chlorobenzonitrile (23, Scheme 15).
Remarkably, all attempts to effect this standard coupling with
morpholine and 23 under identical conditions with nickel-on-
graphite have met with total failure.23 But in this case, failure might
be a good thing! When considered in light of the above discussion
on selected Suzuki couplings (8 + 9 → 10), where Ni/Cg catalyzes
the intended chemistry while Ni/C does not (cf. Scheme 8), it’s
clear that there is much to be learned about the properties of these
materials. With progress, there are likely to be other surprises
ahead with Ni, as well as other inexpensive metals (e.g., Fe),
impregnated into graphite. Perhaps these contributions will find
utility within the synthetic community; after all, when starting with
base metal salts and graphite, two trivial ingredients approaching
earth, wind, and fire, the eventual catalysis is almost for free.


Scheme 15 Unexpected chemoselectivity between catalysts.
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Chemically connected protein arrays have significant diverse applications including the production of
red cell substitutes, bioconjugate drug delivery, and protein therapies. In order to make materials of
defined structure, there is a need for efficient and accessible reagents. While chemical cross-linking with
a multi-subunit protein can be achieved in high yield, connecting proteins to one another in a dendritic
assembly along with concurrent cross-linking has met with limited success. This has now been overcome
through the design and implementation of a readily prepared reagent with added reaction sites that
compensate for competing hydrolysis. N,N ′,N ′′-Tris[bis(sodium methyl phosphate)isophthalyl]-
1,3,5-benzenetricarboxamide (1), a hexakis(methyl phosphate) isophthalyl trimesoyl tris-amide, was
designed and synthesized in high yield in three stages from a reactive trimesoyl core. This material has
three pairs of coplanar cross-linking reaction sites in a symmetrical array. The presence of three sets of
sites greatly increases the probability that at least two sets will produce cross-links within hemoglobin
tetramers (in competition with hydrolysis) and thereby connect two cross-linked tetramers at the same
time. Reaction of 1 with deoxyhemoglobin at pH 8.5 gives a material that contains two cross-linked
hemoglobin tetramers connected to one another and to a constituent ab dimer. Products were
characterized by SDS-PAGE, MS, enzyme digestion and HPLC. The isolated dendritic-hemoglobin
with 2.5 tetrameric components has the same oxygen affinity as native hemoglobin (P50 = 5.0 torr) and
retains cooperativity (n50 = 2.0). Analysis of circular dichroism spectra indicates that the assembly
retains proper folding of the globin chains while the hemes are in an altered environment.


Introduction


Chemical cross-linking of proteins with site-directed reagents1–3


can convert unstable proteins into stable, homogeneous functional
entities.4 Extension of the concept to include connection of
proteins to one another to create defined dendritic assemblies5,6


is a further challenge with a number of important applications as
illustrated by red cell substitutes7,8 and extends to diverse fields
including drug conjugation and protein therapeutics.9 We note
that successful clinical trials have been reported for materials
made from heterogeneous arrays generated in the reaction of
glutaraldehyde and hemoglobin,10 while trials with smaller species
were not successful. By creating similarly-sized assemblies of
proteins but with defined structures, information on structure
and efficacy can be accessed. Thus, we have sought to design
reagents that produce cross-links within a multimeric protein
along with covalent linkages between proteins.11–13 With these
reagents, selective inter-protein linking occurs in low yield. The
major reason for the low yields is the competitive hydrolysis of
the reactive functional group on the reagent, which results in the
loss of a reactive essential site. In considering ways to overcome
this, we reasoned that the hydrolytic loss of a single reactive group
would be compensated by additional symmetrical reaction sites


Davenport Laboratories, Department of Chemistry, University of Toronto,
80 St. George Street, Toronto, Ontario, Canada M5S 3H. E-mail: rkluger@
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† Electronic supplementary information (ESI) available: SDS-PAGE
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available within the reagent. These built-in redundancies increase
the probability of the proper reaction and also provide a statistical
advantage in competing with hydrolysis.14,15


We now report the successful implementation of such a
strategy based on the convenient synthesis of a multifunctional
reagent N,N ′,N ′′-tris[bis(sodium methyl phosphate)isophthalyl]-
1,3,5-benzenetricarboxamide (1). Our approach to the synthesis
of 1 is based on using symmetrical multi-sited core materials.11–13


In a practical test, reaction of 1 with hemoglobin efficiently
introduces both cross-links and inter-protein links. The isolated
dendritic protein assemblies are fully functional in cooperative
oxygen binding and release.
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Experimental


Solvents


THF was dried by distillation from metallic sodium. Acetone was
dried by distilling from dry gypsum.


Hemoglobin


The protein was purified from human red cells by the method
described by Winslow et al.16 Purified hemoglobin was stored in
doubly distilled water at 0–5 ◦C. Concentrations of hemoglobin
solutions were determined using the cyanomethemoglobin assay
described by Salvati and Tentori.17 The purity of hemoglobin was
determined using the reverse-phase HPLC (RP HPLC) analysis
described by Jones.18


N ,N ′,N ′′-Tris(isophthalyl)-1,3,5-benzenetricarboxamide (1a).
5-Aminoisophthalic acid (2.73 g, 15.1 mmol) and 4-
(dimethylamino)pyridine (0.18 g, 1.5 mmol) were dissolved
in 50 mL anhydrous N,N-dimethylacetamide under nitrogen.
Trimesoyl chloride (1.33 g, 5.0 mmol) was added dropwise.
The mixture was stirred under nitrogen for 96 h. The product
was precipitated by adding 200 mL water and isolated by
ultracentrifugation at 10 000 rpm. The solid product was washed
five times with water to remove the organic solvent. The (wet)
solid was lyophilized overnight to produce a pale yellow powder
(3.35 g, 95.8% yield). 1H NMR (DMSO-d6): d ppm 13.38 (broad
peak, COOH), 10.96 (s, 3H, CONH), 8.84 (s, 3H, ArH), 8.73 (d,
6H, J = 1.2 Hz, ArH), 8.26 (t, 3H, J = 1.2 Hz, ArH); MS (ESI,
methanol): C33H21N3O15, 698.1([M − H+]−). Mp: >300 ◦C.


N ,N ′,N ′′-Tris[bis(sodium methyl phosphate)isophthalyl]-1,3,5-
benzenetricarboxamide (1). N,N ′,N ′′-Tris(isophthalyl)-1,3,5-
benzenetricarboxamide (1a, 0.28 g, 0.4 mmol) was dissolved in
25 mL thionyl chloride and refluxed under nitrogen for 18 h.
Thionyl chloride was evaporated, leaving an orange solid (0.31 g,
0.38 mmol), which was kept in vacuo for 2 h. Sodium dimethyl
phosphate (0.34 g, 2.3 mmol) was dissolved in 30 mL freshly
distilled THF and added to the reaction under nitrogen. The
mixture was stirred under nitrogen for 64 h, producing a yellow
solution with some precipitated sodium chloride, which was
removed by vacuum filtration. THF was evaporated to give a
dark yellow solid. Sodium iodide (0.346 g, 2.31 mmol) combined
with 40 mL dry acetone was added and the mixture was stirred
under nitrogen for 48 h. The precipitate was filtered and washed
with dry acetone until the filtrate was colorless. The product
(1, 0.51 g, 91%) was obtained as a pale yellow solid that was
pumped in vacuo for 2 h. 1H NMR (DMSO-d6): d ppm 11.19
(s, 3H, CONH), 8.91 (s, 3H, ArH), 8.79 (d, 6H, J = 1.2 Hz,
ArH), 8.25 (t, 3H, J = 1.2 Hz, ArH), 3.53 (18H, OCH3); 31P
NMR (DMSO-d6): d 6.83 ppm; MS (ESI, dichloromethane):
m/z 630.5 ([M6− + 4H+]2−/2, [C39H33N3O33P6]6−Na+


6). High
resolution ESI-MS (DMSO): m/z 630.4833 (630.4862 calculated
for [C38H33N3O33P6]6−, 4.6 ppm difference); UV absorbance
(water): 221–225 nm. Mp: >300 ◦C. Reagent 1 was dissolved in
DMSO and analyzed by reverse-phase HPLC on a Vydac C18
column (250 × 4.5 mm) at 258 nm. The column was eluted with
20% acetonitrile with 0.1% THF as the developer.19 Only one
sharp peak was observed in the chromatogram.


Reaction with deoxyhemoglobin


Carbonmonoxyhemoglobin (HbCO, 5 mL, 1.0 mM) was equili-
brated through a Sephadex G-25 column (250 × 35 mm) into
sodium borate buffer (0.05 M, pH 8.5) at 4 ◦C. The solution
(∼0.5 mM) was oxygenated and deoxygenated to give deoxyhe-
moglobin (deoxyHb).12 Different amounts of 1 were added as a
solid into the deoxyHb solution. The reaction was carried out
for 18 h at 37 ◦C under nitrogen. Carbon monoxide was then
passed over the modified hemoglobin mixture for 15 min to protect
the hemes. The modified HbCO was transferred to MOPS buffer
(0.1 M, pH 7.2) through a Sephadex G-25 column (250 × 35 mm)
at 4 ◦C. The mixture was concentrated and stored at 4 ◦C.


SDS-PAGE analysis


The molecular weights of constituent proteins were estimated
using polyacrylamide gel (12%, Tris-HCl) electrophoresis. Two
dimensional Tris-HCl polyacrylamide gels comprised of 12%
separating gel (pH 8.8) and 5% stacking gel (pH 6.8) both with
10% sodium dodecyl sulfate. Protein samples were treated with
2-mercaptoethanol and sodium dodecyl sulfate.20 Globin chains
were further denatured by heating at 100 ◦C for 15 min before
loading on the gel. Finished gels were stained with Coomassie
Brilliant Blue. Details are described in earlier papers.11


Analytical reverse-phase HPLC


A 330 Å pore-size C-4 Vydac column (4.6 × 250 mm) was used
to separate modified globin chains. Gradient elution was initiated
with 20% acetonitrile and ran to 60% acetonitrile with 0.1% (v/v)
TFA as developer.18 The effluent was monitored at 220 nm.


Size exclusion HPLC


Superdex G-75 HR (10 × 300 mm) column was used to investigate
the size distribution of the modified protein mixtures. Samples
were eluted under conditions that dissociate the hemoglobin
tetramers into dimers (25 mM Tris-HCl, pH 7.4, 0.5 M magnesium
chloride).21 The effluent was monitored at 280 nm and 414 nm.


Isolation of modified hemoglobins


The modified hemoglobins were separated on gel-filtration chro-
matography (Sephadex G-100, 1000 × 35 mm) eluting with 25 mM
Tris-HCl, pH = 7.4 containing 0.5 M magnesium chloride.21


Fractions were concentrated and analyzed using Superdex G-75
size exclusion HPLC, C4 reverse-phase analytical HPLC and SDS-
PAGE.


Tryptic and Glu-C digest


Dehemed native b globin chains and cross-linked b globin chains
were collected from preparative C4 reverse-phase HPLC and
lyophilized. The globin chains were then dissolved with 8 M
urea in 80 mM ammonium bicarbonate (pH 8.5) and kept for
4 h at room temperature. The protein samples were hydrolyzed
by TPCK-treated trypsin (2% w/w) at 37 ◦C for 24 h followed
by endoproteinase Glu-C Staphylococcus aureus V8 (1% w/w)
at 37 ◦C for 72 h in 80 mM ammonium bicarbonate (pH 8.5).
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The hydrolytes were analyzed by HPLC reverse-phase on a Vydac
C18 column (250 × 4.5 mm). Peptide fragments were separated
using gradients of acetonitrile from 0% to 100% with 0.1% THF
as the developer.19 The peaks for peptide fragments were labeled
based upon MALDI-TOF mass analysis results of hydrolytes.22


The effluents were monitored at 220 nm for all peptide fragments,
280 nm for peptide fragments containing tryptophan and tyrosine
and 258 nm for phthalates.22


Oxygen-binding analysis


Purified cross-linked hemoglobin (∼1 g L−1) and native
hemoglobin (∼1 g L−1) were transferred to sodium phosphate
buffer (I = 0.1 M, pH = 7.4) and oxygenated. Oxygen-binding
curves were obtained using a Hemox-Analyzer at 25 ◦C. The data
were fitted to the Adair equation to obtain P50 and n50.


Circular dichroism spectroscopy conformational study


Native hemoglobin and cross-linked dendritic-hemoglobin in CO-
bound form were studied by circular dichroism spectrometry in
both far (200–260 nm) and near (260–470 nm) ultra-violet regions
at room temperature.23 Hemoglobin samples were prepared as
10 mL solutions of the same globin chain (heme) concentration in
the sodium phosphate buffer (I = 0.02 M, pH = 7.4). The globin
chain (heme) concentration of the hemoglobin samples was 0.5 lM
for the far-UV study and 5.0 lM for the near-UV study.


Results and discussion


The tris[bis(sodium methyl phosphate)isophthalyl]-1,3,5-
benzenetricarboxamide (1) contains six anionic electrophilic sites
that are expected to acylate amino groups with high efficiency in
cationic regions of proteins. The six sites are arranged in three
pairs with a span in each pair that is expected to connect different
b subunits of hemoglobin through reaction at the e-amino group
of b-Lys-82 or the N-terminal amino group of b-Val-1.11–13 Once
a cross-link within a hemoglobin tetramer has formed between
a pair of sites, the remaining sites can combine with additional
tetramers and various cross-linked species are connected to one
another. While tetrafunctional reagents can cross-link within two
tetramers,11–13 they are inefficient due to the competing hydrolysis
of the reagent: if hydrolysis inactivates only one site of four,
the reagent becomes incapable of producing species with two
cross-linked hemoglobins.15 With an additional set of reaction
sites, as in 1, the chances of forming connected tetramers is
increased by 50%, and hydrolysis of a site leaves the reagent still
able to produce cross-linked bis-tetramers. Furthermore, where
there are single modifications (no cross-link forms) due to one
site being hydrolyzed, the resulting modified subunit will be
connected to the bis-tetramer. The collection of altered protein
materials all have defined structures.


Multifunctional reagent 1 was synthesized through a series
of convergent coupling reactions (Scheme 1). Trimesoyl chloride
reacts readily with three molar equivalents of 5-aminoisophthalic
acid to form the hexa-carboxylic acid precursor. This was quan-
titatively converted to the corresponding acid chloride, which
combines with sodium dimethyl phosphate to give the dimethyl
phosphoryl derivative of each carboxylate. The six highly reactive
phosphodiesters of the anhydrides in the reagent were converted to


the monoesters (1) by six-fold mono-demethylation with sodium
iodide. The structure of 1 was confirmed by a combination of
analytical procedures.


We used AM-1 semi-empirical methods to calculate the lowest
energy conformation of 1. The structure resembles a three-bladed
propeller with the trimesoyl core as its hub and each isophthalyl
group twisted out of plane (Fig. 1). The carbonyl carbons in
the acyl phosphate moieties of the meta-substituted rings are
separated by about 5 Å, which is ideal for cross-linking, while the
functional groups on adjacent rings are separated by about 12 Å,
which gives enough separation to connect different tetramers.11


Fig. 1 Molecular model of 1 from semi-empirical molecular orbital
calculations.


Reactions of 1 with deoxyhemoglobin were most effectively
achieved in pH 8.5 solution, where unprotonated amino groups
are present in substantial proportions. The site of reaction was de-
termined by the established combination of reverse-phase HPLC
analysis and enzyme-digest peptide mapping.22 This revealed that
b chains are exclusively modified, as expected. (Modified b chains
elute after the native a chains, while native b chains elute ahead of
the a chains, Fig. 2).


Fig. 2 C-4 Reverse-phase HPLC analysis of modified hemoglobin globin
chains (dashed line) compared with globin chains in the native protein
(solid line).


SDS-PAGE analysis employs conditions that denature the
globin chains and separate all units into monomers.20 Unmodified
hemoglobin produces a single band for the free a and b chains
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Scheme 1 Synthesis of reagent 1.


at a position corresponding to their similar molecular weight of
∼16 kDa. Chemical cross-linking of globin subunits causes new
peaks to appear that correspond to a mass that is the sum of the
(n) constituent subunits at n × 16 kDa.


When deoxyhemoglobin was combined with one equivalent of
1 (six reacting sites in one equivalent of 1), the highest molecular
weight component gives a band at ∼80 kDa on SDS-PAGE
(ESI†), which corresponds to five covalently linked b subunits
(from connections of two cross-linked tetramers and one ab
dimer). For comparison, a band at ∼32 kDa is the expected
result from two covalently linked b subunits arising from bb′-cross-
linked hemoglobin tetramers and has been observed previously.22


Reactions of deoxyhemoglobin with 1.5 equivalents of 1 results in
a product at ∼48 kDa, indicating the presence of three covalently
linked b chains (a cross-linked tetramer and a dimer connected to
one another). Reactions of deoxyhemoglobin with less than one
equivalent or with more than two equivalents of 1 gives bands
no higher in weight than 32 kDa, indicating that dendritic cross-
linking is not taking place under these conditions.


Size exclusion HPLC can be conducted under conditions that
cause hemoglobin tetramers without cross-links to dissociate into
ab dimers (pH 7.4 Tris-HCl, 0.5 M magnesium chloride21). Native


hemoglobin was added to an aliquot of the modified hemoglobin
mixture and eluted under the same conditions as the modified
material was eluted on its own in order to verify the assignment
of each peak based on coincident elution. Under these conditions,
modified hemoglobin produces two peaks, which accounts for the
two main cross-linked hemoglobin products. They appear ahead of
the peak for the free ab dimers of native hemoglobin. Integration
of the peak area indicates that the highest weight component
(∼160 kDa, five ab dimers) accounts for ∼47% of the modified
protein, a very high yield in comparison with previous efforts.11–13


A schematic representation of this structure is shown in Fig. 3.
This analysis of the cross-linked dendritic-hemoglobin that


was isolated by gel-filtration chromatography confirmed that the
purified sample contains a single entity with uniform molecular
size (Fig. 2 and Fig. 4). SDS-PAGE analysis (ESI†) showed the
expected band for the cross-linked b subunits at ∼80 kDa and the
band at ∼16 kDa for the free a subunits.


Peptide mapping of the product through tryptic and Glu-
C digestion combined with C-18 reverse-phase HPLC fragment
analysis (ESI†) and MALDI-TOF mass analysis showed that e-
amino groups of b lysine 82 were converted to amides and were
thus not susceptible to digestion at that peptide as in the native
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Fig. 3 Schematic structures of cross-linked dendritic-hemoglobins: A
is obtained in SDS-PAGE and RP HPLC; B is from gel-filtration
chromatography.


Fig. 4 Size-exclusion (G-75) gel filtration HPLC analysis of modified
hemoglobins run under conditions that cause dissociation of tetramers
into dimers:21 native hemoglobin (solid line); modified hemoglobin mixture
(dotted line); cross-linked dendritic-hemoglobin (dashed line).


protein (the N-terminal amino group was also modified. This
changes the elution pattern of the first tryptic peptide). This result
is consistent with the specificity of previously reported isophthalyl-
derived regents.11–13


Measurements of oxygen-binding properties of the product
showed that the 160 kDa entity binds and releases oxygen
cooperatively (n50 = 2.0) with the same overall oxygen-affinity
(P50 = 5.0 torr) as native hemoglobin (Fig. 5 and 6). This indicates
that the modification does not affect the potential for the material
to function an oxygen transport agent.


Fig. 5 Oxygen-binding curves for cross-linked dendritic-hemoglobin
(solid line, P50 5.0 torr) and native hemoglobin (dashed line, P50 5.0 torr).


CD spectra of native hemoglobin and cross-linked hemoglobins
are nearly identical in the far UV region (Fig. 7: 220 nm to 260 nm),
where the signals arise from the globin chains. However, there
are significant differences in the near-UV–VIS region (240 nm
to 470 nm), where the heme environment is primarily responsible


Fig. 6 Hill plot of data from Fig. 5. The solid curve is for cross-linked
dendritic-hemoglobin (n50 = 2.0) and the dotted line is for the native protein
(n50 = 2.7). The slope of the Hill plot of cross-linked dendritic-hemoglobin
is plotted as the upper dashed line.


Fig. 7 CD spectra of native hemoglobin (dashed line) and cross-linked
dendritic-hemoglobin (solid line) in the CO-bound state. The far UV region
(upper) was recorded at low concentration and shows the protein spectrum.
The UV–visible region (lower) was recorded at high concentration and
shows the heme spectrum.


for the absorbance.23 This altered heme environment after mod-
ification accounts for the different oxygen-binding properties of
chemically modified hemoglobin species.


Conclusions


The reaction of one molar-equivalent of 1 with deoxyhemoglobin
provides for the first time a practical route to a dendritic species
with cross-linked hemoglobin tetramers connected to one another.
A major operational advantage of 1 is the presence of additional
reaction sites that can compensate for competing hydrolysis and
which may also assist in orientation of the reacting groups. The
symmetry of 1 permits its efficient preparation. The reagent has
six acylation sites and it is only required that four react to
produce bis-tetramers. The relatively rigid core structure resulting
from the extended conjugation among the aromatic rings and the
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amide linkages prevents the compound from folding onto itself,
keeping the reacting sites maximally separated. Although the core
structure of the linker is probably hydrophobic, the charges of the
monomethyl phosphates make the molecule very water-soluble.
It reacts rapidly with dissolved hemoglobin in aqueous buffer.
The oxygen-binding properties of the product give an indication
of the effects of protein–protein interactions within the cross-
linked conjoined hemoglobin (five covalently linked ab dimers).
The somewhat reduced cooperativity (compared to the native
protein) is typical of cross-linked bis-tetramers (n50 = 2.0) and
is only somewhat lower than that of native hemoglobin (n50 =
2.7). The overall oxygen affinity is close to that of the native
protein (P50 = 5.0 torr). The covalent links stabilize the inherent
tetrameric association, which is essential for the cooperativity and
moderate oxygen affinity. It is likely that the relative rigidity of the
cross-link and the large hydrophobic core of the product affect the
environment of the hemes and reduce cooperativity.
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An efficient synthesis of (−)-ternatin derivatives directed
toward their SAR at the b-OH-D-Leu7 moiety and their
biological activities against 3T3-L1 murine adipocytes are
described.


(−)-Ternatin (1) is a highly N-methylated cyclic heptapeptide
that was isolated from the mushroom Coriolus versicolor during
our continuing search for potential anti-obesity agents from
natural resources such as mushrooms. In our previous paper, we
described the isolation, structure elucidation and synthesis of 1,
which potently inhibited fat accumulation against 3T3-L1 murine
adipocytes.1 Additionally, we also reported a concise synthesis of
1 in solution and its in vivo biological activity.2 Treatment with 1
at 5 mg kg−1 per day was found to suppress the increase in body
weight and fat accumulation in diet-induced obese mice.


To further evaluate 1 as a new lead compound for therapeutic
development, we commenced on new research to clarify the
detailed mode of action of 1 with regard to fat-accumulation in-
hibition in adipocytes. Moreover, a structure–activity relationship
(SAR) study of 1 was first investigated in parallel, aimed at the
recognition of the importance of side chain functionalities as well
as a suitable site for advanced functionalization in its structure,
e.g., biotinylation and introduction of a fluorescent unit.


Structurally, the existence of non-coded (D- and N-methylated)
amino acids is a novel feature in 1. Of particular interest is the
effect on biological activity of modifying the unusual b-OH-D-Leu
[(2R,3R)-3-hydroxyleucine], which is a key constituent of 1. Based
on an analysis of the X-ray crystal structure of (−)-ternatin (1),3


it is proposed that 1 adopts type II b-turn structure in the region
of L-Leu4 to b-OH-D-Leu7 moieties with the assistance of a novel
intramolecular H-bond network (Fig. 1A). In this network, the
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Fig. 1 (A) Stereostructure of 1 fixed by intramolecular H-bond networks
(indicated with dotted lines); (B) H–D exchange experiment evaluated in
1H NMR spectrum (600 MHz) in C6D6 with addition of D2O.


OH group in the b-OH-D-Leu7 moiety is supposed to contribute
toward the stabilization of the macrocyclic conformation of 1 by
forming a H-bond between the OH proton (HC) in that moiety and
the C=O in the Ile1 moiety, whereas two H-bonds of NH protons
(HA, HB) act strongly on stabilizing b-turn structure. Presumably,
these intramolecular H-bonds are key interactions in 1, since they
build the b-turn structure, which is one of the major motifs of
peptide and protein secondary structure playing a key role in many
biological processes.4,5


In order to demonstrate the intramolecular H-bonds of com-
pound 1 in solution, we evaluated hydrogen–deuterium (H–D)
exchange properties of NH and OH protons (Fig. 1B). The
experiment was conducted by adding 20 lL of D2O in a C6D6


solution. As a result, NH protons HA and HB remained over 24 h,
expectedly. Meanwhile, a OH proton HC and a NH proton HD


smoothly exchanged within 24 h. These results strongly suggested
the existence of intramolecular H-bonds of two NH protons, HA


and HB. However, the possibility of a H-bond of HC was unclear
due to the flexible nature of the OH proton.


To confirm directly whether the b-OH-D-Leu7 moiety is im-
portant for the bioactivity of 1, chemical modification at this
position was first investigated. We describe here the first and
efficient synthesis of ternatin derivatives and the SAR at the b-
OH-D-Leu7 moiety with regard to the inhibitory activity of fat
accumulation against 3T3-L1 adipocytes.


For this purpose, we designed two types of derivatives, a non-
OH series [D-Ala7-1 (1a), D-Leu7-1 (1b), D-Ser(OBn)7-1 (1c)] and
a OH series [D-Thr7-1 (1d) and D-Ser7-1 (1e)], as final targets. The
latter compounds were used to realize whether b-OH-D-Leu7 could
be replaced with normal b-hydroxy-a-amino acids such as serine
and threonine.


Synthesis of the derivatives 1a–e was performed in solution by
exploiting our efficient synthetic route to 1, which is amenable to
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large-scale synthesis for extensive biological evaluations. Begin-
ning with four D-amino acid methyl esters 2a–d, we assembled
tripeptides 5a–d in the C to N direction (Scheme 1). Couplings
of 2a–d with Boc-NMe-D-Ala-OH provided dipeptides 3a–d.
The Boc deprotections followed by second HATU-mediated
condensations with Boc-NMe-L-Ala-OH gave tripeptides 4a–d.


Scheme 1 Synthesis of the carboxylic acid fragments 4a–d.


The final conversions to the desired 1a–d were elaborated by
key fragment couplings and cyclization reactions (Scheme 2).
The alanine methyl esters of 4a–d were cleaved by treatment
with LiOH to yield the carboxylic acid fragments 5a–d as key
intermediates. Attempts to couple 5a–d with amine 7, prepared
by the Boc deprotection of tetrapeptide 6, proceeded smoothly
to provide the linear peptides 8a–d in 65–100% yields from 5a–d.
The leucine methyl esters were then saponified, and the resulting
carboxylic acids were subjected to Boc deprotection. Finally, the
key macrolactamizations of the linear peptides were accomplished
in the presence of HATU, HOAt and DIPEA under dilute
conditions to generate the cyclized products 1a–d in successful
yields (56–62% yields from 8a–d). Furthermore, modification of
compound 1c was performed. The Bn protecting group of 1c was
removed by hydrogenolysis to give 1e in 74% yield.


The bioactivities of synthetic derivatives were then evaluated
with regard to their inhibitory effect on fat accumulation and cy-
totoxicity against 3T3-L1 murine adipocytes. Table 1 summarizes
the biological activities of derivatives 1a–e with two controls, (−)-
ternatin (1) and (−)-noradrenaline (+)-bitartrate salt, respectively.
Based on the results, all synthetic derivatives were found to
exhibit an inhibitory effect. The potency of inhibition tended to
decrease in the order 1b > 1d > 1c > 1a > 1e. Interestingly,


Scheme 2 Synthesis of ternatin derivatives 1a–e.


the simplified D-Leu7-derivative 1b displayed 8-fold lower activity
compared to compound 1 which differs only in the presence
of the hydroxy group in the b-position of the Leu7 moiety. In
contrast, other derivatives showed less activity (120–520 fold) than
1, though they still remained active. It is interesting to note that
synthetic derivatives possessed almost the same IC50 values of
fat-accumulation inhibition independent of the presence of the
hydroxy group in their structures [a non-OH series (1a and 1c) vs.
a OH series (1d and 1e)].


With regard to the amino acid in the 7-position in 1, the results
indicated that the specific side chain, i.e., isobutyl group, is strictly
required for potent bioactivity. On the other hand, the presence of
the hydroxy group in the b-position of the amino acid residue is
not absolutely important. Therefore, it may be possible to install


Table 1 Fat-accumulation inhibitory effect of derivatives 1a–e and cell viability of 3T3-L1 murine adipocytesa


Compound Fat-accumulation inhibitory effect: IC50/lM Cell viability b: IC50/lM


[D-Ala7]ternatin (1a) 14 ± 4 >150
[D-Leu7]ternatin (1b) 0.22 ± 0.02 3.3 ± 0.2
[D-Ser(OBn)7]ternatin (1c) 5.9 ± 1 89 ± 10
[D-Thr7]ternatin (1d) 3.1 ± 0.4 51 ± 9
[D-Ser7]ternatin (1e) 12 ± 3 >150
(−)-Ternatin (1) 0.027 ± 0.003 0.28 ± 0.03
(−)-Noradrenaline
(+)-bitartrate salt


260 ± 6 >300


a Values are means of quadruplicate determinations. b Cell viability was calculated independently to exclude undesired fat-accumulation inhibition arising
from the toxicity of tested compounds. At the concentration of 50% fat-accumulation inhibition (IC50), no cell toxicity was observed for any of the
compounds.
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new functional groups at this position, since all derivatives still
possess considerable activity.


At 10–15 fold higher concentrations compared to those of
IC50 values of the fat-accumulation inhibitory effect, cytotoxicity
was observed for all derivatives. This may suggest that fat-
accumulation inhibition is the direct cause of toxicity at higher
concentration. In addition, the fat-accumulation inhibitory effect
of compounds may be caused by the prevention of adipogenesis.
Further investigation on the mechanism of inhibition is urgently
needed.


In conclusion, we have constructed a series of ternatin deriva-
tives modified in the b-OH-D-Leu7 moiety based on our convergent
synthetic route. Actually, unusual b-OH-leucine is a novel class of
amino acid that is commonly found in pharmacologically impor-
tant cyclic peptides such as lysobactin,6 YM-254890,7 GE3,8 and
cyclosporin A9,10 (as MeBmt; (4R)-4-[(E)-butenyl]-4,N-dimethyl-
L-threonine). On the other hand, we found that the naturally
occurring b-OH-D-Leu7 in 1 is not absolutely required but is
important for the potent inhibitory effect on fat accumulation
against 3T3-L1 adipocytes. Further studies on this bioactive
molecule are ongoing.
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The first sulfur labelled compound, [2H4,34S]indolyl-3-
acetothiohydroxamic acid, is incorporated into the phy-
toalexins cyclobrassinin and spirobrassinin and the indole
glucosinolate glucobrassicin, indicating that both biosyn-
thetic pathways are closely related.


Plants have a complex range of defence responses that con-
tribute to basal and specific disease resistance to many microbial
pathogens. Phytoalexins are chemical defences produced de novo
by plants to ward off pathogens and other stresses, including
intense heat and UV irradiation.1 Because crucifers are widely
cultivated crops and include valuable oilseeds, vegetables, and
condiments, their resistance to pests and diseases is an ongoing
concern. Considering the negative impact of pesticides and
fungicides on the environment, it is crucial to devise safer strategies
to protect cropping systems. Evidently, safer and sustainable
strategies must derive from a better molecular understanding of
plant defences and their metabolic pathways. Toward this end,
the biosynthetic pathways of crucifer phytoalexins and related
metabolites are of great importance, albeit an ongoing challenge.2


Specifically, the variety of phytoalexin structures3,4 and some
unique metabolic reactions5 make mapping out these pathways
very difficult. For example, the similarity between the chemical
structures of brassinins 5 and 6 and indolyl glucosinolates 3
and 4 led to an earlier consensus that glucobrassicin (3) was a
precursor of brassinin (5). Thus, it was rather surprising to find
that glucobrassicin was not incorporated into brassinin.6 This
lack of incorporation suggested to us that if not glucobrassicin
(3), one of its precursors would be the branch point between the
brassinin and glucobrassicin pathways. Subsequently, indolyl-3-
acetaldoxime (1) was shown to be a precursor of brassinin (5),
methoxybrassinin (6) and related phytoalexins.6


The biosynthetic pathway of crucifer phytoalexins and that of
indolyl glucosinolates starts with the conversion of tryptophan
to indolyl-3-acetaldoxime (1) and appears to diverge into various
branches, three of which are pertinent to consider here: (i) indolyl
glucosinolates (e.g. 3, 4),7 (ii) brassinins (e.g. 5, 6)6,8 and
(iii) camalexin (7, Scheme 1).9 The biosynthesis of glucosinolates,
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due to their own importance, has been investigated for more than
four decades.10 Hence, most of the genes and intermediates of
the pathway to glucobrassicin (3) are known. On the other hand,
no genes of the brassinin branch have been reported.2 However,
camalexin (7) is produced in Arabidopsis thaliana, a wild species
where a strong effort in functional genomics is concentrated. Thus,
some intermediates and genes of the camalexin branch are known.9


Scheme 1 Biosynthetic precursors of (i) indolyl glucosinolates 3 and 4,
(ii) phytoalexins brassinin (5), methoxybrassinin (6), and (iii) camalexin
(7).


Earlier work showed that the sulfur of glucobrassicin (3) was
derived from cysteine. Furthermore, it was suggested that the C–S
lyase that cleaves S-cysteinyl thiohydroximate is tightly coupled
to the S-donating enzyme, and that the product of the C–S
lyase is a thiohydroximic acid.10 As well, Monde et al.11 reported
that the sulfur of the thiocarbonyl group of brassinin (5) was
derived from cysteine and the SMe from methionine. Altogether
the current information suggests to us that there should be
a sulfur containing metabolite common to both brassinin (5)
and glucobrassicin (3). Based on this reasoning, we synthesised
2H and 34S isotopically labelled indolyl-3-acetothiohydroxamic
acid (10a) and administered it to UV-irradiated rutabaga tubers
(Brassica napus L. ssp. rapifera). Remarkably, incorporation of
this labelled compound into cyclobrassinin (14), spirobrassinin
(15) and glucobrassicin (3) was established for the first time. Here
we describe details of this biosynthetic investigation as well as the
synthesis of the first doubly labelled indolyl thiohydroxamic acid.
A detailed biosynthetic pathway for brassinin (5) is proposed that
integrates all current knowledge.


Because indolyl-3-acetothiohydroxamic acid (10) had not been
characterised,§ we synthesised first non-labelled material to de-
termine its chemical stability in aqueous methanol solutions
to use in plant feeding experiments. Thus, non-labelled 10 was
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Scheme 2 Synthesis of indolyl-3-acetothiohydroxamic acid (10). Reagents and conditions: (i) CH3NO2, NH4OAc, 128–130 ◦C (98%); (ii) NaBH4,
i-PrOH, SiO2, CHCl3 (71%); (iii) KH, (Me3Si)2S, THF (74%).


prepared from indole-3-carboxaldehyde (8) in three steps. Indole-
3-carboxaldehyde (8) was transformed to 3-(2′-nitrovinyl)-indole
upon treatment with ammonium acetate in nitromethane.12 Sub-
sequent sodium borohydride reduction yielded 3-(2′-nitroethyl)-
indole (9) which upon treatment with potassium hydride,13 fol-
lowed by hexamethyldisilathiane14 yielded 10 in ca. 51% overall
yield (Scheme 2). When sodium hydride was used instead of
potassium hydride, only indolyl-3-acetonitrile (18) and indolyl-3-
acetaldoxime (1) were obtained in a 1 : 1 ratio. The 13C NMR
data of indolyl-3-acetothiohydroxamic acid (10) indicated that
structure 10 is the most likely tautomer present in solution, since
the chemical shift of C-1 is 189.0 ppm. This conclusion is in
agreement with current data.15 In general, thiohydroximates (e.g.
3 or 4 or the sodium salt of 11) have a lower dC for C-1 (ca. 162–
172 ppm).¶16


With indolyl-3-acetothiohydroxamic acid (10) in hand, its
chemical stability in aqueous solution was determined by HPLC
analysis; 10 decomposed on standing (solution of water–methanol,
95 : 5, v/v) to indolyl-3-acetonitrile (18, ca. 50% in 7 h) with
extrusion of sulfur. However, since the product of indolyl-3-
acetothiohydroxamic acid (10) decomposition did not contain
sulfur, any sulfur containing products obtained from incorpo-
ration of [4′,5′,6′,7′-2H4]indolyl-3-[34S]acetothiohydroxamic acid
(10a) would inevitably derive from 10a itself. Nonetheless, to
obtain a comprehensive map of these metabolic pathways, addi-
tional control experiments were carried out using tetradeuterated
indolyl-3-acetonitrile (18a) as well.


The synthesis of [4′,5′,6′,7′-2H4]indolyl-3-[34S]acetothiohydroxa-
mic acid (10a) started with [4,5,6,7-2H4]indole-3-carboxaldehyde
(8a)17 and followed the steps shown in Scheme 2, but using
(Me3Si)2


34S (prepared from 34S/Na and chlorotrimethylsilane),18


as described in the ESI.‡ The synthesis of [4′,5′,6′,7′-2H4]indolyl-
3-acetonitrile was carried out as previously described.17


Next, solutions of [4′,5′,6′,7′-2H4]indolyl-3-[34S]acetothio-
hydroxamic acid (10a) and indolyl-3-acetothiohydroxamic acid
(10) were separately added to UV-elicited rutabaga tubers, the tis-
sues were incubated, extracted, and the extracts were fractionated
to a non-polar fraction, containing phytoalexins, and a polar frac-
tion, containing indolyl glucosinolates, as described in the ESI.‡
HPLC analysis of the fractions using photodiode array and mass
detectors and comparison of the spectra of the components with
those available in our metabolite library showed the presence of
the phytoalexins cyclobrassinin (14), spirobrassinin (15), rutalexin
(16) and brassicanate A (17) in the non-polar fraction, and the glu-
cosinolates glucobrassicin (3), 1-methoxyglucobrassicin (4), and
4-methoxyglucobrassicin (22) in the polar fraction. LC-HRMS-
ESI analysis of each fraction indicated the levels of deuterium and
sulfur incorporation in each metabolite, as shown in Table 1. The
[M + 4]± or [M + 6]± ion peaks were not detected in fractions of tu-


Table 1 Metabolism of [4′,5′,6′,7′-2H4]indolyl-3-[34S]acetothiohydroxa-
mic acid (10a) in elicited tubers of rutabaga (Brassica napus ssp. rapifera)


Labelled product
Incorporation (%
of 2H and 34S)a


34S-[4′,5′,6′,7′-2H4]Cyclobrassinin (14a)b 7%
34S-[4′,5′,6′,7′-2H4]Spirobrassinin (15a)b 7%
[4′,5′,6′,7′-2H4]Rutalexin (16a)c 10%
[4′,5′,6′,7′-2H4]Brassicanate A (17a)c 2%
34S-[4′,5′,6′,7′-2H4]Glucobrassicin (3a)c 2%


a The % of 2H and 34S incorporation was established by HRMS-ESI
according to the following equation: % = {[M + n]±/([M]±+[M + n]±)}
×100 (n = 4 or 6). b Positive ion mode. c Negative ion mode.


bers incubated with non-labelled indolyl-3-acetothiohydroxamic
acid (10).


Additional experiments were carried out using [4′,5′,6′,7′-
2H4]indolyl-3-acetonitrile (18a) and indolyl-3-acetonitrile (18), as
reported above for acetothiohydroxamic acids 10a and 10. LC-
HRMS-ESI analysis of each fraction showed the same compo-
nents as above and indicated that none of the phytoalexins or
indolyl glucosinolates contained deuterium. Interestingly, indolyl-
3-acetonitrile (18) was completely metabolised within 24 h to
indolyl-3-acetic acid (19), which in turn was metabolised to indole-
3-carboxylic acid (20) and methyl indole-3-carboxylate (21).


Remarkably, as summarised in Table 1, LC-HRMS data
indicated that cyclobrassinin (14a), spirobrassinin (15a) and
glucobrassicin (3a) incorporated intact [4′,5′,6′,7′-2H4]indolyl-3-
[34S]acetothiohydroxamic acid (10a) since only the [M + 6]± peak
was detected. By contrast, the phytoalexins rutalexin (16a) and
brassicanate A (17a) showed incorporation of only four deuteria
(only [M + 4]± peak) and no sulfur. Because rutalexin (16) is
biosynthesised from cyclobrassinin (14),19 these results indicate
that the sulfur 34 of cyclobrassinin (14) was exchanged with
unlabelled sulfur. Thus, it is likely that another sulfur donor
(possibly also cysteine) was used in this conversion. A similar
explanation could be used for brassicanate A (17a), since it
appears to be derived from brassinin (5).19 The fact that among
the three indolyl glucosinolates only glucobrassicin (3a) showed
incorporation of four deuteria and sulfur 34 is consistent with
our previous findings8 indicating that oxidation at position N-1 of
indole occurs immediately after oxime formation, i.e. upstream of
the step yielding thiohydroxamic acid 10.


As expected, [4′,5′,6′,7′-2H4]indolyl-3-acetonitrile (18a) was not
incorporated into any of the phytoalexins or glucosinolates present
in elicited tissues (Table 2). This result is of interest since
indolyl-3-acetonitrile (18) appears to be an intermediate in the
biosynthesis of camalexin (7).20 Nonetheless, since camalexin (7)
is not produced in rutabaga we could not confirm that result.
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Table 2 Metabolism of [4′,5′,6′,7′-2H4]indolyl-3-acetonitrile (18a) in
elicited tubers of rutabaga (Brassica napus ssp. rapifera)


Labelled product
Incorporation
(% of 2H)a


[4′,5′,6′,7′-2H4]Indole-3-carboxylic acid (20a)b ≥98%
Methyl [4′,5′,6′,7′-2H4]indole-3-carboxylate (21a)b ≥98%


a The % of 2H incorporation was established by HRMS-ESI according to
the following equation: % = {[M + 4]±/([M]++[M + 4]±)}×100. b Negative
ion mode.


Based on the results described above and their integration
with reported data,2,10 another intermediate (10) common to
the pathways of brassinin (5) and glucobrassicin (3) can be


proposed. Firstly, as depicted in Scheme 3, oxidation of indolyl-3-
acetaldoxime (1) to the corresponding nitrile oxide 12 provides
a putative intermediate suitable for nucleophilic attack by an
alkylthiol (e.g. cysteine).10 The resulting intermediate could be
converted through a C–S lyase to the thiohydroxamic acid 10,
possibly the last intermediate common to both pathways. Indolyl-
3-methylisothiocyanate (13) could then be thiomethylated to yield
brassinin (5).


[4′,5′,6′,7′-2H4]Indolyl-3-acetonitrile (18a) appeared to be the
main precursor of indolyl-3-acetic acid (19a), indole-3-carboxylic
acid (20a) and methyl indole-3-carboxylate (21a) under the
experimental conditions described in the ESI,‡ since these three
metabolites were isolated fully tetradeuterated (about ≥98%,
Table 2, Scheme 4). In agreement with these findings compounds
19–21 were not detected in control experiments.


Scheme 3 Proposed biosynthetic pathway of glucobrassicin (3) and phytoalexins brassinin (5), cyclobrassinin (14), spirobrassinin (15), rutalexin (16)
and brassicanate A (17); compounds 12 and 13 are proposed intermediates.


Scheme 4 Incorporation of [4′,5′,6′,7′-2H4]indolyl-3-acetonitrile (18a) into indolyl-3-acetic acid (19a), indole-3-carboxylic acid (20a) and methyl
indole-3-carboxylate (21a).
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As well, our findings have implications on the pathway of
indole glucosinolates. The results described above reinforce our
previous data,6 which indicated that glucosinolates 4 and 22
derive from oxidation of indolyl-3-acetaldoxime (1) and not from
glucosinolate 3. This is likely because glucosinolates 4 and 22
did not incorporate the thiohydroxamic acid 10a. Previously, it
was proposed that these indole glucosinolates (4 and 22) resulted
from enzymatic methoxylation of 3.21 In addition, our results
suggest that brassinin (5) is perhaps only a couple of steps
from the thiohydroxamic acid 10 (side-chain rearrangement and
thiomethylation).


Eventually, with a better understanding of the biosynthetic
intermediates of crucifer phytoalexins and their corresponding
enzymes and genes, it is expected that plants may be bred to
produce a wider variety of chemical defences and display higher
levels of resistance to stress.


Selected spectroscopic data


Indolyl-3-acetothiohydroxamic acid (10). 1H NMR (500 MHz
CDCl3): d 8.26 (br s, 1H), 7.54 (d, J = 8 Hz, 1H), 7.44 (d, J =
8 Hz, 1H), 7.28 (dd, J = 7.5, 7.5 Hz, 1H), 7.17–7.24 (m, 2H), 4.26
(s, 2H). 13C NMR (125.8 MHz CDCl3): d 189.0 (s), 136.7 (s), 126.9
(s), 124.5 (d), 123.5 (d), 121.0 (d), 119.0 (d), 111.9 (d), 107.2 (s),
36.9 (t). HRMS-ESI m/z measured 207.0579 (207.0586 calculated
for C10H11N2OS). HPLC-MS-ESI m/z (relative abundance) 207
[M + H]+ (100), 189 (22), 174 (39), 130 (35). FTIR kmax(KBr)/cm−1:
3410, 3307, 3056, 2904, 1552, 1455, 1419, 1353, 1339, 1227, 1131,
1062, 971, 744.


[4′,5′,6′,7′-2H4]Indolyl-3-[34S]acetothiohydroxamic acid (10a).
1H NMR (500 MHz CDCl3): d 8.26 (br s, 1H), 7.20 (s, 1H), 4.27 (s,
2H). HRMS-ESI m/z measured 213.0797 (213.0795 calculated for
C10H7


2H4N2O34S). HPLC-MS-ESI m/z (relative abundance) 213
[M + H]+ (100), 195 (15), 180 (13), 134 (18).


Notes and references
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A broad range of applications requires access to porphyrins that are compact, water-soluble, and
bioconjugatable. A symmetrically branched hydrocarbon chain (‘swallowtail’) bearing polar end groups
imparts high (>10 mM) aqueous solubility upon incorporation at one of the meso positions of a
trans-AB-porphyrin. Two such swallowtail-porphyrins (1a, 1b) equipped with a conjugatable group
(carboxylic acid, bromophenyl) have been prepared previously. The synthesis of three new water-soluble
trans-AB-porphyrins is reported, where each porphyrin bears a diphosphonate-terminated swallowtail
group and an amino (2a), acetamido (2b), or iodoacetamido (2c) group. The amine affords considerable
versatility for functionalization. The iodoacetamide provides a sulfhydryl-reactive site for
bioconjugation. Porphyrins 2a–2c were fully characterized in aqueous solution by 1H NMR
spectroscopy (in D2O), ESI-MS, static absorption spectroscopy, and static and time-resolved
fluorescence spectroscopy. Porphyrins 2a–2c exhibit characteristic porphyrin absorption and emission
bands in aqueous solution, with a strong, sharp absorption band in the blue region (∼401 nm) and
emission in the red region (∼624, 686 nm). Porphyrin 2b in aqueous phosphate buffer or
phosphate-buffered saline solution exhibits a fluorescence quantum yield of ∼0.04 and an excited
singlet-state lifetime of ∼11 ns. Collectively, the facile synthesis, amenability to bioconjugation, large
spacing between the main absorption and fluorescence features, and long singlet excited-state lifetime
make this molecular design quite attractive for a range of biomedical applications.


Introduction


Diverse biological and medicinal problems require the label-
ing of biomolecules with fluorophores.1–6 The most important
characteristics of such labels are the photophysical features
(absorption strength, absorption/emission maxima, excited-state
lifetime, fluorescence quantum yield) of the fluorophore and the
functional-group specificity of the bioconjugatable moiety. It is
also desirable that the fluorophores be soluble in aqueous solution,
including various buffers to facilitate the labeling process.7


The availability of bioconjugatable (hydro)porphyrins would
provide fluorophores that (1) absorb strongly in the visible-to-
red region, which is ideal for biomedical applications, and (2)
can be tuned to the desired wavelengths by introduction of
suitable peripheral substituents.8–10 A serious drawback of using
porphyrins as bioconjugatable fluorophores until recently was
their insolubility in aqueous media. We recently reported the
synthesis of highly water-soluble porphyrins 1a and 1b (∼20 mM
at pH 7 in pure water).11 The key to the molecular design was
the presence of a symmetrically branched polar-terminated alkyl
chain (‘swallowtail motif ’), which projects above and below the
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porphyrin macrocycle and thereby suppresses intermolecular p–
p stacking (Chart 1). Concentrated aqueous solutions of such
swallowtail porphyrins were stable for extended periods of time
(several weeks) without any sign of aggregation or precipitation.
The carboxylate moiety of porphyrin 1a was exploited for bio-
conjugation to an antibody for a series of biological studies. A
particularly appealing aspect of the bioconjugation was the facile
handling of the porphyrins in aqueous solution without the need
for organic cosolvents.


We were interested in extending the scope of functional group
specificity for the swallowtail porphyrins. We envisaged that an
amino analogue of porphyrins 1a and 1b would be exceptionally
versatile given the broad range of derivatization chemistry that can
be carried out at the amine site, including traditional acylations
or more recent “click” chemistry. One example of the former is
provided by the iodoacetamide moiety, which enables sulfhydryl-
specific bioconjugation.12 A protein or a peptide with a single
cysteine unit can be labeled in a site-specific manner.13–15 At physio-
logical pH, iodoacetamides react selectively with cysteine residues,
and only above pH 9 does labeling through lysine amino residues
occur. Unlike maleimides, iodoacetamides are not prone to nucle-
ophilic attack by amino residues in the proteins, which can result in
protein cross-linking, or to hydrolysis.16 Under acidic conditions,
selenocysteine residues in selenoproteins can be selectively labeled
without interference from cysteine.17 Iodoacetamide moieties have
been incorporated into many common fluorophores and re-
lated bioprobes, including cyanine,7,18,19 fluorescein,20 rhodamine,21


coumarin,22 and dansyl derivatives;23 luminescent complexes
of iridium,24 osmium,25 and platinum;26 redox-active ferrocene
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Chart 1


derivatives;27 and spin-traps.28 Because of the site-specificity af-
forded by iodoacetamide labeling, sulfhydryl-labeled compounds
have been extensively used in resonance energy-transfer exper-
iments. Thus, time-resolved fluorescence energy transfer stud-
ies on a site-specific labeled two-cysteine-containing mutant of
adenylate kinase with 5-iodoacetamidofluorescein (acceptor) and
5-iodoacetamidosalicylic acid (donor) enabled the elucidation of
the substrate-binding mechanism.29 Stopped-flow distance-change
measurements were carried out on phosphoglycerate kinase la-
beled with 5-[2-(iodoacetamido)ethylamino]naphthalenesulfonic
acid (donor) and 5-iodoacetamidofluorescein (acceptor) to mon-
itor in real-time the unfolding of the protein,30 and to determine
interdomain distance distributions.31 A crucial aspect of the
labeling experiments is the availability of suitable donor–acceptor
pairs, and, if necessary, the preparation of the iodoacetamides.31


In this paper, we report the synthesis of a trans-AB-porphyrin
that bears a diphosphonate-terminated swallowtail group and
a p-aminophenyl unit (2a). This versatile molecular design has
been extended to include an acetamido-porphyrin (2b) and
an iodoacetamido-porphyrin analogue (2c). A relatively concise
synthetic approach was devised that circumvents the use of an un-
protected aminophenyl unit, which is not compatible with current
porphyrin synthesis methods.32,33 The photophysical features of
the acetamido-porphyrin analogue (2b) have been characterized.
This work should facilitate the use of porphyrins as fluorophores
in a range of biomedical applications.


Results and discussion


1. Synthesis


The key intermediate building block was porphyrin 3, which con-
tains the protected diphosphonate-derivatized swallowtail group
and the p-aminophenyl unit in a trans-AB arrangement (Chart 2).
We considered three possible porphyrin precursors to 3, including
A-porphyrin 4 and trans-AB-porphyrins 5 and 6. Porphyrin 4
was subjected to bromination with the expectation of subsequent
Suzuki coupling to introduce the p-aminophenyl unit, but the
bromination was not regioselective and afforded an inseparable
mixture. Porphyrin 5 was reacted with PPh3/CBr4 in CH2Cl2 to
obtain the porphyrin-dibromide, but the Boc protecting group
was lost and no porphyrin-dibromide could be isolated. Hence
we turned to the synthesis of porphyrin 6, which is described
below. The syntheses of porphyrins 4 and 5 are described in the
Supplementary Material.†


Chart 2


Dipyrromethane 7,34 obtained by reaction of 4-nitrobenzal-
dehyde with excess pyrrole in the presence of a mild Lewis acid
catalyst (InCl3),35 was subjected to Vilsmeier formylation to obtain
1,9-diformyldipyrromethane 8 (Scheme 1). Vilsmeier formylation
of 7 under standard conditions (room temperature, work-up with
10 M aqueous NaOH)36 gave a tar and only trace amounts of the
desired diformyldipyrromethane 8. Both chromatographic purifi-
cation and complexation with dibutyltin dichloride (to yield the
dibutyltin–diformyldipyrromethane complex37) were attempted to
no avail. Conducting the reaction at 0 ◦C and quenching with
portions of ice-cold aqueous NaOH yielded 8 in a reproducible
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Scheme 1


53% yield after silica column chromatography. Treatment of 8
with excess propylamine in THF quantitatively afforded the 1,9-
bis(propyliminomethyl)dipyrromethane 9, which upon isolation
was used immediately in the porphyrin-forming step.


The condensation of 9 and swallowtail-dipyrromethane 10 was
carried out in the presence of zinc acetate in toluene11 (rather than
ethanol36), affording the corresponding 4-nitrophenyl-substituted
swallowtail-porphyrin 11. Treatment of a THF solution of 11 with
excess TBAF caused straightforward cleavage of the TBDMS
groups but also partial demetalation of the zinc porphyrin
[as indicated by laser desorption mass spectrometric (LD-MS)


analysis]. Treatment of the sample with zinc acetate prior to
chromatography on neutral alumina afforded zinc porphyrin 6.


The reaction of 6 with PPh3/CBr4 in CH2Cl2 following reported
procedures11,38 gave the porphyrin-dibromide 12 (Scheme 2). Ini-
tially we attempted phosphonation of 12 via the Arbuzov reaction
(Br → P(O)(OCH3)2), but found that the major product was
not the porphyrin-alkyldiphosphonate, but presumably the ipso-
substituted (de-nitro) derivative, as indicated by 1H NMR and LD-
MS analysis (see Supplementary Material). To avoid the putative
ipso-substitution pathway during phosphonation, 12 was reduced
to the amine derivative prior to phosphonation. Catalytic transfer
hydrogenation39–41 of 12 was carried out in THF using ammonium
formate and palladium supported on carbon (5 wt%). The starting
porphyrin-dibromide 12 and the product 13 are somewhat labile in
solution, and partial debromination was observed [1H NMR, LD-
MS, m/z 547.0 (13 − Br), m/z 467.8 (13 − 2Br), m/z 576.4 (12 −
Br)]. Prolonged reduction resulted in further losses of the bromine
substituents. Attempts at reducing the amount of debrominated
product by replacing the ammonium formate with cyclohexene as
the hydrogen source were unsuccessful (Supplementary Material).


Scheme 2
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Therefore, the hydrogenation was closely monitored and stopped
immediately after the disappearance of the starting material 12
[TLC, silica, CH2Cl2, Rf(12) = 0.70, Rf(13) = 0.17] to minimize
debromination. Aqueous–organic extraction yielded the product
in 81% yield and ∼85% purity with debrominated products as
the major contaminants as determined by 1H NMR spectroscopy.
The sample thus obtained was pure enough for use in the Arbuzov
reaction. Further purification of 13 was possible by flash silica
column chromatography, but was usually avoided, given the
lability of the compound. Trace amounts of a dimeric porphyrin
were detected in the purified sample by LD-MS analysis (m/z
1177.3), formed presumably via N-alkylation with one of the
swallowtail units. Thus, refluxing the crude sample of 13 in a
mixture of THF and P(OCH3)3 (1 : 5 v/v) for 36 h under an argon
atmosphere yielded the valuable target porphyrin 3 in 40% yield.


Acetylation of 3 with acetic anhydride in pyridine42 afforded
acetamido-porphyrin 14. In addition, reaction of 3 with excess
iodoacetic acid in the presence of DCC gave iodoacetamido-
porphyrin 15 in 52% yield. It is important to use DCC as the
carbodiimide rather than the water-soluble EDCI, even though
the latter simplifies purification of the product. Replacing DCC
with EDCI resulted in partial halogen exchange between the
hydrochloride salt of the coupling reagent and the iodoacetamide,
giving small amounts of the chloroacetamido-porphyrin (as shown
by LD-MS, m/z 764.5). Removal of the excess iodoacetic acid,
DCC, and the urea side-product was achieved with aqueous
washing and flash column chromatography. Small quantities (10–
20 mg) of 15 were easily purified on a plug of alumina, but
larger amounts (50–60 mg) required a silica stationary phase.
Surprisingly, 15 proved quite stable under these conditions, and, if
heating during solvent removal was avoided, was isolated without
apparent loss of the iodine.


The final step for porphyrins 3, 14, and 15 was methyl → silyl
exchange followed by hydrolysis of the phosphonate silyl ethers.
Previously we used bromotrimethylsilane in refluxing CHCl3.11


Here we employed the more reactive iodotrimethylsilane to enable
reaction at room temperature in CH2Cl2 and avoid both thermal
deiodination and undesired halogen exchange. The silylation reac-
tion was complete in 30 min. Removal of the volatile components
under vacuum, hydrolysis of the silyl ethers under mild conditions
(5 wt% NaHCO3, room temperature, 20 min), and preparative
reverse-phase silica column chromatography in each case yielded
the desired water-soluble porphyrin-swallowtail-diphosphonate
2a, 2b or 2c in good yield (Scheme 3).


2. Characterization and water-solubility


A. Synthesis. All of the porphyrins lacking free phosphonic
acid groups (3, 11–15) were analyzed by LD-MS, high reso-
lution FAB-MS, 1H NMR spectroscopy, and absorption and
emission spectroscopy. Each deprotected porphyrin-swallowtail-
diphosphonate (2a–c) was characterized by ESI-MS, 1H NMR
spectroscopy, and absorption and emission spectroscopy. The
purity of the water-soluble porphyrins (2a–c) was confirmed
by reverse-phase HPLC. Good quality 1H NMR spectra of
the iodoacetamido-porphyrin 2c could not be obtained due to
line broadening. A similar problem was encountered previously
(with porphyrins 1a and 1b), and was circumvented by raising
the temperature to 60 ◦C. However, porphyrin 2c is susceptible


Scheme 3


to decomposition at elevated temperatures, and hence was not
examined at elevated temperature. The purity and identity of 2c
were confirmed by reverse-phase HPLC and ESI-MS, respectively,
and were suggested by concordance with the characterization data
for the two analogous compounds, 2a and 2b. As expected, each
porphyrin-swallowtail-diphosphonate (2a, 2b, 2c) was highly solu-
ble in water (>10 mM) and in aqueous phosphate buffer (PB). The
solubility decreases in phosphate-buffered saline (PBS) solution,
no doubt due to the relatively high (∼100 mM) concentration of
metal salts (see Experimental section). Aqueous solutions of 2a
and 2b were stable for several days at room temperature without
apparent aggregation.


B. Spectroscopy. Fig. 1 shows the electronic ground-state
absorption spectrum (solid spectrum) of acetamido-porphyrin 2b
in PBS solution at room temperature. The spectrum shows the
standard features for metal-free porphyrins, including a near-
UV Soret (B) band (401 nm) and a four Q bands in the visible
region: Qy(1,0), 506 nm; Qy(0,0), 542 nm; Qx(1,0), 567 nm; Qx(0,0),


Fig. 1 Normalized absorption (solid) and fluorescence (dashed) spectra
of 2b in PBS at room temperature. The Q-band region of the absorption
spectrum has been multiplied by the factor indicated.
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619 nm. These features lie slightly to longer wavelengths of those
for the unsubstituted parent porphyrin macrocycle, and to shorter
wavelengths of those for tetraarylporphyrins. For example, the
Soret and Qx(0,0) bands for the benchmark free base meso-
tetraphenylporphyrin (H2TPP) are at 401 and 650 nm in organic
solvents such as toluene. The fluorescence spectrum (dashed
spectrum) of 2b is also shown in Fig. 1. The two features at 626
and 686 nm are the Qx(0,0) and Qx(0,1) bands. The shift between
the Qx(0,0) absorption and fluorescence maxima is quite small
(∼130 cm−1), typical of porphyrins, albeit about twice that for
H2TPP. The absorption and fluorescence spectra of 2b in PB are
similar to those found in PBS (the same peak positions to within
1 nm) except for an ∼20% diminution of the Qx features with
respect to the Soret band in PB versus PBS.


The fluorescence quantum yield (U f) for deoxygenated 2b is
0.042 ± 0.006 in PBS and 0.023 ± 0.005 in PB. The smaller value
for 2b in PB is qualitatively consistent with the reduced oscllator
strength of the Qx absorption features (and thus the radiative rate)
compared to PBS. The corresponding lifetime of the lowest-energy
excited singlet state (Qx), measured by fluorescence methods, is s =
10.9 ± 0.4 ns in PBS and 11.3 ± 0.2 ns in PB. In comparison, the
values for H2TPP are U f = 0.09 and s = 13 ns in toluene.43,44


Thus, the average fluorescence yield of 2b is roughly one-third
that of H2TPP while the excited-state lifetime is reduced by ∼20%.
These modest differences are due in part to a reduced radiative
rate constant for 2b versus H2TPP, which can be calculated
from the formula kf = U f/s. The values are kf ∼(260 ns)−1 and
(490 ns)−1 for 2b in PBS and PB, respectively, compared to
∼(145 ns)−1 for H2TPP. The yield of the lowest triplet excited
state of 2b in PB is UT = 0.7 ± 0.1. This value is comparable to the
reported values of 0.67 to 0.84 for H2TPP in organic solvents.43


Collectively, the photophysical properties of acetamido-
porphyrin 2b are generally similar to those of typical free base
porphyrins in organic solvents. The characteristics include strong
absorption in the near UV, weak absorption in the blue–green to
orange–red regions, weak-modest fluorescence, and a long lifetime
of the lowest-energy singlet excited state.


Outlook


A versatile trans-AB-porphyrin bearing a diphosphonate-
terminated swallowtail unit and a p-aminophenyl unit has been
prepared by reaction of a dihydroxy-terminated swallowtail-
dipyrromethane and a 1,9-bis(propyliminomethyl)-5-nitrophenyl-
dipyrromethane followed by functional group transformations.
Derivatization of the amine to give the a-iodoacetamido moiety
affords a sulfhydryl-specific functionality for bioconjugation. The
synthesis is readily implemented to obtain 20–50 mg of target
porphyrin. The protected dimethylphosphonate groups in each of
three free base porphyrins were converted under mild conditions to
the corresponding phosphonic acid moieties. The diphosphonate-
terminated swallowtail moiety imparts high aqueous solubility
(>10 mM).


The design and synthesis of p-iodoacetamido trans-AB-
porphyrin 2c can be compared with that of an earlier A3B-
porphyrin bearing a p-chloroacetamido group and three mesityl
groups; the latter was not soluble in water and the synthesis of the
macrocycle relied on a statistical reaction.45 Extension of the de-
sign and synthesis methodology reported herein to hydroporphy-


rins (e.g., chlorins and bacteriochlorins) is expected to open access
to a wide range of porphyrinic fluorophores that absorb across
the near-UV, visible or near-IR range; emit in the red or near-IR
region; exhibit high water solubility; and can be derivatized at the
amine functionality as desired for bioconjugation purposes.


We note that the fluorescence quantum yield of porphyrin
2b is substantially less than that of many commonly employed
fluorophores. However, for a given illumination, brightness is
the product of absorption intensity and fluorescence quantum
yield.46 In this regard, the effect of the low fluorescence quantum
yield of porphyrins such as 2b can be mitigated by exploiting the
extraordinary intensity of the Soret absorption band. Illumination
in this manner results in a profoundly large effective “Stokes” shift.
Moreover, such porphyrins exhibit a long fluorescence lifetime.
Porphyrin fluorophores of this type are expected to be well suited
for applications such as flow cytometry where minimization of
scattered excitation light into the detection channel is important
and where the incorporation of large numbers of highly water-
soluble fluorophores is desired.


Experimental


General procedures


1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were
recorded in CDCl3 unless noted otherwise. Absorption spectra
and fluorescence spectra were collected at room temperature in
CH2Cl2 unless noted otherwise. Infrared absorption spectra were
recorded as thin films. Hydrophobic porphyrins were analyzed
in neat form by laser desorption mass spectrometry (LD-MS)
without a matrix.47 The water-soluble porphyrins were analyzed
by direct infusion of water–acetonitrile (40 : 60) solutions by
atmospheric pressure electrospray mass spectrometry (ESI-MS).
Both in LD-MS and ESI-MS analyses, positive ions were detected
unless noted otherwise. Melting points are uncorrected. Solvents
were dried according to standard procedures. Compounds 734 and
1011 were synthesized as described in the literature.


Chromatography


Preparative chromatography was performed using silica or alu-
mina (80–200 mesh). Thin layer chromatography was performed
on silica or alumina. Samples were visualized by UV-light (254 nm
and 365 nm), Br2-vapor or KMnO4/K2CO3. Dipyrromethanes
were analyzed by GC as described previously.35 Reverse-phase
preparative column chromatography was carried out using C-18-
coated silica and eluants based on water admixed with methanol.
Analytical HPLC in all cases was carried out using a reverse phase
C-18 column (5 lm, 125 mm × 4 mm) with the following elution
program: flow rate = 1.0 mL min−1; 0–2 min, 0% B; 2–20 min,
0 → 90% B; 20–23 min, 90% B; A = water (0.1% TFA), B =
methanol (0.1% TFA); detection at 254, 410 and 417 nm; void
volume typically 1.1 min.


Photophysical measurements


The photophysical properties of acetamido-porphyrin 2b were
investigated at room temperature using as the aqueous solvent
either 1x PBS (phosphate-buffered saline; 138 mM NaCl, 2.7 mM
KCl, 10 mM Na3PO4, pH 7.4) or PB (phosphate buffer; 10 mM
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Na3PO4, pH 7.4). Static absorption (Varian Cary 100) and fluores-
cence (Spex Fluorolog Tau 2) measurements were performed using
dilute (lM) solutions, as described previously.48,49 Fluorescence
lifetimes were obtained using a phase modulation technique.48


Argon-purged solutions with an absorbance of ≤0.10 at the Soret-
band excitation wavelength were used for the fluorescence spectral
and lifetime measurements. For fluorescence spectra, the excitation
and detection monochromators had a band pass of 1.5 and 3.3 nm,
respectively, and spectra were obtained using 0.2 nm data intervals.
The fluorescence spectra were corrected for detection-system
spectral response. Fluorescence quantum yields were determined
using argon-purged solutions and several excitation wavelengths
(395, 401, 408 nm) for 2b relative to both chlorophyll-a in benzene
(U f = 0.325)50 and H2TPP in toluene (U f = 0.09),43 and the results
averaged. An estimate for the triplet excited-state yield of 2b in
PB was obtained using a transient-absorption technique similar
to that described previously.51,52 The extent of bleaching of the
ground-state Qy(1,0) band (relative to the featureless transient
absorption) due to the lowest singlet excited state was measured
immediately following a 130 fs flash at 570 nm. The amplitude of
this signal was compared to that due to the lowest triplet excited
state measured at a long (∼20 ns) time delay. The latter value was
derived from the long-time asymptote of the singlet-excited-state
bleaching decay (4 ns time course) derived from an exponential fit
with the time constant fixed at the fluorescence lifetime.


5-(4-Aminophenyl)-15-(1,5-bis(dihydroxyphosphoryl)pent-
3-yl)porphyrin (2a)


A sample of 3 (49 mg, 0.071 mmol) in anhydrous CH2Cl2 (2 mL)
under argon was treated with trimethylsilyl iodide (100 lL). The
reaction was allowed to proceed for 30 min. The reaction was
quenched with MeOH (0.5 mL). The sample was concentrated.
The solid residue was treated with dilute aqueous sodium bicar-
bonate (2 mL of a 5 wt% solution). Chromatography (C-18 silica,
water–MeOH, 0 → 50%) followed by evaporation of the solvent
and freeze-drying from water afforded a deep red voluminous solid
(35 mg, 78%):1H NMR (D2O) d 1.34–1.39 (m, 2H), 2.13–2.17 (m,
2H), 3.41–3.52 (m, 4H), 5.69 (m, 1H), 7.30–7.32 (m, 2H), 7.66–7.76
(m, 2H), 8.85–8.93 (m, 2H), 9.34–9.43 (m, 2H), 9.87–9.94 (m, 2H),
10.34–10.54 (m, 4H); ESI-MS obsd (+) 316.6 (M + 2H)2+, 632.0
(M + H)+, 654.0 (M + Na)+; calcd 631.18 (C31H31N5O6P2); kabs


(H2O) 402, 508, 546, 567 nm; kem (H2O, kexc 402 nm) 625, 688 nm;
HPLC tR= 13.98 min.


5-(4-Acetamidophenyl)-15-(1,5-bis(dihydroxyphosphoryl)pent-
3-yl)porphyrin (2b)


A sample of 14 (20.4 mg, 0.0279 mmol) in anhydrous CH2Cl2


(2 mL) under argon was treated with trimethylsilyl iodide (150 lL).
The reaction was allowed to proceed for 30 min. The reaction was
quenched with MeOH (0.5 mL). The sample was concentrated.
The solid residue was treated with dilute aqueous sodium bicar-
bonate (2 mL of a 5 wt% solution). Chromatography (C-18 silica,
water–MeOH, 0 → 50%) followed by evaporation of the solvent
and freeze-drying from water afforded a deep red solid (17.9 mg,
95%): 1H NMR (D2O) d 1.66 (br, 2H), 2.15–2.28 (m, 5H), 3.55–
3.60 (m, 4H), 5.69 (br, 1H), 6.66 (br, 2H), 7.15 (br, 2H), 7.66 (br,
2H), 7.92–8.12 (m, 2H), 9.29–9.53 (m, 4H), 10.12–10.22 (m, 2H);


ESI-MS obsd (+) 688.0 (M + Na)+, 674.2 (M + H)+, 344.5 (M +
Na + H)2+, 337.5 (M + 2H)2+; calcd 673.19 (C33H33N5O7P2); kabs


(H2O) 401, 505 nm; kem (H2O, kexc 401 nm) 625, 686 nm; HPLC
tR = 10.09 min.


5-(1,5-Bis(dihydroxyphosphoryl)pent-3-yl)-15-
(4-a-iodoacetamidophenyl)porphyrin (2c)


A sample of 15 (58 mg, 0.068 mmol) in anhydrous CH2Cl2 (2 mL)
under argon was treated with trimethylsilyl iodide (100 lL). The
reaction was allowed to proceed for 30 min. The reaction was
quenched with MeOH (0.5 mL). The sample was concentrated.
The solid residue was treated with dilute aqueous sodium bicar-
bonate (2 mL of a 5 wt% solution). Chromatography (C-18 silica,
water–MeOH, 0 → 50%) followed by evaporation of the solvent
and freeze-drying from water afforded a deep red voluminous solid
(30.4 mg, 56%): 1H NMR (D2O) d 1.41–1.67 (m, 2H), 2.08–2.30
(m, 2H), 3.39–3.60 (m, 4H), 5.60–5.62 (m, 1H), 6.52 (br, 2H), 7.05
(br, 2H), 7.44–7.58 (m, 2H), 7.75 (br, 1H), 8.00 (br, 1H), 9.16 (br,
1H), 9.26 (br, 1H), 9.48 (br, 2H), 10.05 (br, 1H), 1014 (br, 1H);
ESI-MS obsd (+) 674.1 (M − I + H)+, 800.0 (M + H)+; (−) 672.1
(M − I − H)−, 798.0 (M − H)−; calcd 799.08 (C33H32IN5O7P2); kabs


(H2O) 402, 508, 542, 568 nm; kem (H2O, kexc 402 nm) 625, 688 nm;
HPLC tR = 17.41 min.


5-(4-Aminophenyl)-15-(1,5-bis(dimethoxyphosphoryl)pent-
3-yl)porphyrin (3)


A solution of 13 (168 mg, 0.268 mmol) in THF (7 mL) was
treated with P(OCH3)3 (35 mL). The reaction mixture was refluxed
under argon for 36 h. The sample was concentrated at reduced
pressure. The residue was dissolved in a mixture of CH2Cl2 and
water. The phases were separated and the aqueous layer was
extracted with CH2Cl2. The organic extract was dried (Na2SO4).
Chromatography (silica, CH2Cl2–MeOH, 0 → 7%) afforded a deep
red solid (72.8 mg, 40%): 1H NMR d −2.84 (s, 1H), −2.77 (s, 1H),
1.25–1.46 (m, 2H), 1.90–2.01 (m, 2H), 3.12–3.15 (m, 2H), 3.30–
3.49 (m, 14H), 5.42 (m, 1H), 7.11–7.13 (m, 2H), 8.02–8.04 (m, 2H),
9.14–9.16 (m, 2H), 9.36–9.37 (m, 2H), 9.47–9.49 (m, 2H), 9.70–
9.72 (m, 2H), 10.27–10.28 (m, 2H); LD-MS obsd 687.2; FAB-MS
obsd 688.2479, calcd 688.2454 [(M + H)+, M = C35H39N5O6P2];
kabs 409, 505 nm; kem (kexc 409 nm) 640, 702 nm.


Zn(II)-5-(1,5-dihydroxypent-3-yl)-15-(4-nitrophenyl)porphyrin (6)


A solution of 11 (130 mg, 0.158 mmol) was dissolved in THF
containing TBAF (3.0 mL of a 1.0 M solution, water content
∼5%). The reaction was allowed to proceed for 12 h. Then the
mixture was poured into ethyl acetate, and the solution was washed
with water. The aqueous layer was extracted with ethyl acetate.
The organic extract was washed (water), dried (Na2SO4), and
concentrated. The solid residue was dissolved in a small volume of
THF. Anhydrous zinc acetate (200 mg, 1.09 mmol) was added, and
the mixture was stirred at room temperature for 15 min. Column
chromatography [neutral alumina, CH2Cl2–MeOH–THF (49 : 1
: 0 → 7 : 1 : 2)] afforded a bright purple solid (62.8 mg, 67%):
1H NMR d 3.07–3.11 (m, 2H), 3.26–3.28 (m, 2H), 3.55–3.59 (m,
4H), 5.97 (m, 1H), 8.46–8.49 (m, 2H), 8.66–8.69 (m, 2H), 8.96
(s, 2H), 9.40–9.47 (m, 4H), 9.94–9.95 (m, 2H), 10.06–10.07 (m,
2H), 10.23 (s, 2H); LD-MS obsd 595.1; FAB-MS obsd 595.1183,
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calcd 595.1198 (C31H25N5O4Zn); kabs [CH2Cl2–MeOH (95 : 5)] 412,
545 nm; kem (kexc 412 nm) 598, 641 nm. Note: it is important to
load the sample onto the column as a concentrated solution in
THF, as the porphyrin-diol has very poor solubility in many other
organic solvents, including CH2Cl2. As the initial eluant mixture
(CH2Cl2–MeOH) does not contain THF, the desired porphyrin-
diol precipitates. After elution of the less polar contaminants
(unidentified), the porphyrin should be redissolved by the addition
of 20–30 mL of neat THF onto the column. Afterwards the desired
compound can be isolated by elution with a mixture of CH2Cl2–
MeOH–THF (7 : 1 : 2).


1,9-Diformyl-5-(4-nitrophenyl)dipyrromethane (8)


A solution of 7 (2.79 g, 10.4 mmol) in DMF (10.4 mL) at 0 ◦C
under argon was treated with phosphorous oxychloride (2.04 mL,
22.3 mmol). Stirring was continued for 1 h at 0 ◦C. The solution
was poured into ice-cold aqueous sodium hydroxide (80 mL of 10
wt% solution). The mixture was extracted with ethyl acetate (5 ×
80 mL). The organic extract was washed (water and brine), dried
(Na2SO4), and concentrated. Chromatography on silica (CH2Cl2–
ethyl acetate, 1 : 3 → 1 : 2) gave a pale brown solid (1.80 g, 53%):
mp 73–75 ◦C (dec.); IR (film, mmax, cm−1) 1486, 1519, 1645, 2845,
3129, 3240; 1H NMR d 5.68 (s, 1H), 6.02–6.04 (m, 2H), 6.87–
6.89 (m, 2H), 7.54–7.56 (m, 2H), 8.22–8.24 (m, 2H), 9.15 (s, 2H),
10.89 (s, 2H); 13C NMR d 44.50, 112.38, 122.66, 124.22, 124.39,
133.09, 140.66, 146.80, 147.57, 179.52; FAB-MS obsd 324.0996,
calcd 324.0984 [(M + H)+, M = C17H13N3O4]; kabs 443 nm.


5-(4-Nitrophenyl)-1,9-bis[(N-propylimino)methyl]dipyrromethane
(9)


A solution of 8 (1.50 g, 4.64 mmol) in THF (16 mL) was treated
with propylamine (7.9 mL). The solution was stirred at room
temperature for 1 h. The volatile components were evaporated,
and the sample was dried at reduced pressure, affording a pale
brown solid (quantitative): mp 54–56 ◦C (dec.); 1H NMR d 0.87–
0.92 (m, 6H), 1.57–1.64 (m, 4H), 3.38–3.43 (m, 4H), 5.50 (s, 1H),
5.90–5.92 (m, 2H), 6.36 (m, 2H), 7.32–7.35 (m, 2H), 7.92 (s, 2H),
8.12–8.15 (m, 2H); 13C NMR d 11.99, 24.45, 62.63, 109.81, 114.96,
123.90, 129.49, 130.91, 135.21, 147.11, 148.90, 151.86; FAB-MS
obsd 406.2239, calcd. 406.2243 [(M + H)+, M = C23H27N5O2].
Note: it is possible to store rigorously solvent-free samples of 9 for
a few days at −4 ◦C without significant loss of reactivity. However,
9 proved quite unstable at room temperature, and generally was
used immediately upon isolation.


Zn(II)-5-[1,5-bis(tert-butyldimethylsilyloxy)pent-3-yl]-15-
(4-nitrophenyl)porphyrin (11)


A solution of 9 (405 mg, 1.00 mmol) and 10 (476 mg, 1.00 mmol)
in toluene (92 mL) was treated with Zn(OAc)2 (1.68 g, 10.0 mmol).
The mixture was refluxed for 18 h open to the air. The toluene was
evaporated, and the residue was chromatographed (silica, CH2Cl2)
to give a purple solid (208 mg, 25%): 1H NMR d −0.12 (s, 12H),
0.82 (s, 18H), 3.08–3.16 (m, 2H), 3.29–3.40 (m, 2H), 3.61–3.77 (m,
4H), 5.80–6.03 (m, 1H), 8.18–8.21 (m, 2H), 8.60–8.63 (m, 2H),
8.76–8.78 (m, 2H), 9.18–9.21 (m, 2H), 9.43–9.48 (m, 2H), 9.92–
9.93 (m, 1H), 10.07–10.12 (m, 3H); LD-MS obsd 824.0; FAB-


MS obsd 823.2927, calcd 823.2928 (C43H53N5O4Si2Zn); kabs 408,
537 nm; kem (kexc 408 nm) 583, 633 nm.


5-(1,5-Dibromopent-3-yl)-15-(4-nitrophenyl)porphyrin (12)


Following a reported method,11,38 a suspension of 6 (62.3 mg,
0.104 mmol) in dry CH2Cl2 (23 mL) was treated with CBr4 (100 mg,
0.301 mmol). The mixture was cooled in an ice-water bath for
10 min. Triphenylphosphine (155 mg, 0.591 mmol) was added. The
solution was allowed to warm to room temperature. The reaction
was allowed to proceed at room temperature for 12 h. Water was
added, and the phases were separated. The aqueous phase was
extracted with CH2Cl2. The organic extract was washed with water
and dried (Na2SO4). Chromatography (silica, CH2Cl2) afforded a
dark green solid (34.4 mg, 50%): 1H NMR d −2.87 (s, 1H), −2.83
(s, 1H), 3.20–3.42 (m, 6H), 3.67–3.77 (m, 2H), 5.82–5.86 (m, 1H),
8.41–8.44 (m, 2H), 8.67–8.69 (m, 2H), 8.96–8.99 (m, 2H), 9.41–
9.64 (m, 5H), 10.01–10.02 (m, 1H), 10.34 (s, 2H); LD-MS obsd
657.2, also obsd 578.8 (M − Br)−; FAB-MS obsd 658.0472, calcd
658.0453 [(M + H)+, M = C31H25Br2N5O2]; kabs 407, 504 nm; kem


(kexc 407 nm) 634, 699 nm. Note: prolonged reaction times resulted
in loss of the bromine substituents. In a typical reaction sequence,
isolation of 12 was followed immediately by reduction to 13, which
in turn was used immediately upon isolation for the synthesis of 3.


5-(4-Aminophenyl)-15-(1,5-dibromopent-3-yl)porphyrin (13)


A sample of 12 (93.0 mg, 0.141 mmol) in THF (14 mL) was
treated with Pd/C (5 wt%, 90.1 mg) and ammonium formate
(89.0 mg, 1.41 mmol). The reaction mixture was refluxed for 2 h.
The reaction mixture was filtered. The filtered solid was washed
with CH2Cl2 and water. The aqueous layer was extracted with
CH2Cl2. The organic extract was washed with water and dried
(Na2SO4). Evaporation of the solvent afforded a deep red solid
that was used without further purification (71.7 mg, 81%): 1H
NMR d 3.16–3.21 (m, 4H), 3.59–3.71 (m, 4H), 5.75–5.80 (m, 1H),
7.10–7.13 (m, 2H), 7.97–8.00 (m, 2H), 9.09–9.12 (m, 2H), 9.32–
9.36 (m, 2H), 9.43–9.48 (m, 2H), 9.57–9.58 (m, 1H), 9.92–9.94
(m, 1H), 10.24–10.26 (m, 2H); LD-MS obsd 627.0, calcd 627.1
(C31H27Br2N5); kabs 407, 504 nm; kem (kexc 407 nm) 634, 699 nm.


5-(4-Acetamidophenyl)-15-(1,5-bis(dimethoxyphosphoryl)pent-
3-yl)porphyrin (14)


A sample of 3 (28.2 mg, 0.0410 mmol) in pyridine (1.0 mL) was
treated with acetic anhydride (38.5 lL, 0.410 mmol). Stirring was
continued for 12 h at room temperature. The reaction mixture
was diluted with CH2Cl2 and washed with water. The aqueous
layer was extracted with CH2Cl2. The organic extract was washed
with water, dried (Na2SO4), and concentrated. Chromatography
(neutral alumina, CH2Cl2–MeOH, 0 → 3%) afforded a deep red
solid (22 mg, 74%): 1H NMR d −3.94 (s, 1H), −2.79 (s, 1H),
1.34–1.44 (m, 2H), 1.95–2.00 (m, 2H), 2.34 (s, 3H), 3.15–3.52 (m,
16H), 5.34–5.46 (m, 1H), 7.89–7.91 (m, 2H), 8.00–8.03 (m, 2H),
8.24 (s, 1H), 8.84–8.85 (m, 1H), 8.95–8.96 (m, 1H), 9.08 (app s,
1H), 9.19 (app s, 1H), 9.47 (s, 2H), 9.74–9.75 (m, 2H), 10.17 (s,
2H); LD-MS obsd 730.1; FAB-MS obsd 730.2540, calcd 730.2560
[(M + H)+, M = C37H41N5O7P2]; kabs 407, 504, 538, 576, 631 nm;
kem (kexc 407 nm) 635, 702 nm.
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5-(1,5-Bis(dimethoxyphosphoryl)pent-3-yl)-15-
(4-a-iodoacetamidophenyl)porphyrin (15)


A sample of 3 (52 mg, 0.076 mmol) in CH2Cl2 (5 mL) was
treated with DCC (158 mg, 0.767 mmol) and iodoacetic acid
(539 mg, 2.89 mmol). Stirring was continued for 3 h at room
temperature. The reaction mixture was diluted with CH2Cl2 and
washed with water. The aqueous layer was extracted with CH2Cl2.
The organic extract was washed with water, dried (Na2SO4),
and concentrated. Chromatography (neutral alumina, CH2Cl2–
MeOH, 0 → 3%) afforded a deep red solid (33.6 mg, 52%): 1H
NMR d −3.05 (s, 1H), −2.83 (s, 1H), 1.33–1.53 (m, 2H), 1.93–
2.08 (m, 2H), 3.18–3.49 (m, 16H), 4.06 (s, 2H), 5.41–5.43 (m, 1H),
7.82–7.96 (m, 4H), 8.65–8.66 (m, 1H), 8.79 (s, 1H), 8.89–8.91 (m,
1H), 8.94–8.96 (m, 1H), 9.20–9.21 (m, 1H), 9.47–9.50 (m, 2H),
9.72–9.74 (m, 2H), 10.14 (s, 1H), 10.22 (s, 1H); LD-MS obsd
855.0; FAB-MS obsd 856.1556, calcd 856.1526 [(M + H)+, M =
C37H40IN5O7P2]; kabs 405, 504, 539, 576 nm; kem (kexc 405 nm) 635,
700 nm.
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A novel ditopic cholic acid-based fluorescent chemosensor for ATP, 1a, was designed and synthesized.
Its interactions with phosphates, AMP, ADP, ATP, CTP, GTP, and TTP have been investigated. When
ATP was added to a 1 : 1 aqueous CH3CN solution of the sensor at pH 7.4, a significant decrease in
fluorescence of 1a was observed, whereas other guest molecules showed a much smaller effect. The
complex between 1a and ATP was confirmed through combined UV, 1H, 13C and 31P NMR
spectroscopic methods. The uniqueness of the new sensor is that it binds with ATP 33–124 times more
selectively than other nucleotides, as evidenced from the respective binding constants. 1a is a highly
sensitive sensing probe; as little as 30 nM ATP can cause 15% fluorescence quenching of the sensor.


Introduction


The development of abiotic molecular systems with tailored
binding properties for biologically relevant species in aqueous
media remains a challenge for supramolecular chemistry.1 Due
to the significance of molecular recognition, numerous efforts
have been devoted to designing synthetic luminescent and spec-
trophotometric sensors capable of reporting recognition events
in real time.2 Among various biologically important anions,
phosphate derivatives, encompassing nucleotides and inorganic
pyrophosphate, have long been significant targets because of their
pivotal roles in biological systems. For instance, ATP is known not
only as a universal “energy currency”3a but also as an extracellular
signaling mediator in many biological processes.3b,c It is therefore
not surprising that we have recently witnessed much research into
the development of chemosensors for phosphate derivatives in the
literature.4 However, in most reported cases, these chemosensors
are selective for ATP over the less charged ADP and AMP.4a–c,g,j,l,p


On the other hand, sensors bearing two zinc metal centers as the
binding sites and exhibiting high selectivity for pyrophosphate
over other nucleotides have been documented.4e,h,n In contrast,
only two chemosensor developments in the literature are claimed
to be able to selectively sense ATP and GTP, respectively, over
other nucleotides.4f ,k


Inspired by the seminal work of Davis and coworkers employing
cholic acid derivatives as versatile synthetic hosts,5 for the past
few years we have been engaged in using cholic acid as the
molecular platform to construct fluorescent chemosensors for
cations, anions and neutral molecules (i.e. mercuric ion, halides,
carboxylates, dicarboxylates and amino acids).6 To augment the
binding capacity of the tripodal cholic acid, we have uncovered
for the first time that the C17 flexible side chain of the host can
be exploited as an additional receptive site in supramolecular
chemistry.6c To continue our effort in this significant field of
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research, we herein report the development of a cholic acid-based
fluorescent chemosensor for ATP. This ATP sensor, operating at
pH 7.4 in aqueous media, exhibits outstanding selectivity not only
over phosphate derivatives but also other nucleotides.


Results and discussion


Design of the chemosensor


At the outset of the study, we wanted to introduce multi-receptive
sites for binding to the nucleobase and the triphosphate terminus
of ATP. Working on the cholic acid scaffold, our strategy was (1)
to transform the C17 side chain carboxylic group into an ami-
dothiourea functionality which can serve as a selective phosphate
receptor; and (2) to append a vicinal diamino moiety onto the
C7 and C12 hydroxyl groups which can interact cooperatively
with nucleobase(s) through hydrogen bonding. To confer the host
with fluorescence signal display ability, an anthracene moiety was
introduced to the thiourea moiety, with a methylene spacer.2b


Synthesis of the chemosensor


To realize the aforementioned strategy, ditopic probe 1a was first
constructed by the synthetic route outlined in Scheme 1. Con-
densation of cholic acid derivative 27 with bromoacetyl bromide
afforded dibromide 3 in 85% yield. In the presence of NaOH, treat-
ment of 3 with the (R,R)-1,2-diammoniumcyclohexane mono-(+)-
tartrate salt8 in CH2Cl2 led to the formation of cyclic diamine 4 in
86% yield. The chiral 1,2-diaminocyclohexane was used in order
to avoid the formation of a diastereomeric mixture of products.
Through this transformation, the first receptive site of the sensor,
comprising two vicinal amino groups capable of forming hydrogen
bonds with guest molecules, was incorporated onto the cholic acid
framework. Hydrolysis of acetate 4 with K2CO3 in methanol gave
rise to the control compound 1b. Both the amino groups and the
ester groups of 1b can potentially act as binding sites for nucleic
acid in aqueous solutions. To endow the sensor with a second
binding site and to incorporate a fluorophore capable of detecting
the binding event, 1b was treated with hydrazine in methanol at
50 ◦C, affording the corresponding hydrazide 5 in 85% yield. It
is worthy of note that the C7 and C12 ester functionalities, due
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Scheme 1 Synthesis of sensor 1a and the control compound 1b.


to their steric environment, survived very well under the reaction
conditions; to our delight, no trace of the hydrolyzed product was
obtained. To complete the synthesis, 5 was allowed to react with
9-(thioisocyanomethyl)anthracene to give rise to sensor 1a.


We envisage that the ditopic nature of the sensor should confer
it with binding affinity to bifunctional guest molecules such as
nucleotides. Notably, the flexible C24 side chain bearing the ami-
dothiourea group should bind strongly with phosphate, while the
cyclic vicinal amino groups attached to the C7 and C12 positions
of cholic acid could work cooperatively to provide an additional
binding site for hydrogen bond donors. The former binding event
can modulate the fluorescence of anthracene via a photo-induced
electron transfer (PET) process such that quantitative work can
be conducted.6c


Complexation of nucleic acids with 1b


To shed light on the viability of the vicinal diamino groups in
complexing nucleobases, a 1 : 1 aqueous CH3CN solution of each
of the four nucleobases (i.e. adenine, A; thymine, T; guanine, G;
and cytosine, C) was titrated with the control compound 1b in
pH 7.4 10 mM HEPES buffer solutions. The extent of interaction
between the host and the guest was monitored qualitatively by
UV spectroscopy. In all four cases, the addition of the host
to the nucleobase solutions induces a bathochromic shift and


an enhancement of the absorbance of the bases. Judging from
the extent of the shift, it is quite evident that a stronger host–
guest interaction took place between adenine and 1b (Fig. 1).
By complexing with the host, adenine underwent the greatest


Fig. 1 UV titration of adenine (50 lM) with increasing amounts of
compound 1b in CH3CN–H2O (1 : 1, v/v), HEPES = 10 mM, pH =
7.4.
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red-shift of 8 nm while the other three nucleic bases recorded
a bathochromic shift of about 5 nm. In addition, the magnitude of
interactions between various nucleobases to the host was reflected
by the extent of change in absorbance. An increase of absorbance
by 38.7%, 27.3%, 16.7%, and 11.5% was observed for the binding
of adenine, cytosine, guanine, and thymine, respectively (Fig. S1†).
The hydrogen bond(s) between the vicinal diamino groups of the
host and the amino group of adenine and cytosine is conceivably
responsible for triggering the change in the UV spectra of the
nucleobases. Pertaining to our sensor design for ATP, the binding
ability of the cyclic vicinal diamine moieties towards nucleobases,
particularly to adenine, has been firmly established.


Fluorescence titrations of sensor 1a with various phosphate
derivatives


Having set the stage for investigating the fluorescent chemosensing
capacity of sensor 1a compared to the control compound 1b,
we next initiated the full study of the fluorescence of 1a upon
titration with the sodium salts of all four nucleotides, AMP,
ADP, tetrabutylammonium dihydrogen phosphate and sodium
pyrophosphate. This was carried out by adding incremental
amounts of the guests to a 0.1 lM solution of 1a in 10 mM
HEPES pH 7.4 aqueous CH3CN (1 : 1, v/v). To explore the
potential applications of the sensor, a higher content of water in
the aqueous measuring solutions seemed to be desirable. However,
such an approach was constrained by the limited solubility of the
sensor in water. As a reasonable compromise, a 1 : 1 aqueous
CH3CN solution was used in the subsequent study. In all titrations,
significant fluorescence emission was observed upon excitation
at 366 nm. A typical anthracene emission was observed, with
emission peaks at 443 nm, 419 nm, and 397 nm, and a shoulder at
473 nm. Upon the addition of 20 equiv. of the guests, as shown in
Fig. 2, the intensity of the anthracene emission bands gradually
decreased, with no other spectral changes being detected. Such a
phenomenon of fluorescence quench upon anion recognition, due
to enhanced efficiency of electron transfer quenching from the
receptor to the excited state of the anthracene moiety, has widely


Fig. 2 Changes in the fluorescence emission spectra of 1a (0.1 lM) upon
addition of 20 equiv. of the sodium salts of AMP, ADP, ATP, CTP, GTP,
and TTP, sodium pyrophosphate and tetrabutylammonium dihydrogen
phosphate at pH 7.4 (10 mM HEPES) in 1 : 1 aqueous CH3CN solution.


documented.9 However, the ability of each of the biologically
relevant phosphate derivatives to quench the fluorescence of the
sensor is interestingly different, indicating the variation of binding
affinity of the host to the guests. ATP displays the greatest effect on
quenching the fluorescence of the sensor, reducing the fluorescence
by as much as 70%.


It is also apparent from Fig. 2 that the ability of various guests
to quench the sensors via a PET process can be arranged in the
following descending order: ATP >> ADP > CTP > GTP >


TTP > H2PO4
− ∼ P2O7


4−. The binding stoichiometry of the
complex of 1a and ATP was confirmed to be 1 : 1 by a Job plot
(Fig. S2†). Careful and systematic fluorescent titrations of the
sensor with individual guests allow the evaluation of the binding
constant of each of the complexes (inset of Fig. 3). The sensor is
extremely sensitive to ATP, as exemplified in the titration graphs
shown in Fig. 3 (i.e. the second curve from the top). 30 nM of ATP
can induce 15% fluorescent change of the sensor. The binding
constants of 1a and ATP in different compositions of aqueous
CH3CN were also evaluated, and the results are compiled in
(Table S1†).


Fig. 3 Changes in the fluorescence emission spectra of 1a (0.1 lM) upon
addition of ATP anion (0–2.5 lM) in aqueous CH3CN (1 : 1) buffer
solution at pH 7.4. Inset: The dependence of the fluorescence of the sensor
on the concentration of different guests.


Using non-linear least-square fitting, the respective binding
constants of the studied sensor–guest pairs are reported in
Table 1.10 By careful examination of the relative values of the
binding constants (which are in agreement with many literature
reports), the gradual decrease in binding constant in the ATP, ADP
and AMP series is readily explainable. The enhanced electron den-
sity accumulating in the phosphate terminus on moving from AMP
to ADP to ATP means that they exhibit different binding with the
thiourea receptor of the sensor. In contrast to other analogs, it
is understandable that dihydrogen phosphate and pyrophosphate,
which bear only one effective binding functionality, should display
the weakest interaction with the sensor. However, the selectivity
exhibited by the sensor, ranging over more than two orders of
magnitude (i.e. 6 950 000 for ATP versus 56 200 for TTP) among
the four nucleotides, is most interesting and intriguing. The second
receptor, comprising vicinal diamine groups lying in the core of
the sensor, must contribute crucially to this discriminative power.


To rationalize the selectivity of the sensor towards different
nucleotides and phosphate, the complementary relationships
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Table 1 Binding constants of 1a and the guests, calculated by non-linear least-square fitting


Analyte Binding constant Kass/M−1 R No. of H-bonding sites for 1a


ATP (6.95 ± 0.11) × 106 0.9962 4
ADP (5.79 ± 0.18) × 105 0.9921 4
CTP (2.08 ± 0.17) × 105 0.9914 4
AMP (1.71 ± 0.12) × 105 0.9927 4
GTP (6.81 ± 0.46) × 104 0.9972 3
TTP (5.62 ± 0.49) × 104 0.9938 3
H2PO4


− (8.17 ± 0.10) × 103 0.9962 2
P2O7


4− (2.80 ± 0.25) × 104 0.9982 2
Glutamate (2.83 ± 0.38) × 105 0.9914 —
Acetate (1.37 ± 0.20) × 103 0.9915 2
Alanine 527 ± 17 0.9978 2
Chloride —a — —


a The value is too small to be calculated.


between the host and the guests in terms of electronic and
spatial characteristics were scrutinized. Cursory examination of
molecular models revealed that ATP and GTP bearing a purine
ring can stretch apart far enough to enable on the one hand the
triphosphate terminus to reach the C17 thiourea receptive site,
while on the other hand to allow the nucleobase terminus to
interact with the diamino groups via hydrogen bonding (Fig. 4).
Therefore, on the basis of the spatial complementary factor, the
sensor 1a can bind better with ATP and GTP than with CTP and
TTP. However, ATP and CTP, possessing an amino group situated
in the correct place, can conceivably interact with the vicinal amino
groups via two hydrogen bonds, as shown in Fig. 4. In contrast,
GTP and TTP can only form one hydrogen bonding interaction
with the second receptive site of the host. The additional hydrogen
bonding capacity of ATP and CTP makes them better guests


Fig. 4 The proposed binding mode of 1a and ATP (and other nucleotides)
by multiple hydrogen bonding. For simplicity, the hydroxyl groups in the
ribose units of CTP, GTP and TTP are not shown.


than GTP and TTP, which are in turn better than the mono-
functionalized phosphates.


To define the full scope of the selectivity of the sensor, the
fluorescence response of 1a to other common anions was also
determined, and their association constants are included in
Table 1. As expected, the spherical chloride ion did not bind
with either receptive site, while trigonal planar carboxylates such
as acetate and alanine can complex the amidourea group with
two hydrogen bonds. Being a stronger acid than acetate, alanine
binds with 1a in a much weaker manner. It is interesting to note
that glutamate, being a trifunctional amino acid, binds to the
sensor with a fairly high binding constant. Systematic studies of
the interaction between various amino acids and 1a to elucidate
their binding mode are underway, and the results will be reported
in due course.


Investigating the ATP recognition by the sensor using 1H, 13C and
31P NMR


To clarify the structure of the complex, 1H, 13C and 31P NMR
experiments were conducted. A mixture of D2O and CH3CN
(1 : 1, v/v) and millimolar concentrations of the sensor were
used to avoid precipitation. Due to the presence of a large
number of cholestic protons, the 1H NMR spectrum of the
sensor is very complicated, particularly in the upfield region.
Also, in D2O solvent, all amino protons and thiourea N–H
protons were too broad to locate. Nevertheless, upon binding,
substantial complexation-induced shifts (CISs) of certain critical
protons of the sensor and the guest can be clearly identified.
As shown in Fig. 5 and Table 2, significant upfield shifts were
observed for the two purine protons (H2 and H8) of ATP as well
as all aromatic protons of the anthracene moiety of the sensor.
The two aromatic protons of the adenine unit, originally at 8.22
and 8.38 ppm, respectively, were significantly shifted to 7.62 and
7.88 ppm, respectively, when an equimolar mixture of ATP and
1a was measured. These considerable CIS values (i.e. −0.6 and
−0.5 ppm) strongly suggest that strong interactions are taking
place between the host and the guest. In contrast, the CIS of
the anthracene aromatic protons of 1a, ranging from −0.08 to
−0.30 ppm as a result of the binding to the phosphate group
of ATP, has many literature precedents.2d The upfield shifts are
common for guest binding, and in our case it denotes an effect of a
microenvironment of high electron density, due to the lone electron
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Table 2 Complexation-induced shifts (in ppm) of selected protons of 1a and ATP triggered by the binding


Sensor 1a ATP


H10 H1/H8 H2/H7 H3/H6 H4/H5 H2 H8


d (original) 8.50 8.28 7.60 7.50 8.05 8.38 8.38
d (binding) 8.38 8.16 7.52 7.30 7.75 7.62 7.88
CIS −0.12 −0.12 −0.08 +0.20 −0.30 −0.60 −0.50


Fig. 5 Partial 1H NMR spectrum of (a) ATP, (b) sensor + ATP (1 equiv.)
and (c) sensor in CD3CN–D2O (1 : 1).


pairs of vicinal diamino nitrogens and the hydrogen bonded
dithiourea group.11 13C NMR data allowed us to completely rule
out the participation of the two pendent ester groups in binding
ATP, as the chemical shifts of these two carboxyl carbons of
the host were 169.2 and 171.1 ppm, remaining unchanged after
binding with the guest. On the other hand, clear upfield shifts of
all five purine carbons in ATP were observed as a result of the
complexation (Fig. S3 and Table S2†).


Finally, the 31P NMR study of the complex of the sensor and
ATP revealed that, after binding, the a-, b- and c-phosphorus
atoms of ATP recorded different extents of upfield shift, according
to their distance from the receptor (Fig. 6). The relatively large
upfield shift observable for the 31P signals (4.2 and 1.8 ppm for c-
and b-phosphorus atoms) of the complex suggested the formation
of very strong hydrogen bonds between the host and guest.


In summary, on the basis of NMR observations and the fluo-
rescence data of the complex, together with the aforementioned
UV spectroscopic results on the interaction of nucleobases with
the control compound 1b, a plausible binding mode (as described
in Fig. 4) was adequately established.


Conclusions


We have described the design and synthesis of a novel cholic acid-
based fluorescent chemosensor for ATP. We have demonstrated
that the ditopic sensor 1a, bearing thiourea and vicinal diamine
receptive sites, forms complexes with nucleotides via multiple
hydrogen bonding interactions. The binding can be conveniently
examined by fluorescence titrations. The impressive selectivity of


Fig. 6 31P NMR spectra of ATP and ATP in the presence of 1 equiv. of
sensor 1a.


the sensor towards ATP over other biologically related nucleotides
was rationalized on the basis of the combined effect of electronic
and spatial factors. A plausible binding model was proposed
and was substantiated by combined spectroscopic methods. The
sensing can be conducted in aqueous solutions with sensitivity on
the sub-micromolar level.


Experimental


1. General methods


Melting points were determined with an MEL-TEMPII melting-
point apparatus (uncorrected). 1H, 13C and 31P NMR spectra
were recorded in CDCl3, with Me4Si as the internal standard,
on a JEOL EX270 spectrometer. High-resolution mass spectra
were recorded on a Bruker Autoflex mass spectrometer (MALDI-
TOF). Absorption spectra were recorded on a Hewlett Packard
8453 UV-vis spectrophotometer. Fluorescence emission spectra
were collected on a Photon Technology International (PTI)
spectrometer at 293 K. CH2Cl2 was dried and distilled from CaH2.
All other commercially available reagents were used as received.


2. Synthesis of 1a, 1b, and 3–5


2.1. Compound 3. Bromoacetyl bromide (0.78 mL, 9 mmol)
was added to a solution of 2 (1.40 g, 3 mmol) in 20 mL of
freshly distilled dry CH2Cl2 at room temperature. The reaction
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mixture was stirred for 5 h. The organic solution was then washed
with dilute NaOH solution and dried over MgSO4. After the
evaporation of the solvent, the residue was then purified by
column chromatography on silica gel using petroleum ether–ethyl
acetate = 3 : 1 as the eluent. Evaporation of the eluent afforded
the final product 3 (1.8 g, 85% yield) as a yellow oil. 1H NMR
(270 MHz, CDCl3): d 0.70 (s, 3H), 0.78 (d, 3H, J = 6.2 Hz), 0.88
(s, 3H), 1.96 (s, 3H), 3.60 (s, 3H), 3.73–3.88 (m, 4H), 4.51 (s, 1H),
4.94 (s, 1H), 5.11 (s, 1H). 13C NMR (67.8 MHz, CDCl3): d 12.0,
17.5, 21.4, 22.3, 22.9, 25.0, 26.0, 26.2, 26.3, 26.3, 26.6, 27.2, 28.5,
30.7, 30.9, 31.2, 34.3, 34.6, 34.8, 37.9, 40.6, 42.7, 45.1, 47.1, 51.5,
73.0, 73.7, 166.0, 166.2, 170.3, 174.2. MALDI TOF HRMS: calcd
for C31H46Br2O8Na, 727.1584; found, 727.1528.


2.2. Compound 4. To a stirred solution of (R,R)-1,2-
diaminocyclohexane tartrate salt (790 mg, 3 mmol) in 4 mL
of a 2 N NaOH solution were added 20 mL of CH2Cl2. A
solution of 3 (1.4 g, 2 mmol) in 20 mL CH2Cl2 was then added
dropwise into the stirred system. The two-phase mixture was
stirred vigorously at room temperature overnight. The reaction did
not go to completion. The organic layer was then extracted out and
washed with dilute HCl (2 × 10 mL). After drying with MgSO4,
the solvent was removed by rotary evaporation under vacuum.
Column chromatography on silica gel, eluting with petroleum
ether–ethyl acetate (2 : 1), gave the final product 4 as a colourless
oil (1.13 g, 86% yield). [a]26


D = −28.6 (c = 1, CH2Cl2). 1H NMR
(270 MHz, CDCl3): d 0.65 (s, 3H), 0.78–0.84 (m, 6H), 3.11–3.17
(m, 2H), 3.47–3.60 (m, 5H), 4.45 (s, 1H), 4.84 (s, 1H), 5.06 (s, 1H).
13C NMR (100 MHz, CDCl3): d 11.8, 17.8, 21.6, 22.2, 23.3, 23.8,
24.9, 25.0, 26.8, 27.2, 27.5, 30.8, 31.1, 31.3, 31.7, 32.0, 34.6, 35.0,
35.2, 38.5, 38.5, 40.9, 41.9, 44.9, 45.0, 47.5, 50.4, 51.6, 63.6, 63.6,
72.3, 74.4, 76.0, 170.5, 170.8, 171.1, 174.6. MALDI TOF HRMS:
calcd for C37H58N2O8Na, 681.4237; found, 681.4256.


2.3. Compound 1b. To a solution of 4 (330 mg, 0.5 mmol)
in methanol (5 mL) was added K2CO3 (69 mg, 0.5 mmol),
and the mixture stirred for 5 h at room temperature. The
reaction was quenched by washing with dilute HCl solution. The
organic layer was dried over MgSO4, and the crude product was
chromatographed on silica gel, eluting with petroleum ether–ethyl
acetate (1 : 3), to yield the pure product 1b as a white solid (284 mg,
92% yield). Mp 105–108 ◦C. [a]26


D = −31.1 (c = 1, CH2Cl2). 1H
NMR (270 MHz, CDCl3): d 0.72 (s, 3H), 0.84–0.90 (m, 6H), 3.14–
3.21 (m, 2H), 3.43 (s, 1H), 3.55–3.68 (m, 5H), 4.93 (s, 1H), 5.19 (s,
1H). 13C NMR (67.8 MHz, CDCl3): d 11.8, 17.8, 22.2, 23.2, 23.9,
24.7, 24.9, 26.6, 27.1, 27.3, 30.7, 31.1, 31.6, 31.9, 34.6, 34.8, 35.0,
35.5, 38.5, 41.2, 41.6, 44.8, 47.4, 50.8, 51.4, 51.5, 60.7, 63.3, 63.9,
71.9, 75.6, 76.5, 170.5, 170.8, 174.3. MALDI TOF HRMS: calcd
for C35H57N2O7, 617.4284; found, 617.4255.


2.4. Compound 5. A mixture of 1b (230 mg, 0.37 mmol) and
hydrazine monohydrate (0.5 mL, large excess) in methanol (15 mL)
was heated to 50 ◦C for 24 h. The methanol was then removed, and
the residue was purified by flash column chromatography, eluting
with CH3OH–CH2Cl2 (1 : 4), to give the pure product 5 as a white
foam (196 mg, 85% yield). Mp 128–130 ◦C. [a]26


D = −34.8 (c = 1,
CH2Cl2). 1H NMR (270 MHz, CDCl3): d 0.72 (s, 3H), 0.80–0.91
(m, 6H), 3.15–3.21 (m, 2H), 3.40 (s, 1H), 3.58–3.69 (m, 2H), 4.93 (s,
1H), 5.20 (s, 1H). 13C NMR (100 MHz, CDCl3): d 11.5, 17.7, 21.8,


23.0, 23.9, 24.4, 24.6, 26.9, 27.2, 30.2, 30.8, 30.9, 31.2, 31.6, 34.2,
34.7, 35.3, 38.3, 39.2, 40.7, 41.5, 44.6, 47.3, 50.9, 51.3, 63.1, 64.1,
70.7, 71.7, 75.8, 76.7, 169.7, 170.2, 174.0. MALDI TOF HRMS:
calcd for C34H56N4O6Na, 639.4262; found, 639.4249.


2.5. Sensor 1a. A mixture of 5 (123 mg, 0.2 mmol) and 9-
(isothiocyanomethyl)anthracene (49 mg, 0.2 mmol) was stirred
in dry CH2Cl2 (10 mL) at room temperature for 24 h. Column
chromatography on silica gel, eluting with petroleum ether–ethyl
acetate (1 : 1), gave the pure product 1a as a pale yellow solid
(133 mg, 77% yield). Mp 146–148 ◦C. [a]26


D =−38.5 (c = 1, CH2Cl2).
1H NMR (270 MHz, CDCl3): d 0.70 (s, 3H), 0.80–0.89 (m, 6H),
3.12–3.18 (m, 2H), 3.36 (s, 1H), 3.56–3.68 (m, 2H), 4.92 (s, 1H),
5.19 (s, 1H), 5.57 (s, 2H), 7.13 (s, 1H), 7.46–7.57 (m, 4H), 7.98–8.01
(d, 2H, J = 8.1 Hz), 8.26–8.29 (d, 2H, J = 8.1 Hz), 8.45 (s, 1H).
13C NMR (100 MHz, CDCl3): d 11.8, 18.1, 22.2, 23.5, 24.3, 24.7,
24.8, 27.3, 27.6, 30.5, 31.0, 31.5, 31.8, 34.6, 35.0, 35.7, 38.7, 39.7,
41.1, 41.9, 45.0, 45.0, 47.7, 50.6, 51.1, 51.8, 62.9, 64.2, 71.2, 72.5,
76.6, 124.3, 125.4, 125.6, 126.9, 128.5, 130.8, 131.6, 134.3, 169.1,
169.9, 174.9. MALDI TOF HRMS: calcd for C50H67N5O6SNa,
888.4816; found, 888.4847.
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Novel immobilized Pd catalysts, polysilane-supported pal-
ladium/alumina hybrid catalysts, have been developed. The
catalysts showed high catalytic activity for hydrogenation,
and could be used in an organic solvent or under solvent-free
conditions.


Palladium is one of the most important hydrogenation catalysts
used in both laboratories and industry. While immobilized palla-
dium (Pd) catalysts such as Pd/C and Pd/SiO2, etc. have been often
employed, leaching of the palladium from the supports, moderate
yields of recovery, contamination of the reaction products with
palladium, and poisoning of the catalyst by heteroatoms such as
sulfur and nitrogen, etc. are sometimes serious problems especially
in the manufacture of pharmaceuticals.1 To address these issues,
new methods for the immobilization of homogeneous Pd catalysts
onto inorganic or organic supports have been widely investigated.2


However, tedious procedures are often needed for the preparation
of such heterogeneous catalysts, and lower activity/selectivity and
leaching of catalysts from the supports remain serious problems.


Previously, we have developed new methods for immobilizing
metal catalysts onto polymers, microencapsulation3 and polymer
incarcerated (PI) protocols,4 which are based on physical envel-
opment by the polymers, and electronic interaction between p
electrons of the benzene rings of the polystyrene-based polymers
and vacant orbitals of the metals. Next, we focused on polysilanes
as a support for heterogeneous catalysts. Polysilanes have been
widely studied due to their interesting electronic properties such
as high hole mobility, photoconductivity, and nonlinear optical
properties caused by r-conjugation of the silicon backbone.5–7 In
addition, polysilane is used as a starting material for ceramics
and synthetic methods for mass production are established.8


Recently, we have synthesized immobilized Pd and Pt catalysts
based on poly(methylphenyl)silane for the first time.9 Polysilane-
supported Pd catalysts (Pd/PSi) have been successfully used in
hydrogenation. The reactions proceeded in high yields, and the
catalysts could be recovered and reused almost quantitatively
by simple filtration. Polysilane-supported Pt (Pt/PSi) catalysts
were prepared by a similar method and showed high activity
in hydrosilylation. However, a small amount of Pd leaching was
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confirmed by ICP analysis when nitrogen-containing compounds
such as nitrobenzene were used. Furthermore, these catalysts had a
somewhat limited applicability profile, since the carrier polysilane
dissolved in some organic solvents. In order to address these
issues, we planned to apply the PI method to polysilane-supported
catalysts. In this paper, we describe the synthesis of highly active PI
Pd/PSi on aluminium oxide and its application to hydrogenation.†


We first examined several metal oxides and the ratio to
Pd/PSi for the preparation of hybrid catalysts (Table 1). In a
typical procedure, poly(methylphenyl)silane (Mw = 3.2 × 104) and
Pd(OAc)2 were combined in THF at 0 ◦C for 1 h, and a metal oxide
was added to this mixture. After stirring for a further 1 h, MeOH
was added to form microencapsulated Pd (MC Pd/PSi) on the
metal oxide. The resulting MC Pd/PSi (1) was heated at 140 ◦C
for 2 h, washed sequentially with THF, CHCl3, and MeOH, and
dried under reduced pressure to afford PI Pd/PSi on the metal
oxide 2. We tested hybrid catalysts 2 on the hydrogenation of
ethyl cinnamate (Scheme 1). When SiO2 was used, recovery of
palladium was low (Table 1, entry 2). On the other hand, Al2O3,
TiO2, and ZrO2 gave promising results (entries 3, 6 and 9). It
was found that higher ratios of the metal oxides to Pd/PSi were
important for good recovery of palladium and high activity for
the hydrogenation (entries 4, 5, 8, 10, and 11).


Scheme 1 Hydrogenation of ethyl cinnamate


Among the metal oxides tested, alumina was revealed to be
superior to other metal oxides in terms of yield and quality of the
immobilized catalysts (entries 4 and 5). With these data in hand,
we further studied preparation conditions of the catalyst using
alumina. In a large-scale preparation of PI Pd/PSi, it was found
that the heating at 140 ◦C under neat conditions (cross-linking
step) gave low reproducibility, presumably due to irregularity of
heating and influence of oxygen. After further investigations, good
reproducibility was obtained when decane was used as a solvent
under an argon atmosphere. Next, several conditions for the cross-
linking step were examined (Table 2). It was found that whilst
palladium catalysts 4 that had been prepared at 120 ◦C and 140 ◦C
for 2 hours gave quantitative conversion in the hydrogenation
reaction, those prepared over a longer period of time gave lower
conversions in the subsequent hydrogenation (entries 2 and 4). On
the other hand, using a preparation temperature of 160 ◦C even
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Table 1 Preparation of PI Pd/PSi on metal oxide and hydrogenation reaction


Preparation of PI Pd/PSi on metal oxide Hydrogenationa


Entry Metal oxide (g) Yield of 1 (g) Yield of 2/1 (w/w) Loading/lmol g−1 Recovery of Pd (%)b Conversion (%)c Leaching (%)d


1 None 0.72 — 13.4 96 94 NDf


2 SiO2 (1.0) 1.81 0.56 49.8 51 88 0.27
3 Al2O3 (1.0) 1.63 0.77 72.3 91 55 0.23
4 (5.0) 5.62 0.95 15.1 81 99.8 <0.28
5 (10.0) 10.57 0.96 8.3 85 99.8 <0.28
6 TiO2 (1.0) 1.63 0.79 60.1 78 74 <0.23
7 (5.0) 5.61 0.99 11.7 65 76 <0.28
8 (10.0) 10.56 0.97 7.3 74 >99.9 <0.28
9 ZrO2 (1.0) 1.60 0.80 63.7 81 46 <0.23


10 (5.0) 5.61 0.93 16.2 90 99.3 <0.28
11 (10.0) 10.48 0.91 8.2 79 >99.9 <0.30


a Reaction conditions: see Scheme 1. b Recovery over two steps. c Determined by GC analysis. d Determined by ICP analysis. e MC Pd/PSi was used. f Not
determined.


Table 2 Preparation of PI Pd/PSi on Al2O3 by the heat cross-linking method and hydrogenation reaction


Hydrogenationa


Preparation of PI Pd/PSi on Al2O3 Conversion (%)c


Entry x/◦C y/h Yield of 4/3 (w/w) Loading/lmol g−1 Recovery of Pd (%)b 1 h 2 h Leaching (%)d


1 120 2 0.91 15.2 80 94 Quant. <0.74
2 120 4 0.91 12.7 67 74 93 1.06
3 140 2 0.93 15.8 85 73 Quant. <0.74
4 140 4 0.93 16.3 89 59 94 <0.74
5 160 2 0.95 15.3 84 63 82 <0.74


a Reaction conditions: ethyl cinnamate (1 mmol), Pd catalyst 4 (0.1 mol%), EtOH (1 mL) and H2 (1 atm), rt, 2 h. b Recovery of two steps. c Determined
by GC analysis. d Determined by ICP analysis.


over the shortened time of 2 hours only afforded a catalyst whose
activity was comparatively low (entry 5).


The substrate scope of the hydrogenation was then examined
using 0.05 mol% PI Pd/PSi on alumina (4a) in organic solvents
such as ethanol and dichloromethane under hydrogen gas at at-
mospheric pressure and room temperature (Table 3). Gratifyingly
it was found that under these conditions ethyl cinnamate (entry 1)
and 2-cyclohexen-1-one (entry 2) were reduced smoothly in EtOH
to afford the desired products in high yields without leaching of
Pd. Chalcone also reacted smoothly to give the corresponding
ketone and alcohol in 91% and 6% yields, respectively (entry 3).


While N-methylmaleimide, maleic acid, and a diene were reduced
smoothly to afford N-methylsuccinimide, succinic acid, and alkane
in high yields, respectively, a small amount of Pd leaching was
observed (entries 4, 5 and 6). Furthermore, in the case of using
catalyst 4a, nitrobenzene was reduced smoothly to afford aniline
quantitatively. It is particularly noteworthy that the leaching of Pd
in this instance was lower than that observed when using the MC
Pd/PSi catalyst (entries 7 and 8).


We also evaluated catalyst 4a in the hydrogenation of ethyl
cinnamate, N-methylmaleimide, and chalcone using 0.05 or
0.20 mol% of Pd under solvent-free conditions (Table 4).10 We
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Table 3 Substrate scope


Entry Substrate Solvent Conc./mol L−1 Time/h Product Yield (%)b Leaching (%)c


1 EtOH 0.33 1 >99.9d <0.22


2 EtOH 1.0 4 Quant. <0.30


3 EtOH 1.0 24 91 (6) 0.99


4 EtOH 0.50 1 97 0.48


5 EtOH 1.0 3.5 Quant. 0.94


6 CH2Cl2 0.50 24 98 3.6


7
8e


EtOH
Hexane


1.0
0.33


8
1.5


>99.9d


>99.9d
0.34
2.28


a Pd: 0.142 wt%, Al: 47.7 wt%, Si: 2.28 wt% (determined by ICP analysis). b Determined by 1H NMR analysis. c Determined by ICP analysis. d Conversion,
determined by GC analysis. e 0.50 mol% of MC Pd/PSi without Al2O3 was used. See ref. 9


Table 4 Hydrogenation without solvent


Entry Substrate 4a/mol% Temp. Time/h Product Yield (%)a Leaching (%)b


1
2d


0.05
0.05


RT
50 ◦C


8
16


>99.9c


Quant.e
<0.22
<0.10


3
4


0.05
0.20


50 ◦C
RT


1
1


58
79


—
—


5
6


0.05
0.20


50 ◦C
50 ◦C


24
24


80 (Trace)
95 (5)


—
0.12


a Determined by 1H NMR analysis. b Determined by ICP analysis. c Conversion, determined by GC analysis. d 25 mmol scale. e Determined by GC analysis


had previously found that when using MC Pd/PSi with a liquid
chemical such as ethyl cinnamate as substrate, the catalyst was
dissolved in the substrate and the palladium metal tended to
leach from the support. Pleasingly however, it was discovered


that in the case of 4a, the reaction could be conducted without
leaching of Pd (entries 1 and 2). Solid chemicals such as
N-methylmaleimide and chalcone could be used as substrates
directly and good chemical yields were obtained (entries 3, 4, 5
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and 6). Particularly, in the case of chalcone, it is noted that the
leaching of Pd was lower than that observed when using ethanol
as a solvent (entry 6, cf. Table 3, entry 3).


In order to probe the structure of the catalyst, we analyzed PI
catalyst 4 (Table 2, entry 3) by 29Si CPMAS NMR (Fig. 1). In
the preparation of MC Pd/PSi on alumina (3), while a portion
of the Si–Si bonds were oxidized to form O–Si–O bonds, almost
the same signals (chart c) as for those of poly(methylphenylsilane)
(chart a) were observed. On the other hand, PI Pd/PSi on alumina
[catalyst 4 (Table 2, entry 3)] gave interesting spectra (chart d).
29Si NMR analysis revealed four signals at about −100, −40,
−33, and −25 ppm, corresponding to Si–O–Al, Si–Si, O–Si–O,
and Si–O–Si bonds, respectively. It was assumed that polysilane
was fixed on activated alumina by formation of linkages with
aluminium through oxygen. In addition, since alumina has a lot
of nanopores on the surface, it is expected that the polysilane-
supported palladium clusters are included in these nanopores and
stabilized. However, at the current time the precise structure of
catalyst 4 is still unclear, and further investigation and information
are needed.


Fig. 1 Comparison of 29Si CPMAS NMR spectra


In summary, we have developed novel polysilane-supported
palladium/alumina hybrid catalysts. These catalysts showed high
catalytic activity in hydrogenation and could be used in an organic


solvent or under solvent-free conditions. Further investigations
to prepare other immobilized metal catalysts as well as their
applications to other reactions are now in progress.11


Notes and references


† Synthesis of poly(methylphenylsilane): Methylphenyldichlorosilane
(382 g, 2.00 mol) was added dropwise to a suspension of sodium (96.6 g,
4.20 mol) in THF (1 L) over 30 min with vigorous stirring at reflux
temperature. After stirring for further 3.5 h, the mixture was cooled in
an ice bath and diluted with toluene (500 mL). 3 N HCl (500 mL) was
added dropwise to the mixture, the organic layer was separated, and water
was added to the aqueous layer to dissolve NaCl. The aqueous layer
was extracted with toluene and the combined organic layers were washed
with H2O, 5% aqueous solution of NaHCO3, H2O and brine. The organic
layer was dried over Na2SO4 and concentrated to ca. 600 mL in vacuo.
MeOH (750 mL) was added to the solution, the precipitate was collected
by filtration and washed with MeOH. The crude polysilane was dissolved
in toluene (370 mL) and precipitated by adding iPrOH. The precipitate
was collected, washed with toluene–iPrOH (1 : 5) and dried under reduced
pressure at 55 ◦C to afford poly(methylphenylsilane) (135 g, 56% yield).
Mw = 3.21 × 104, Mn = 1.12 × 104, Mw/Mn = 2.87.
General procedure for the preparation of PI Pd/PSi on Al2O3 (4) (Table 2):
Poly(methylphenylsilane) (100 g) was dissolved in THF (800 mL) and
cooled to 0 ◦C. To this solution, palladium(II) acetate (2.25 g, 10.0 mmol)
was added and the mixture was stirred for 1 h at this temperature. To the
dark brown polymer solution was added alumina (500 g), and the mixture
was allowed to warm to room temperature. After 2 h, MeOH (4 L) was
slowly added for coacervation and the resulting precipitate was collected
by filtration, washed with MeOH several times and dried under reduced
pressure at 55 ◦C to afford the microencapsulated palladium catalyst (MC
Pd/PSi on Al2O3 3, 581 g, Pd = 14.3 mmol g−1, 83% of Pd was loaded).
The Pd loading was determined by ICP analysis. MC catalyst 3 (20 g) was
suspended in decane (40 mL) at room temperature, and heated to 120–
160 ◦C for 2–4 h. The resulting solid was collected by filtration, washed
with hot THF and MeOH several times and dried under reduced pressure
at 55 ◦C. The polymer incarcerated palladium catalysts (PI Pd/PSi on
Al2O3 4) were obtained. The loading of Pd was determined by ICP analysis.
Hydrogenation catalyzed by PI Pd/PSi on Al2O3 (4a) (Table 3): A
typical experimental procedure is described for the hydrogenation of
ethyl cinnamate. Ethyl cinnamate (5 mmol) and PI Pd/PSi on Al2O3 (4a,
0.05 mol%) were combined in ethanol (15 mL). The mixture was stirred
for 1 h at room temperature under H2 atmosphere (1 atm). The yield and
conversion were determined by GC analysis with reference to naphthalene
or 1H NMR analysis with reference to 1,2,3,4-tetramethylbenzene (durene)
as an internal standard. The leaching of Pd from the support was
determined by ICP analysis.
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Aryl triflates were found to be suitable partners for the palladium catalyzed direct arylation of
heteroaromatics via C–H activation–functionalization. The reaction conditions and the catalyst have a
determining influence on the yields. The system combining PPh3 and Pd(OAc)2 using KOAc as base
and DMF as solvent promotes the selective 2- or 5-arylations in moderate to high yields. Several
heteroaromatics such as furan, thiophene, thiazole or oxazole derivatives have been employed
successfully. The electronic properties of the aryl triflates also have a decisive influence on the yields of
the coupling products. Electron-rich aryl triflates gave satisfactory results, whereas the electron-poor
ones led to the formation of phenols.


Introduction


Heterobiaryls are important building blocks in organic synthesis
due to their biological properties. The coupling reaction of aryl
triflates with heteroaryl halides provides an efficient method for the
preparation of these compounds.1 One of the classical methods to
perform this coupling reaction is to employ an aryl triflate with an
organometallic heteroaryl derivative using a palladium catalyst
(Scheme 1). However, these reactions require the preparation
of organometallic derivatives such as ArZnX,2,3 ArSnR3


4–6 or
ArB(OR)2


7–9 and provide either an organometallic or a salt (MX)
as by-product.


Scheme 1


Since the discovery by Ohta and co-workers of the direct
coupling of aryl halides with heteroaryl derivatives via a C–H bond
activation,10 very exciting results for the coupling of a variety of
heteroaryl derivatives with aryl iodides, bromides and even chlo-
rides have been reported by several groups.11 On the other hand, the
direct coupling of aromatics12,13 and especially heteroaromatics14,15


with aryl triflates via C–H activation–functionalization has at-
tracted less attention. Such coupling reactions would provide an
attractive procedure for the preparation of these compounds due
to the very wide availability, low cost and protection ability of
phenols and also to the common use of protected phenols in total
synthesis. Moreover, the phenolic group can be used as a means to
introduce the desired functionality in the aromatic ring and then
be converted into a carbon–carbon bond via the corresponding
triflate.
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Rennes “Catalyse et Organometalliques”, Campus de Beaulieu, 35042,
Rennes, France. E-mail: henri.doucet@univ-rennes1.fr; Fax: +33-(0)2-23-
23-69-39; Tel: +33-(0)2-23-23-63-84
† Electronic supplementary information (ESI) available: Further experi-
mental data. See DOI: 10.1039/b715235c


To our knowledge, very few examples of couplings of het-
eroaromatics with aryl triflates have been reported so far. This
reaction was described in 1995 by Proudfoot et al. using Pd(PPh3)4


as catalyst.14a The coupling reaction of a functionalized aryl
triflate with oxazole gave the 5-arylated oxazole in 34% yield. A
few years later, Miura and co-workers reported the 3-arylation
of 2-thiophene carboxamide with phenyl triflate in 71% yield
using P(o-biphenyl)(t-Bu)2–Pd(OAc)2 as catalyst and Cs2CO3 as
base.14b The 5-arylation of 4-methylthiazole using phenyl triflate
in the presence of Pd(OAc)2 has also been described.14c Finally, an
intramolecular version of this reaction has been reported.15


Although a few examples of Pd catalyzed arylation of het-
eroaromatics using aryl triflates in moderate to high yields have
been described, to the best of our knowledge, the influence of
the reaction conditions, palladium source and ligand and also the
effect of the nature of the heteroaromatic derivative and of the
substituents on aryl triflates have not been reported. Therefore,
the discovery of an effective and selective procedure allowing high
yields of arylation products for the coupling of a variety of these
challenging substrates is still subject to significant improvement.


Results and discussion


Our first goal was to determine the most suitable reaction
conditions for the coupling of phenyl triflate with 2-n-butylfuran
(Scheme 3, Table 1). We observed that the reaction conditions
and nature of the catalyst have a determining influence on the
selectivity of the reaction and yield of 5-phenyl-2-n-butylfuran 1.
In the course of this reaction, the formation of three products
was observed: phenol, biphenyl and 5-phenyl-2-n-butylfuran 1.
The polarity of the solvent has a decisive influence on the yields.
The relatively non-polar solvent ethylbenzene gave no coupling
product, whereas NMP or DMF led to complete conversion of
phenyl triflate with high selectivities in favor of the formation of 1
(Table 1 entries 1–3). On the other hand, DMAc or 2-methoxyethyl
ether led to 1 in low conversions and low to moderate selectivities
(Table 1, entries 4 and 5). Then, we examined the influence of
the base for this reaction. K2CO3 or Cs2CO3 led to the formation
of phenol in 83 and 76% selectivities (Table 1, entries 7 and 8).
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Table 1 Palladium-catalyzed reaction of phenyl triflate with 2-n-butylfuran (Scheme 3)


Entry Catalyst Solvent Base Temp./◦C
Ratio phenol :
biphenyl : 1


Conversion of
2-nbutylfuran


Isolated yield
of 1 (%)


1 Pd(OAc)2–PPh3 Ethylbenzene KOAc 150 — 0
2 Pd(OAc)2–PPh3 NMP KOAc 150 7 : 11 : 82 100
3 Pd(OAc)2–PPh3 DMF KOAc 150 6 : 4 : 90 100 51
4 Pd(OAc)2–PPh3 DMAc KOAc 150 25 : 12 : 6 43
5 Pd(OAc)2–PPh3 2-Methoxyethyl ether KOAc 150 0 : 11 : 38 49 27
6 Pd(OAc)2–PPh3 DMF NaOAc 150 25 : 13 : 5 43
7 Pd(OAc)2–PPh3 DMF K2CO3 150 83 : 14 : 3 100
8 Pd(OAc)2–PPh3 DMF Cs2CO3 150 76 : 12 : 12 100
9 Pd(OAc)2–PPh3 DMF KOAc 120 5 : 5 : 75 85


10 Pd(OAc)2–PPh3 DMF KOAc 100 3 : 3 : 12 18
11 Pd(OAc)2 DMF KOAc 150 37 : 17 : 2 56
12 Pd(OAc)2–P(oTol)3 DMF KOAc 150 94 : 0 : 4 98
13 Pd(OAc)2–P(2-furyl)3 DMF KOAc 150 96 : 0 : 2 98
14 Pd(OAc)2–DPPM DMF KOAc 150 92 : 5 : 2 99
15 Pd(OAc)2–DPPE DMF KOAc 150 8 : 5 : 87 100 22
16 Pd(OAc)2–DPPB DMF KOAc 150 25 : 2 : 2 29
17 [PdCl(C3H5)]2–PPh3 DMF KOAc 150 2 : 13 : 85 100 19
18 [PdCl(C3H5)]2–DPPE DMF KOAc 150 8 : 20 : 72 100 28
19 PdCl(C3H5)DPPB16 DMF KOAc 150 25 : 12 : 6 43


Conditions: catalyst: Pd(OAc)2 or PdCl(C3H5)DPPB 0.05 mmol or [PdCl(C3H5)]2 0.025 mmol, PPh3, P(oTol)3 or P(2-furyl)3: 0.1 mmol, DPPM, DPPE
or DPPB: 0.05 mmol, aryl bromide: 1 mmol, 2-nbutylfuran: 2 mmol, base: 2 mmol, 20 h, ratio phenol : biphenyl : 1 determined by GC and NMR,
conversion of the phenyl triflate into phenol, biphenyl and 1.


With these bases, the expected product 1 was obtained only in
trace amounts. The most suitable base appears to be KOAc with
a selectivity of 90% in 1, whereas NaOAc which is less soluble
in DMF gave 1 only as traces (Table 1, entries 3 and 6). The
influence of the base might be explained by the abstraction of
triflate from the arylpalladium triflate intermediate in the presence
of potassium acetate to form an arylpalladium acetate (Scheme 2).
This complex would be more reactive in the subsequent steps of
the catalytic cycle.


Scheme 2


Scheme 3


Then, we examined the influence of the catalyst precursor on
this reaction using several mono- or diphosphine ligands. Initially
we performed the reaction with Pd(OAc)2 without added ligand,
but the reaction gave a very low yield of 1: 2% (Table 1, entry 11).
Three monophosphines were employed, PPh3, P(o-Tol)3 and P(2-
furyl)3. The system combining Pd(OAc)2 and PPh3 is a particularly


effective catalyst for this arylation reaction and gave a high
selectivity in favor of 1, whereas the two other phosphines led
almost exclusively to the formation of phenol (Table 1, entries 3,
12 and 13). This is probably due to the steric and electronic
properties of these ligands which could led to a slower oxidative
addition of the aryl triflate to palladium. P(2-furyl)3 possess
a weaker r-donicity compared to PPh3 and P(o-Tol)3 is more
congested. The use of the bidentate ligands DPPM or DPPB did
not lead to better results with, again, a predominant formation
of phenol (Table 1, entries 14 and 16). On the other hand, DPPE
associated to Pd(OAc)2 gave a high selectivity in favor of 1, but a
low isolated yield (Table 1, entry 15). The palladium source has
also an influence on the selectivity and the yield of the reaction.
Although relatively high selectivities in favor of the formation of 1
were observed using [PdCl(C3H5)]2 associated to PPh3 or DPPE,
relatively low isolated yields were obtained (Table 1, entries 17–19).


The direct arylation of 2-n-butylfuran using aryl triflates
appears to be much more sensitive to the reaction conditions and
catalyst precursor than using aryl bromides.11f This could be the
result both of a lower stability of aryl triflates in the reaction
conditions (formation of phenol) and also of a lower reactivity or
stability of the ArPd+ OTf− intermediates.


Several mechanisms have been suggested for the C–H
activation–functionalization of heteroarenes.11b With furans, thio-
phenes or thiazoles we believe that the reaction might proceed via
a classical oxidative addition of the aryl triflate to a palladium(0)
complex followed by a Heck type insertion of the heteroaromatic
derivative. On this intermediate the Pd on carbon 4 and the H
on carbon 5 of furan, thiophene or thiazole are anti. As anti b-
eliminations are unfavored, we assume that a base-assisted elimi-
nation of the proton on carbon 5 followed by an aromatization and
elimination of Pd occurs. Then, a reductive elimination assisted by
the base regenerates the Pd(0). In the presence of benzoxazole, an
electrophilic aromatic substitution type mechanism seems more
likely.
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Then, we tried to evaluate the scope and limitations of this
procedure using several heteroaryl derivatives and aryl triflates
(Scheme 4). A survey of these couplings is provided in Table 2.
A variety of heteroarenes are tolerated. Using the substituted
furan derivative 2-furylacetone with phenyl triflate, the coupling
product 2 was obtained in a modest 28% yield (Table 2, en-
try 1). Thiophenes are suitable reactants for such couplings. 2-n-
Butylthiophene or thiophene 2-carbonitrile gave the 5-phenylated
thiophenes 3 and 4 in 69 and 64% yields (Table 2, entries 2 and 3).
Then, we examined the reactivity of two thiazole derivatives. Us-
ing 2-n-propylthiazole or 2-ethyl-4-methylthiazole, the 5-arylated
products 5 and 6 were obtained in 78 and 37% yields, respectively
(Table 2, entries 4 and 5). In the presence of benzoxazole, slightly
different reaction conditions had to be employed in order to obtain
a high yield of coupling product. With this substrate, the reaction
performed with KOAc as base led to a low yield of 7, whereas the
use of the more soluble base Cs2CO3 led to 7 in a very high yield
of 81% (Table 2, entry 6). The presence of this base might favor a
deprotonation of benzoxazole.


Scheme 4


Although several heteroaromatics are tolerated and gave the
biaryls in moderate to high yields, the influence of the substituents
on the aryl triflate is more important. First, we studied the
reactivity of electron-deficient aryl triflates such as 4-nitrophenyl
triflate or 4-benzoylphenyl triflate. However, with these sub-
strates, the expected coupling products were not observed, and a
complete conversion of the aryl triflates into the corresponding
phenols was observed (Table 2, entries 15 and 16). On the
other hand, using 2-naphthyl triflate or the electron-rich 4-
methoxyphenyl-, 3,5-dimethoxyphenyl-, 4-tert-butylphenyl- and
3-N,N-dimethylaminophenyl triflates, the expected coupling prod-
ucts 8–16 were obtained in good yields (Table 2, entries 7–15). For
example, the reaction of 2-naphthyl triflate with 2-n-butylfuran,
2-n-propylthiazole or benzoxazole gave the arylated products
in 53–86% yields. It should be noted that, for these reactions,
the phenylated products 1, 4, 5 and 7 were also observed as
side-products. The formation of these products comes from the
cleavage of the P–Ph bond of triphenylphosphine assisted by the
Pd complex. Such behaviour is already known in other organic
reactions where the catalytic system comprises palladium and
phosphine ligands.17


Conclusion


In conclusion, electron-rich aryl triflates are useful reactants in
palladium-catalyzed direct arylation of heteroaromatics. However,
the reaction is extremely sensitive to the reaction conditions,
catalyst precursor and ligand. The best catalytic system appears
to be Pd(OAc)2–PPh3 with KOAc as base in most cases and DMF
as solvent. The electronic properties of the aryl triflate have a


determining influence on the reaction selectivities and yields. If
the electron-donating substituents support the reactions, on the
other hand, electron-withdrawing substituents are unfavorable. A
wide range of heteroaromatics such as furan, thiophene, thiazole
or oxazole derivatives have been successfully employed. Moreover,
this procedure is very simple, economically attractive due to the
easy access to several heteroaromatics and phenols, and employs
commercially available ligand and catalyst precursors.


Experimental


General


All reactions were run under argon using vacuum lines and
oven-dried Schlenk tubes. Commercial heteroarenes and phenyl
triflate were employed. The other aryl triflates were prepared
by stirring of the phenol derivative (1 eq.) and triflic anhydride
(1 eq.) in dry dichloromethane at 0 ◦C during 3 hours followed by
hydrolysis, extraction with dichloromethane, separation, drying
and purification on silica gel. The reactions were followed by GC.
1H (200 or 300 MHz), 13C (50 MHz) spectra were recorded for
CDCl3 solutions. Chemical shift (d) are reported in ppm relative
to CDCl3 (1H: 7.25 and 13C: 77.0). Flash chromatography was
performed on silica gel (230–400 mesh).


Representative procedure for palladium-catalysed couplings of
heteroaryls with aryl triflates


The aryl triflate (1 mmol), heteroaryl derivative (2 mmol), KOAc
(0.196 mg, 2 mmol) (Cs2CO3, 0.651 mg, 2 mmol, instead of
KOAc for the reactions with benzoxazole), Pd(OAc)2 (0.011 mg,
0.05 mmol) and PPh3 (0.026 mg, 0.1 mmol) were dissolved in
DMF (3 mL) under an argon atmosphere. The reaction mixture
was stirred at 150 ◦C for 20 h. The solution was diluted with H2O
(10 mL) (KOH–H2O solution for the reactions with benzoxazole),
then the product was extracted with CH2Cl2. The combined
organic layer was dried over MgSO4 and the solvent was removed
in vacuo. The crude product was purified by silica gel column
chromatography.


2-n-Butyl-5-phenylfuran (1)11f


This compound was prepared according to the representative
procedure with phenyl triflate (0.226 g, 1 mmol), 2-n-butylfuran
(0.248 g, 2 mmol) and the Pd complex (0.05 mmol) in 102 mg, 51%
yield as an oil.


1-(5-Phenylfuran-2-yl)-propan-2-one (2)18


This compound was prepared according to the representative
procedure with phenyl triflate (0.226 g, 1 mmol), 2-furylacetone
(0.248 g, 2 mmol) and the Pd complex (0.05 mmol) in 56 mg, 28%
yield as an oil.


2-n-Butyl-5-phenylthiophene (3)


This compound was prepared according to the representative pro-
cedure with phenyl triflate (0.226 g, 1 mmol), 2-n-butylthiophene
(0.280 g, 2 mmol) and the Pd complex (0.05 mmol) in 149 mg, 69%
yield as an oil.
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Table 2 Palladium-catalyzed reaction of aryl triflates with heteroarenes (Scheme 4)


Entry Aryl triflate Heteroarene Product Yield (%)


1 Phenyl triflate 2-Furylacetone 28


2 Phenyl triflate 2-n-Butylthiophene 69


3 Phenyl triflate Thiophene 2-carbonitrile 64


4 Phenyl triflate 2-n-Propylthiazole 78


5 Phenyl triflate 2-Ethyl-4-methylthiazole 37


6 Phenyl triflate Benzoxazole 81a


7 2-Naphthyl triflate 2-n-Butylfuran 53


8 2-Naphthyl triflate 2-n-Propylthiazole 62


9 2-Naphthyl triflate Benzoxazole 86a


10 4-Methoxyphenyl triflate Benzoxazole 78a


11 3-N,N-Dimethylaminophenyl triflate 2-n-Propylthiazole 69


12 3-N,N-Dimethylaminophenyl triflate Benzoxazole 57a


13 4-tert-Butylphenyl triflate 2-n-Propylthiazole 58


14 4-tert-Butylphenyl triflate Thiophene 2-carbonitrile 64


15 3,5-Dimethoxyphenyl triflate 2-n-Propylthiazole 61


16 4-Nitrophenyl triflate Benzoxazole — 0a


17 4-Benzoylphenyl triflate Benzoxazole — 0a


Conditions: Pd(OAc)2: 0.05 mmol, PPh3: 0.1 mmol, aryl triflate: 1 mmol, heteroarene: 2 mmol, KOAc: 2 mmol, DMF, 20 h, 150 ◦C, isolated yields.a Cs2CO3:
2 mmol instead of KOAc as base.
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1H (200 MHz) NMR spectra: d = 0.99 (t, J = 7.5 Hz, 3 H), 1.48
(sext., J = 7.5 Hz, 2 H), 1.73 (quint., J = 7.5 Hz, 2 H), 2.86 (t, J =
7.5 Hz, 2 H), 6.79 (d, J = 3.6 Hz, 1 H), 7.17 (d, J = 3.6 Hz, 1 H),
7.30 (t, J = 7.5 Hz, 1 H), 7.42 (t, J = 7.5 Hz, 2 H), 7.71 (d, J =
8.5 Hz, 2 H).


13C (50 MHz) NMR spectra: d = 13.8, 22.2, 29.9, 33.7, 122.6,
125.0, 125.5, 126.9, 128.8, 134.8, 141.6, 145.7.


Anal. Calcd. for C14H16S: C, 77.72; H, 7.45. Found: C, 77.81; H,
7.19%.


5-Phenylthiophene-2-carbonitrile (4)19


This compound was prepared according to the representative
procedure with phenyl triflate (0.226 g, 1 mmol), thiophene-2-
carbonitrile (0.218 g, 2 mmol) and the Pd complex (0.05 mmol) in
119 mg, 64% yield as a white solid.


5-Phenyl-2-n-propylthiazole (5)


This compound was prepared according to the representative pro-
cedure with phenyl triflate (0.226 g, 1 mmol), 2-n-propylthiazole
(0.254 g, 2 mmol) and the Pd complex (0.05 mmol) in 159 mg, 78%
yield as an oil.


1H (200 MHz) NMR spectra: d = 1.06 (t, J = 7.5 Hz, 3 H), 1.88
(sext., J = 7.5 Hz, 2 H), 3.01 (t, J = 7.5 Hz, 2 H), 7.20–7.40 (m,
3 H), 7.47 (d, J = 7.8 Hz, 2 H), 7.80 (s, 1 H).


13C (50 MHz) NMR spectra: d = 14.0, 23.7, 35.9, 132.8, 147.3,
126.9, 128.3, 129.6, 132.0, 170.8.


Anal. Calcd. for C12H13NS: C, 70.89; H, 6.45. Found: C, 71.04;
H, 6.49%.


2-Ethyl-4-methyl-5-phenylthiazole (6)


This compound was prepared according to the representative
procedure with phenyl triflate (0.226 g, 1 mmol), 2-ethyl-4-
methylthiazole (0.254 g, 2 mmol) and the Pd complex (0.05 mmol)
in 75 mg, 37% yield as an oil.


1H (200 MHz) NMR spectra: d = 1.42 (t, J = 7.5 Hz, 3 H), 2.49
(s, 3 H), 3.02 (q, J = 7.5 Hz, 2 H), 7.34–7.44 (m, 5 H).


13C (50 MHz) NMR spectra: d = 14.7, 16.5, 27.3, 127.9, 129.0,
129.6, 129.9, 132.8, 147.3, 170.7.


Anal. Calcd. for C12H13NS: C, 70.89; H, 6.45. Found: C, 70.71;
H, 6.58%.


2-Phenylbenzoxazole (7)20


This compound was prepared according to the representative
procedure with phenyl triflate (0.226 g, 1 mmol), benzoxazole
(0.238 g, 2 mmol) and the Pd complex (0.05 mmol) in 158 mg,
81% yield as a white solid.


2-n-Butyl-5-naphthalen-2-yl-furan (8)


This compound was prepared according to the representative pro-
cedure with 2-naphthyl triflate (0.276 g, 1 mmol), 2-n-butylfuran
(0.248 g, 2 mmol) and the Pd complex (0.05 mmol) in 133 mg, 53%
yield as an oil.


1H (200 MHz) NMR spectra: d = 0.96 (t, J = 7.5 Hz, 3 H), 1.29
(sext., J = 7.5 Hz, 2 H), 1.64 (quint., J = 7.5 Hz, 2 H), 2.74 (t, J =
7.5 Hz, 2 H), 6.14 (d, J = 3.0 Hz, 1 H), 6.70 (d, J = 3.0 Hz, 1 H),
7.28–7.90 (m, 6 H), 8.08 (s, 1 H).


13C (50 MHz) NMR spectra: d = 14.4, 22.9, 30.7, 32.5, 107.0,
107.6, 121.8, 122.7, 126.9, 127.9, 128.3, 128.6, 129.1, 129.4, 132.8,
133.0, 134.2, 147.3.


Anal. Calcd. for C18H18O: C, 86.36; H, 7.25. Found: C, 86.54;
H, 7.41%.


4-Naphthalen-2-yl-2-n-propylthiazole (9)


This compound was prepared according to the representative
procedure with 2-naphthyl triflate (0.276 g, 1 mmol), 2-n-
propylthiazole (0.254 g, 2 mmol) and the Pd complex (0.05 mmol)
in 157 mg, 62% yield as an oil.


1H (200 MHz) NMR spectra: d = 1.09 (t, J = 7.5 Hz, 3 H), 1.90
(sext., J = 7.5 Hz, 2 H), 3.04 (t, J = 7.5 Hz, 2 H), 7.28 (m, 2 H),
7.52 (d, J = 7.5 Hz, 1 H), 7.70–7.88 (m, 3 H), 7.98 (s, 2 H).


13C (50 MHz) NMR spectra: d = 14.1, 23.8, 36.0, 123.1, 124.9,
125.7, 126.7, 127.2, 128.2, 129.2, 130.8, 133.3, 134.0, 138.3, 148.3,
171.3.


Anal. Calcd. for C16H15NS: C, 75.85; H, 5.97. Found: C, 75.70;
H, 6.09%.


2-Naphthalen-2-yl-benzoxazole (10)21


This compound was prepared according to the representative
procedure with 2-naphthyl triflate (0.276 g, 1 mmol), benzoxazole
(0.238 g, 2 mmol) and the Pd complex (0.05 mmol) in 211 mg, 86%
yield as an oil.


2-(4-Methoxyphenyl)benzoxazole (11)22


This compound was prepared according to the representative
procedure with 4-methoxyphenyl triflate (0.254 g, 1 mmol),
benzoxazole (0.238 g, 2 mmol) and the Pd complex (0.05 mmol)
in 176 mg, 78% yield as a white solid.


5-(3-N ,N-Dimethylaminophenyl)-2-n-propylthiazole (12)


This compound was prepared according to the representative
procedure with 3-N,N-dimethylaminophenyl triflate (0.269 g,
1 mmol), 2-n-propylthiazole (0.254 g, 2 mmol) and the Pd complex
(0.05 mmol) in 170 mg, 69% yield as an oil.


1H (200 MHz) NMR spectra: d = 1.03 (t, J = 7.6 Hz, 3 H), 1.94
(sext., J = 7.6 Hz, 2 H), 2.95 (t, J = 7.6 Hz, 2 H), 2.96 (s, 6 H),
6.71 (dd, J = 8.0, 2.3 Hz, 1 H), 6.86 (s, 1 H), 6.91 (d, J = 7.7 Hz,
1 H), 7.26 (t, J = 8.0 Hz, 1 H), 7.83 (s, 1 H).


13C (50 MHz) NMR spectra: d = 14.2, 23.8, 36.0, 41.0, 110.9,
112.7, 115.5, 130.1, 132.7, 137.7, 139.8, 151.3, 170.7.


Anal. Calcd. for C14H18N2S: C, 68.25; H, 7.36. Found: C, 68.41;
H, 7.44%.


[3-(Benzoxazol-2-yl)phenyl]dimethylamine (13)


This compound was prepared according to the representative
procedure with 3-N,N-dimethylaminophenyl triflate (0.269 g,
1 mmol), benzoxazole (0.238 g, 2 mmol) and the Pd complex
(0.05 mmol) in 136 mg, 57% yield as an oil.


1H (200 MHz) NMR spectra: d = 3.08 (s, 6 H), 6.88 (dd, J =
8.0, 2.3 Hz, 1 H), 7.30–7.45 (m, 3 H), 7.50–7.75 (m, 3 H), 7.80 (m,
1 H).


13C (50 MHz) NMR spectra: d = 41.0, 110.9, 111.4, 116.0, 116.2,
120.3, 124.9, 125.3, 128.1, 130.0, 142.5, 151.1, 164.3.
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Anal. Calcd. for C15H14N2O: C, 75.61; H, 5.92. Found: C, 75.78;
H, 5.87%.


5-(4-tert-Butylphenyl)-2-n-propylthiazole (14)


This compound was prepared according to the representative
procedure with 4-tert-butylphenyl triflate (0.282 g, 1 mmol), 2-n-
propylthiazole (0.254 g, 2 mmol) and the Pd complex (0.05 mmol)
in 151 mg, 58% yield as an oil.


1H (200 MHz) NMR spectra: d = 1.03 (t, J = 7.6 Hz, 3 H), 1.32
(s, 9 H), 1.92 (sext., J = 7.6 Hz, 2 H), 2.96 (t, J = 7.6 Hz, 2 H),
7.40 (d, J = 7.8 Hz, 2 H), 7.45 (d, J = 7.8 Hz, 2 H), 7.80 (s, 1 H).


13C (50 MHz) NMR spectra: d = 13.6, 23.2, 31.1, 34.5, 35.5,
125.8, 126.2, 128.7, 137.1, 138.2, 151.0, 170.1.


Anal. Calcd. for C16H21NS: C, 74.08; H, 8.16. Found: C, 73.99;
H, 8.27%.


5-(4-tert-Butylphenyl)thiophene-2-carbonitrile (15)


This compound was prepared according to representative proce-
dure with 4-tert-butylphenyl triflate (0.282 g, 1 mmol), thiophene-
2-carbonitrile (0.218 g, 2 mmol) and the Pd complex (0.05 mmol)
in 154 mg, 64% yield as an oil.


1H (200 MHz) NMR spectra: d = 1.30 (s, 9 H), 7.22 (d, J =
4.0 Hz, 1 H), 7.43 (d, J = 8.2 Hz, 2 H), 7.53 (d, J = 8.2 Hz, 2 H),
7.57 (d, J = 4.0 Hz, 1 H).


13C (50 MHz) NMR spectra: d = 31.1, 34.8, 107.7, 114.5, 122.8,
126.1, 126.2, 129.5, 138.3, 152.0, 152.9.


Anal. Calcd. for C15H15NS: C, 74.65; H, 6.26. Found: C, 74.89;
H, 6.07%.


5-(3,5-Dimethoxyphenyl)-2-n-propylthiazole (16)


This compound was prepared according to representative proce-
dure with 3,5-dimethoxyphenyl triflate (0.286 g, 1 mmol), 2-n-
propylthiazole (0.254 g, 2 mmol) and the Pd complex (0.05 mmol)
in 161 mg, 61% yield as an oil.


1H (200 MHz) NMR spectra: d = 1.03 (t, J = 7.6 Hz, 3 H), 1.92
(sext., J = 7.6 Hz, 2 H), 2.96 (t, J = 7.6 Hz, 2 H), 3.82 (s, 6 H),
6.41 (s, 1 H), 6.62 (s, 2 H), 7.78 (s, 1 H).


13C (50 MHz) NMR spectra: d = 14.1, 23.8, 35.9, 55.8, 100.3,
105.3, 122.5, 133.7, 138.2, 161.5.


Anal. Calcd. for C14H17NO2S: C, 63.85; H, 6.51. Found: C,
63.70; H, 6.57%.
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Using cobalt catalysis, diethylzinc promotes the conjugate re-
duction of 4-acryloylmorpholine to produce the correspond-
ing ethylzinc enolate, which reacts with N-tosyl aldimines to
afford b-aminoamides.


Chiral b-amino acids and their derivatives are important com-
pounds due to their presence in natural products and biologically
active compounds, as building blocks for the assembly of b-
peptides, and as precursors to b-lactams.1 One of the most
powerful methods for accessing b-aminocarbonyl compounds is
the Mannich reaction,2 and recent years have witnessed many
advances in the development of new procedural variants,2b and
catalytic asymmetric variants3 using chiral metal-based catalysts4


or organocatalysts.5 These reactions typically require either the
use of preformed enolates such as silyl enol ethers, or acid/base-
mediated enolization of aldehydes, ketones, or relatively acidic
ester equivalents such as malonate esters and glycine imine
esters. An alternative strategy for enolization that has received
more limited attention in Mannich reactions is the use of a,b-
unsaturated carbonyl compounds as “latent enolates”.6 Here,
conjugate reduction of an a,b-unsaturated carbonyl compound
with a hydride source generates an enolate that is then trapped with
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Table 1 Cobalt-catalyzed reductive Mannich reaction of 4-acryloylmorpholine (1) with various N-protected aldiminesa


Yield (%)c


Entry R Imine Solvent Products Anti : synb Anti (6) Syn (7)


1 Ts 2 THF 6a/7a 68 : 32 47 14
2 Ts 2 CH2Cl2 6a/7a 80 : 20 72 11
3 SO2(2-thienyl) 3 CH2Cl2 6b/7b 83 : 17 52 10
4 P(O)Ph2 4 CH2Cl2 6c/7c n/a 0d 0d


5 Boc 5 CH2Cl2 6d/7d n/a 0d 0d


a Reactions were conducted using 1.1 mmol of 1 and 1.0 mmol of imine for 5 h. b Determined by 1H NMR analysis of the unpurified reaction mixtures.
c Isolated yields. d A complex mixture was obtained.


a suitable imine. Reductive Mannich reactions have been described
in racemic form by Isayama,7a and the groups of Morken,7b


Matsuda,7c Krische,7d and Nishiyama.7e In addition, Córdova and
Zhao reported a sequential organocatalytic asymmetric conjugate
reduction–Mannich reaction of b,b-disubstituted a,b-unsaturated
aldehydes.8


In recent studies, we disclosed that ethylzinc enolates may be
generated via conjugate reduction by treatment of a,b-unsaturated
amides with diethylzinc and a substoichiometric quantity of a
cobalt salt,9 and that these enolates could be trapped in situ
with ketones in both intramolecular9 and intermolecular10 aldol
reactions. In this communication, we show that zinc enolates
generated in this fashion also undergo intermolecular Mannich
reactions with N-sulfonyl aldimines.


Our preliminary experiments commenced with reaction of
commercially available 4-acryloylmorpholine (1) with a range of
benzaldehyde-derived imines to identify the optimum nitrogen
protecting group (Table 1). Using N-tosyl imine 2 and THF
as solvent, the desired Mannich product was obtained as a
68 : 32 ratio of anti : syn diastereoisomers, which were isolated
in 47% and 14% yields respectively (entry 1).11 Switching the
solvent to CH2Cl2 afforded improved results (entry 2). Although
N-(2-thienyl)sulfonyl imine 34c provided a slight improvement in
the diastereoselectivity, the isolated yield of the major anti isomer
6b was modest (entry 3). N-Diphenylphosphinoyl imine 4 and
N-tert-butoxycarbonyl imine 5 provided only complex mixtures,
with minimal quantities of Mannich products being detected
(entries 4–5).


Based upon these results, we examined the scope of the reductive
Mannich reaction of 1 (Table 2). A range of N-tosyl imines were
found to undergo reductive coupling with 1 in moderate to good
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Table 2 Cobalt-catalyzed reductive Mannich reaction of 4-acryloylmorpholine (1) with assorted N-tosyl aldiminesa


Yield (%)c


Entry R Imine Products Anti : synb Anti (6) Syn (7)


1 Ph 2 6a/7a 80 : 20 72 11
2 8 6e/7e 78 : 22 65 9


3 9 6f/7f 88 : 12 67 11


4 10 6g/7g 86 : 14 78 —d


5 11 6h/7h 87 : 13 49 7


6 12 6i/7i 87 : 13 54 8


7 13 6j/7j 83 : 17 44 —d


8 14 6k/7k n/a 0e 0e


9 15 6l/7l 82 : 18 49 11


10 16 6m/7m 64 : 36 36 17


a Reactions were conducted using 1.1 mmol of 1 and 1.0 mmol of imine for 5 h. b Determined by 1H NMR analysis of the unpurified reaction mixtures.
c Isolated yields. d The syn-Mannich product could not be isolated in pure form. e A complex mixture was obtained.


yields and with up to 88 : 12 dr. Imines prepared from benzaldehyde
derivatives containing electron-donating substituents such as
methyl (entries 2–3), ethyl (entry 4), and methoxy (entries 5–6)
groups provided better results than those containing electron-
withdrawing groups (entries 7–8). The process is not restricted
to imines derived from substituted benzaldehydes. Imines 15 and


16, containing 1-naphthyl and 2-furyl groups respectively, were
also tolerated in the reaction (entries 9–10). At the current level of
development, we have not yet been able to induce b-substituted a,b-
unsaturated morpholine amides or N-tosylimines derived from
aliphatic aldehydes to undergo the reductive Mannich reaction
with satisfactory yields.12
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In conclusion, we have developed a new variant of the
reductive Mannich reaction, involving the coupling of com-
mercially available 4-acryloylmorpholine (1) with a range of
aromatic N-tosyl aldimines using diethylzinc as the stoichiometric
reductant, and an inexpensive cobalt salt as the precatalyst.
Furnishing acyclic anti-b-aminoamides as the major isomers,
these reactions complement existing syn-selective reductive Man-
nich reactions7a,d and Morken’s methodology that provides b-
lactams as the products.7b Compared with existing anti-selective
reductive Mannich reactions that give acyclic products using b-
unsubstituted a,b-unsaturated carbonyls as pronucleophiles,7c,e the
present method delivers products with comparable or higher levels
of diastereoselectivity. Expansion of the substrate scope of these
reactions, and the development of asymmetric variants will be the
subjects of future work in this area.
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Happy New Year to all Organic & Biomolecular
Chemistry reviewers, authors and readers
DOI: 10.1039/b717566n


We are pleased to report that authors and
readers alike agree that 2007 was a very
successful year for Organic & Biomolecular
Chemistry (OBC). The editorial board and
team are committed to maintaining this
success throughout the coming year to
ensure that OBC remains a great quality
journal.


For our readers in 2008, OBC will
continue to publish some of the best, most
topical research articles in the field. You as
an author can rely on our excellent inde-
pendent peer-review and rapid production
services to make coming back to OBC a
priority for your research program.


Pleasingly, the ISI R© impact factor—
a mark of a journal’s prominence—for
OBC showed a notable 12.5% rise (2.87),
moving OBC up the ranks within organic
chemistry.


Starting the year knowing left
from right


Once again for 2008, we begin the New
Year by bringing you a great selection of
articles. This issue contains an Emerging
Area article by Bruce Lipshutz (T. A. But-
ler, E. C. Swift and B. H. Lipshutz, Org.
Biomol. Chem., 2008, 6, 19–25) entitled
‘Heterogeneous catalysis with nickel-on-
graphite (Ni/Cg)’ and two Perspective ar-
ticles.


The Perspective by John Baldwin
(J. E. Baldwin and P. A. Leber, Org. Biomol.
Chem., 2008, 6, 36–47) focuses on molec-
ular rearrangements through thermal
[1,3] carbon shifts. The other Perspective
by Masahiko Yamaguchi (R. Amemiya
and M. Yamaguchi, Org. Biomol. Chem.,
2008, 6, 26–35) describes chiral recogni-
tion in noncovalent bonding interactions
between helicenes and outlines why a right-
handed helix favours a right-handed helix
over a left-handed helix. In addition, this
issue also contains a paper by Jason Mick-
lefield (R. J. Worthington, N. M. Bell,
R. Wong and J. Micklefield, Org. Biomol.
Chem., 2008, 6, 92–103) that describes


his research group’s latest work on
pyrrolidine-amide oligonucleotide mimics.


This year sees the retirement of three
editorial board members who have been
involved in the development and success of
OBC since inception. Thank you to Profes-
sor Thomas Carell, Ludwig-Maximilians-
Universität München, Germany, Profes-
sor Karl Anker Jørgensen, Aarhus Univer-
sity, Denmark and Professor Itamar Will-
ner, The Hebrew University of Jerusalem,
Israel. Special thanks are extended to Ita-
mar, who coordinated a themed issue for
OBC on DNA-based nanoarchitectures
and nanomachines in late 2006.


Celebrating success


Last year OBC marked the start of its
fifth year of publication and this was cele-
brated with a number of events throughout
the year. Celebrations kicked off with a
‘cookies and cake’ afternoon at the 233rd
ACS National Meeting in Chicago, US
in March followed by a full reception at
the International Symposium: Synthesis in
Organic Chemistry in Cambridge, UK in
July.


The conference in Cambridge also pro-
vided the venue for the 2007 OBC Lec-
ture Award. Congratulations to the re-
cipient Professor Ben List, Max-Planck-
Institut für Kohlenforschung, Germany,
who presented his winning lecture entitled
‘New strategies for organocatalysis’ at the
conference. In his presentation, List high-
lighted the latest advancements, including
asymmetric counter-ion directed catalysis
for the highly enantioselective epoxidation
of enals.


Although he has made huge progress in
recent years, as reviewed in his Emerging
Area article in OBC, List believes there is
still great scope for development. ‘Devel-
oping active catalysts is the next challenge
for chemists interested in organocatalysis,’
he said.


Nominations for the 2008 OBC Lecture
Award are now closed and the results will
be announced early this year.


Throughout 2007 the editorial team
attended 14 conferences worldwide with
the journal being represented alongside the
editorial board at numerous other pres-
tigious meetings and institutional visits.
The team will be undertaking a busy travel
programme during 2008, so we hope to
meet many of you in the coming year.


Award-winning technology and
enhanced HTML articles


Launched in February 2007, RSC
Project Prospect has had an exceptional
first year. Bringing science alive via en-
hanced HTML articles in RSC Journals,
the project delivers: hyperlinked com-
pound information (including download-
able structures) in text; links to IUPAC
Gold Book terms; ontology terms linked
to definitions and related articles; plus
RSS feeds that include structured subject
and compound information, enabling at-
a-glance identification of relevant articles.


As the only publisher able to offer these
enhancements, we were delighted to be
awarded the 2007 ALPSP/Charlesworth
Award for Publishing Innovation, where
judges described RSC Prospect articles
as ‘delightfully simple to use . . . benefits
to authors and readers are immediately
obvious’. Around 1400 articles have now
been published with enhanced HTML—to
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see for yourself, look out for the RSC
Prospect icon on our website. Further
developments to the project will be an-
nounced in 2008. Many of you have al-
ready told us how impressed you are with
the project: www.projectprospect.org has
examples of enhanced articles, feedback
from the scientific community, plus the
latest news.


Changing the face of science


Following feedback from journal readers,
a number of changes have been introduced
across all RSC Journals. The Organic &
Biomolecular Chemistry homepage now
contains the contents list for the current
issue, delivering the content you want to
see as soon as you arrive at the site. Graph-
ical abstracts are included as standard,
allowing you to browse content much
more conveniently. A more prominent and
easy-to-use search box also makes finding
published research much more intuitive.
Advance Articles will soon also be avail-
able in PDF format.


For authors, the RSC Journal templates
have been revised and updated to assist
submission in a format similar to the
journal layout. The guidelines for the use
of colour in RSC Journals will be relaxed
during 2008, and the decision on the free
use of colour will be based on whether
the use of colour enhances the scientific
understanding of the figure (the old policy
required the colour to be essential). In
addition, for the online version of the
journals, colour will be introduced at no
cost in both the PDF and HTML versions.


Energy & Environmental Science


RSC Publishing will be launching a new
journal in summer 2008. Energy & En-
vironmental Science will cover all aspects
of the chemical sciences relating to energy
conversion and storage and environmental
science. Visit the website for the latest
news: www.rsc.org/ees


Molecular BioSystems spin out


It’s official, Molecular BioSystems has sep-
arated from host journal, Chemical Com-
munications, and is now a fully fledged solo
publication. Its availability since launch to
readers of Chemical Communications and
the online hosts, Organic & Biomolecular
Chemistry, Lab on a Chip, The Analyst
and Analytical Abstracts has ensured that
Molecular BioSystems received a large
and interdisciplinary audience from the
outset. OBC readers wishing to continue
to read Molecular BioSystems now need to
recommend the journal to their librarian.
Fill in the online recommendation form at
www.rsc.org/libraryrecommendation


‘Organic & Biomolecular Chem-
istry book of choice’ scheme


Launched in Spring 2007, the RSC eBook
Collection offers scientists across the globe
online access to a prestigious and wide-
ranging portfolio of chemical science
books that span 40 years of research and
opinion.


The RSC eBook Collection is testa-
ment to the RSC’s publishing innova-
tion as well as the high quality of the
content contained in our books. With
further technical developments and new
2008 content being uploaded throughout
the year, the RSC eBook Collection is set
to become a key resource. To search the
collection or for further information, visit
www.rsc.org/ebooks


Scientists worldwide are taking advan-
tage of the free first chapter downloads
and from January 2008, OBC will regularly
highlight a book specifically for our read-
ers through our ‘Organic & Biomolecular
Chemistry book of choice’ scheme.


25% Book discount for RSC au-
thors, editors and reviewers


If you would like to buy a print copy of the
‘Organic & Biomolecular Chemistry book


of choice’ or other titles from the RSC, and
you are an RSC author, editor or reviewer,
you can enjoy a special 25% discount on
your book purchase. You can redeem this
offer online through the RSC Online Shop.
To find out how to claim your exclusive
discount, visit www.rsc.org/shop


As you can see, the RSC remains com-
mitted to providing great service and ben-
efits to all its journals readers and authors.


We thank all of our authors, reviewers
and readers for their continued support.
On behalf of the editorial board and the
Organic & Biomolecular Chemistry team at
the RSC, we wish all of you a very happy
and successful 2008.
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