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… …has been applied to the deter-
mination of d-lysine enantiomeric
excesses of up to 99.98 %. In their
Full Paper on page 6069 ff., Nau
et al. use the cucurbit[7]uril macro-
cycle to complex a dye and by
monitoring the fluorescence
change accompanying the enzy-
matic decarboxylation of the
amino acid determine d-lysine
enantiomeric excesses. This
method has allowed the measure-
ment of nanomolar analyte
amounts in microtiter plates and
enables potential applications in
high-throughput screening and
drug discovery.
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This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities. The
journal is also supported
by the Asian Chemical
Editorial Society (ACES).


Helical Structures
In their Communication on page 6040 ff., J.-I. Hong et al.
demonstrate the creation of well-defined homochiral helical
ribbon structures in the gel phase. This is the first example
of direct and complete control of microscopic and macro-
scopic helicity in gel phase, by the application of the ser-
geants-and-soldiers principle by using both chiral and achi-
ral gelators.


Reduction Chemistry
In their Full Paper on page 6062 ff. , M. Saito et al. describe
the reaction of a dibenzopentalene with methyllithium and
halogens to give a lithium 5-methyldibenzopentalenide and
5,10-dihalodibenzopentalenes, respectively. Some optical
properties of the dibenzopentalene derivatives have been
investigated.


Heterocyclic Ring Systems
In the Concept article on page 6026 ff. , S. Yamazaki
describes some recent developments concerning the synthe-
sis of methylenetetrahydrofurans and methylenepyrrolidines
by one-pot formal [3+2] cycloadditions involving propar-
gylic (and allylic) alcohols and amines with electrophilic
alkenes.
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Introduction


Oxygen- and nitrogen-containing five-membered heterocy-
clic systems are important structures in organic chemistry
because of their presence in many biologically active com-
pounds.[1] Methylenetetrahydrofurans and methylenepyrroli-
dines are potentially useful as their synthetic intermediates[2]


and the skeletons also appear in natural products.[3] Various
new synthetic methods have been developed and such re-
search is still a very active area.[4] Among the methods de-
veloped, propargyl alcohols and amines have been effective-
ly utilized as three-atom components in one-pot formal
[3+2] cycloadditions. Both the heteroatom (oxygen or nitro-
gen) and the alkyne moiety in the substrates can participate
in the bond formation. Although both groups can be utilized
by sequential steps, the one-pot procedure is effective meth-
odology to construct five-membered rings. In this account
we will summarize recent developments in the efficient syn-
thesis of methylenetetrahydrofurans and methylenepyrroli-
dines by formal [3+2] cycloadditions of propargyl (and re-
lated allylic) substrates with electrophilic alkenes.[5] The
strategy of these syntheses is based on the dual activation of
triple bond and heteroatom or electrophilic alkene.


tBuOK-Promoted Reactions of Nitroalkenes with
Propargyl Alcohols or Propargylamines


Tandem reactions involving conjugate (Michael) additions
are powerful tools for the construction of ring systems
common to many natural products.[6] In the sequence, a nu-
cleophile adds to an activated alkene to produce a stabilized
anion, which then adds to a second activated alkene (or


alkyne) positioned so as to form a cyclic compound. As a
route to such compounds, employing an oxygen-nucleophile-
initiated, tandem conjugate-addition reaction of alkenes
bearing an electron-withdrawing group with hydroxyalkyn-
ACHTUNGTRENNUNGoates or hydroxyalkenoates was envisioned. The reaction of
l-nitrocyclohexene (1a) as a Michael acceptor was examined
by Ikeda and co-workers.[7] Thus, a tandem conjugate-addi-
tion reaction of 1a with methyl 4-hydroxy-2-butynoate (2a)
and related compounds in the presence of a base was stud-
ied [Eq. (1)].


Since 2a is unstable under basic reaction conditions, two
equivalents of 2a were used. When a solution of 1a and 2a
in CH2Cl2 was treated with an amine base, such as triethyl-
ACHTUNGTRENNUNGamine, 1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU), and
1,1,3,3-tetramethylguanidine, only poor yields (less than
27%) of octahydrobenzo[b]furan (3a) were obtained. Basic
alumina also gave a low yield (8%) of 3a. On the other
hand, alkali-metal bases, such as sodium hydride (NaH) in
CH2Cl2, nBuLi in THF, and tBuOK in THF–tBuOH, were
found to be effective. Among them, the best result was ob-
tained when either a stoichiometric or catalytic amount of
tBuOK was used in THF–tBuOH. The reaction was com-
pleted within 10 min at 0 8C to give 3a in 97–100% yields as
a mixture of the Z and E isomers in a ratio of 55:45. The Z
and E diastereoselectivity was slightly improved to 7:3 and
3:1 by using NaH/CH2Cl2 and nBuLi/THF, but the total
yields decreased to 51 and 74%, respectively. The reaction
of 1a with the amide 2b also proceeded smoothly to give a
mixture of (Z)- and (E)-3b in quantitative yield in a ratio of
55:45. The reaction of 1a with secondary alcohol 2c gave
the octahydrobenzo[b]furan 3c in 69% yield as an insepara-
ble mixture of the four possible isomers in a ratio of
50:28:13:9. The stereochemistry of the two major isomers
was assigned as (Z)-ester for the first major isomer and (E)-
ester for the second major isomer.


The reaction of acyclic nitroalkene 4a with 2a in the pres-
ence of tBuOH at 0 8C for 10 min, gave a mixture of (Z)-
and (E)-3-methyl-3-nitro-2-phenyltetrahydrofurans [(Z)-
and (E)-5] in 28 and 26% yields, respectively [Eq. (2)].


Abstract: Recent developments concerning the synthe-
sis of methylenetetrahydrofurans and methylenepyrroli-
dines by one-pot formal [3+2] cycloadditions involving
propargylic (and allylic) alcohols and amines with elec-
trophilic alkenes are described. The synthetic methods
provide powerful tools to prepare highly functionalized
oxygen- and nitrogen-containing five-membered ring
systems. The reactions can be effectively promoted by
base, base/transition metals, and Lewis acids, depending
on the substrates.
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The reactions in Equation (1) may proceed by initial addi-
tion of the alkoxy anion to 1a to give the anion A1, which
then undergoes a second conjugate addition through a tran-
sition state B1 leading to the anion C1 (Scheme 1). Subse-
quent protonation affords (Z) and (E)-3a.


For both the bicyclic products and monocyclic tetrahydro-
furans, diastereoselective formation of the cis ring junction
and 2,3-substitution were achieved respectively, probably
due to stereochemical requirements. For acyclic substrates,
allylic 1,3-strain was assumed. On the other hand, for olefin-
ic substitution, mixtures of the E and Z geometrical isomers
were obtained.


1-Nitrocyclohexene (1a) also reacted with a
hydroxyalken ACHTUNGTRENNUNGoate. Thus, treatment of 1a with methyl 4-hy-
droxy-2-buten ACHTUNGTRENNUNGoate (6) under the same reaction conditions
gave an inseparable mixture of the two diastereoisomers of
the octahydrobenzo[b]furan 7 in 81% yield and in a ratio of
4:1 [Eq. (3)].


The tBuOK-promoted reaction of 4-chlorobut-2-yn-1-ol
(8) with nitroalkenes 1 and 4 to afford 3-vinylidenetetrahy-
drofurans 9 and 10 was investigated by DulcJre and
Dumez.[8] Nitroalkenes 1 and 4 (Scheme 2) were treated at
0 8C to room temperature in THF with 8, in the presence of
tBuOK (1.5 equiv). Vinylidenetetrahydrofurans 9 and 10
were isolated as the sole products (70–78% yield). The oxa-
Michael addition first affords nitronate A3 which then un-
dergoes SN2’ substitution to provide the allenyl moiety
(Scheme 3). In these examples, for both the bicyclic prod-
ucts and monocyclic tetrahydrofurans, diastereoselective for-
mation of the cis ring junction and 2,3-substitution were also
achieved, probably due to stereochemical requirements.


The reaction of non-activated propargyl alcohols or prop-
argylamines with nitroalkenes as Michael acceptors in the


presence of tBuOK was also found to proceed.[9] This is an
extension of the two-step synthesis of a-methylene g-lactams
from 1-nitrocyclohexene (1a), involving the formation of b-
nitroamides, which then undergo a base (Triton B)-promot-
ed carbanion addition to an unactivated terminal alkyne.[10]


The tBuOK-promoted reaction of propargyl alcohols 11
with nitroalkenes 1 and 4 affords 3-methylenetetrahydrofur-
ans 12 in moderate to good yields regioselectively and dia-
stereoselectively [Eq. (4)]. The diastereoselectivity of 2,3-
substitution was also explained by allylic 1,3-strain as above.
Minor products, 3,4-dihydropyrans 13 resulting from 6-endo
cyclization mode were obtained along with the major 5-exo
adducts 12, when the reaction was performed with nitroal-
kenes 1a and 4c (ratio 5-exo/6-endo 1.7–20:1). Tetrahydro-
furans 12 and the minor products, 3,4-dihydropyrans 13 by
reaction with a-substituted propargyl alcohol 11b were ob-
tained as a 0.7–0.9/1 mixture of diastereomers.


Aza-Michael addition of N-methylpropargylamine (14a)
with nitroalkenes 1 and 4 also proceeded with intramolecu-
lar nucleophilic addition to provide, regio- and diastereo-se-


Scheme 1.


Scheme 2.


Scheme 3.
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lectively, 3-methylenepyrrolidines 15 [Eq. (5)]. Thus, base
promotes intramolecular addition of the generated carban-
ion to an unactivated terminal alkyne. The substrates for the
reported base-promoted reactions were so far limited to a-
alkyl nitroalkenes.


Base/Pd-, Cu-promoted Reactions with Propargyl
Alcohol or Propargylamines


Catalytic use of nBuLi/Pd in the reaction of a propargylic al-
cohol and a Michael acceptor leading to highly functional-
ized 3-methylenetetrahydrofurans was also investigated by
Balme and co-workers.[11] These reaction conditions are an
extension of the carbocyclization of alkynyl malonates deriv-
atives promoted by catalytic amounts of an alkoxide and a
palladium(0) complex.[12] The strategy towards methylene-
ACHTUNGTRENNUNGtetrahydrofurans is based on an oxygen-nucleophile-initiated
Michael addition of propargyl alcohols to alkylidene or arACHTUNGTRENNUNGyl-
ACHTUNGTRENNUNGidenemalonates, followed by an in situ palladium-mediated
cyclization.


The reaction of propargyl alcohol 11a (1.5 equiv) with di-
ethyl benzylidenemalonate (16a ; 1 equiv) in the presence of
10 mol% nBuLi and 5 mol% [Pd ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(PPh3)] in THF at
room temperature gave tetrahydrofuran 17a (E=E’=
CO2Et, R=Ph) in 94% yield [Eq. (6)]. The reaction condi-
tions were applied to the synthesis of various methylene-
ACHTUNGTRENNUNGtetrahydrofurans. Reaction of a-substituted propargyl alco-
hol 11c–d with 16a also gave tetrahydrofurans 17 [Eq. (7)].
Compound 17 from 1-phenyl-2-propyn-1-ol (11d) was isolat-
ed as a separable mixture of diastereomers (cis :trans=1:2).


The reaction is also promoted by copper iodide.[13] These
reaction conditions were applied to solution-phase combina-


torial synthesis of a large array of 3-methylenetetrahydrofur-
ans. High yields are obtained by reaction between benzyl-
ACHTUNGTRENNUNGidene- or alkylidenemalonates and propargyl alcohols.


The Li/Pd-mediated process was applied to the synthesis
of 3-methylenepyrrolidines from propargylamines 14 and a
variety of Michael acceptors. Reaction of N-methylpropar-
gylamine (14a) with diethyl benzylidenemalonate (16a)
under the same reaction conditions as above (10 mol%
nBuLi and 5 mol% [Pd ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(PPh3)] in THF at room tem-
perature) afforded the pyrrolidine 18a in 79% yield
[Eq. (8)].[14] Attempts to accomplish this reaction using
propargylamine 14 (R=H) proved to be unsuccessful.


The tandem reaction was also carried out by using a
copper catalyst. Thus, the reaction of N-benzylpropargyl-
ACHTUNGTRENNUNGamine (14b) and tosyl amine 14c with 16a in the presence
of CuI (3%) and nBuLi (10%) in THF at room tempera-
ture, afforded the corresponding pyrrolidines 18 in good
yield [Eq. (9)]. The procedure with a copper catalyst was
compared that with the palladium catalyst. The yields ob-
tained for reactions involving 14a were improved by substi-
tuting [Pd ACHTUNGTRENNUNG(OAc)2ACHTUNGTRENNUNG(PPh3)] for CuI. The reaction of a g-substi-
tuted propargylamine 14d with diester 16a did not give the
desired cyclized products. Reaction of 14d with malononi-
trile derivative 16c gave an (E)-18c isomer exclusively
[Eq. (10)].


Although the precise role of copper iodide and the differ-
ences between copper and palladium are not clear, the
mechanism for the formation of the nitrogen heterocycle in-
volving the conjugate addition of the nitrogen anion, fol-
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lowed by pyrrolidine cycloisomerization, may be proposed
(Scheme 4). Formation of the isomer (E)-18c as the only re-
action product suggests anti-addition of the carbanion to the


acetylenic moiety coordinated to the copper catalyst in A4.
The palladium-catalyzed reactions of propargyl alcohols


and propargylamines with a-sulfonyl a,b-unsaturated ke-
tones were further developed to a single-step synthesis of
furo ACHTUNGTRENNUNG[3,4-c] heterocyclic derivatives utilizing the sulfone
group under the palladium-catalyzed conditions.[15] For ex-
ample, the furofuran 20a was obtained by treatment of a so-
lution of propargyl alcohol 11a (1.5 equiv) with tBuOK
(1.1 equiv) and subsequent addition of a-phenylsulfonyl
chalcone 19a together with a catalytic amount (5 mol%) of
[Pd ACHTUNGTRENNUNG(PPh3)2X2] (X=Cl or OAc) in THF under reflux in 52–
57% yield [Eq. (11)]. The methodology was also extended
to the synthesis of furopyrroles by using propargylamines.


According to mechanistic consideration of the reaction,
the arylidene b-ketosulfone 19 acts initially as a Michael ac-
ceptor and then as a nucleophilic ionic center. The first cy-
ACHTUNGTRENNUNGclization (to give tetrahydrofuran or pyrrolidine rings) is
suggested to be promoted by a s-alkynyl palladium(II) (or
IV) hydride species resulting from insertion of the metal
into the C�H bond of the terminal acetylene. This would
lead to an intermediate species A5 (Scheme 5). At this


stage, the ability of the sulfonyl moiety to act as a leaving
group would trigger the generation of a palladium carbene
B5 through sulfinic acid elimination. It is suggested that
tBuOK intervenes in the elimination step in addition to the
first cyACHTUNGTRENNUNGclization, possibly by abstracting the hydrogen of the
intermediate Pd(IIorIV)�H species to form the palladium car-
bene. The electrophilic palladium carbene B5 is then at-
tacked by the oxygen of the adjacent ketone, leading to 20
in a 6p-electrocyclization process.


The sulfone and nitro groups in electrophilic olefins are
also utilized in sequential one-pot coupling of three compo-
nents, a propargylamine, a vinyl sulfone (or nitroalkene)
and phenols.[16] The one-pot reaction was achieved by the se-
quential process of a Cu-catalyzed cycloaddition of a propar-
gylamine and a vinyl sulfone and a Pd-catalyzed allylic sub-
stitution reaction of sulfone (or nitroalkene) with phenol
(Scheme 6). For example, propargylamine 14a (R=Me)


(1.1 equiv) and vinyl sulfone 21a (E=CO2Me, R1=Ph)
(1 equiv) underwent cycloaddition in THF at room tempera-
ture in the presence of 3 mol% of [CuI ACHTUNGTRENNUNG(PPh3)3]. After the
reaction had reached completion (ca. 6 h), a solution of
sodium phenoxide 22a (R2=3,4-OCH2O-) (2 equiv) in THF
was added, followed by 4 mol% of [Pd ACHTUNGTRENNUNG(PPh3)4], and the re-
action mixture was stirred overnight at 40 8C. This afforded
a 56:44 mixture of 4-(phenoxymethyl)-3-pyrroline 23a and
its isomeric 4-(phenoxymethylene) pyrrolidine 24a in 63%
isolated yield.


Next, a one-pot reaction between equimolecular amounts
of various propargyl alcohols, Michael acceptors, and unsa-
turated halide (or triflate) 25 in the presence of a palladi-
um(0) catalyst to provide highly substituted 3-arylidene- (or
3-alkenylidene-) tetrahydrofurans 26 was investigated
[Eq. (12)].[17] The methodology is based on a tandem conju-
gate-addition/carbopalladation involving an unsaturated
halide (or triflate). A palladium(0) catalyst generated in situ
by reduction of [PdCl2ACHTUNGTRENNUNG(PPh3)2] with nBuLi has been found
particularly effective. By using 5 mol% of this catalyst, the
reaction took place at room temperature in less than 15 min,
leading to the stereoselective formation of 26a (R2=Ph) in


Scheme 4.


Scheme 5.


Scheme 6.
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89% yield. The three-component one-pot process was ap-
plied to synthesis of pyrrolidines. The reaction of N-methyl-
propargylamine (14a ; 1.1 equiv) with dimethyl benzylidene-
malonate (16d ; 1.1 equiv) and phenyl iodide (25a ; 1 equiv)
under the given reaction conditions (1.1 equiv NaH,
5 mol% [PdCl2ACHTUNGTRENNUNG(PPh3)2], THF/DMSO, RT, 3 h) gave 27a
(E=E’=CO2Me, R1=R2=Ph) in 65% yield.[18]


A Pd-catalyzed three-component assembling of highly
functionalized 4-benzyl- (and allyl-) pyrrolidines was also
achieved by a combination of allylamines 28, gem-diactivat-
ed alkenes such as benzylidenemalonates 16 and a-sulfonyl
esters 21, and unsaturated halides (or triflates) in 60–90%
yields with diastereomeric ratios of 85:15–75:25 in favor of
the trans isomer [Eq. (13)].[19]


Zn-Promoted Reactions of Alkylidenemalonates
with Propargyl Alcohol


A zinc-catalyzed tandem 1,4-addition/cyclization between
propargyl alcohol and a Michael acceptor, such as alkyl-
ACHTUNGTRENNUNGidenemalonate, has been developed by Nakamura and co-
workers.[20] In the presence of catalytic amounts of zinc tri-
flate [Zn ACHTUNGTRENNUNG(OTf)2] and triethylamine (Et3N), various 2-alkyli-
dene-1,3-dicarbonyl compounds reacted with propargyl alco-
hol to give 3- or 4-methylenetetrahydrofurans in high yields.


A mixture of olefin 16a and propargyl alcohol 11a (1:2
mole ratio) was refluxed in THF in the presence of
20 mol% Zn ACHTUNGTRENNUNG(OTf)2 and 20 mol% Et3N to give the tetrahy-
drofuran product 17a in 92% yield [Eq. (14)]. The reaction
takes place around room temperature in the absence of sol-
vent, although the use of a large excess of propargyl alcohol
11a (5 equiv) is required to achieve smooth conversion of
the substrate.


A mechanistic rationale for this catalytic coupling reac-
tion is proposed in Scheme 7. First, zinc alkoxide A7 forms
by the reaction of propargyl alcohol with Et3N and Zn-
ACHTUNGTRENNUNG(OTf)2, and the resulting zinc alkoxide adds to the Michael
acceptor 16. The zinc enolate intermediate B7 is assumed to
be reactive enough to undergo cyclization quickly, since the


initial 1,4-adduct was not observed. On the other hand, the
reverse 1,4-addition must be even faster than the cyclization,
and overall the equilibrium of the first stage favors the start-
ing material side. The intramolecular carbozincation of B7
followed by protonation of alkenylzinc intermediate C7 fur-
nishes the tetrahydrofuran product and regenerates the zinc
alkoxide A7.


Lewis Acid Promoted Reactions of
Ethenetricarboxylates with Propargylamines or


Propargyl Alcohols


Zinc- and indium-promoted reactions of ethenetricarboxy-
lates with propargylamines : In our research to date, we have
shown that ethenetricarboxylate derivatives are highly elec-
trophilic Michael acceptors in various Lewis acid promoted
reactions.[21] For example, they are used in amine additions,
[2+1] cycloadditions, and various intramolecular reactions.


Propargyl substrates may react with the metal-coordinat-
ed ethenetricarboxylate derivatives and give rise to an inter-
mediate adduct. We proposed that the use of ethenetricar-
boxylates may be effective in the first conjugate addition
step, and soft Lewis acids, such as zinc or indium, may acti-
vate the alkyne moieties as well. Facile ring closure may
occur from the intermediate to lead to cyclized products.
According to this hypothesis, we have investigated the fol-
lowing reactions.


Initially, we examined the reaction of ethenetricarboxylate
30 and propargylamines 14.[22] The reaction of a 1:1 mixture
of these substrates in the absence of Lewis acid gave 1,4-
adduct 32 quantitatively. After examining various Lewis
acids [Eq. (15)], zinc and indium Lewis acids were found to


Scheme 7.
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be effective for methylenepyrrolidine formation. Treatment
of the noncyclic adduct 32a (Y=CO2tBu, R=Me) with
1.2 equivalents of ZnBr2 or InBr3 gave 31a (Y=CO2tBu,
R=Me) in 60% and 66% yields, respectively.


Catalytic conditions were examined and using InBr3–Et3N
(0.2 equiv) in CH2ClCH2Cl at 80 8C for 4 h gave the cyclized
product 31a in 74% yield. The reaction also proceeds with-
out Et3N in 55% yield. Addition of Et3N may capture the
HBr generated in situ and suppress side reactions. The reac-
tion of 30a and N-propargylamine 14e (R=H) in the pres-
ence of catalytic InBr3–Et3N (0.2 equiv) at 80 8C for 4 h gave
a proline derivative 31 (Y=CO2tBu, R=H) in 75% yield.
Thus, as we had proposed, zinc and indium can presumably
activate alkyne moieties and give cyclized products effec-
tively.


We next decided to examine other highly activated sub-
strates. The reaction conditions for the indium bromide cat-
alysis (0.2 equiv InBr3–Et3N, in CH2ClCH2Cl, 80 8C, 4 h)
were also shown to be applicable to various ethenetricarbox-
ylates 30. In addition to various ester substituted analogs
(Y=CO2Et, CO2CH2Ph), amide (Y=CONMeCH2C�CH)
and ketone derivatives (Y=COPh) 30 also gave the novel
proline analogs 31 in 45–69% yields. This methodology rep-
resents a very rapid and efficient way to construct a variety
of potentially useful proline analogues.


The reactions of other substrates, di-tert-butyl methylene-
malonate (33), diethyl ethylidenemalonate (16d), and dieth-
yl benzylidenemalonate (16a) with propargylamines 14 were
investigated in order to examine the effect of 2-substituents
[Eq. (16)]. Di-tert-butyl methylenemalonate (33) gave cy-
clized product in high yields. Less reactive ethylidenemalo-
nate 16d and benzylidenemalonate 16a also gave cyclized
products in 38–49% yield, along with byproducts 38 (5–
12%) and 39 (3% for 16d) from the reverse Knoevenagel
reaction.


Lewis acid catalyzed reactions of ethenetricarboxylates with
propargyl alcohols : The reaction conditions for the zinc and
indium catalysis were also found to be suitable for methyl-
ACHTUNGTRENNUNGenetetrahydrofuran formation. The reactions of ethenetri-
carboxylate 30b with propargyl alcohol 11a in the presence
of catalytic amount of ZnBr2 gave methylenetetrahydrofur-
an 40a (Y=CO2Et) in 81% yield [Eq. (17)].[22, 23] The reac-
tion of tert-butyl ester 30a and 11a in the presence of ZnBr2
or InBr3 did not give the expected methylenetetrahydrofur-
an, probably because tert-butyl cation generated in situ


reacts with intermediates.[24] The reaction of 30b with 11a in
the presence of InBr3 gave cyclized product 40a in 83%
yield. Use of hard Lewis acids such as AlCl3 and SnCl4 gave
a small amount of 40a, along with the non-cyclized 1,4-addi-
tion product and unreacted starting materials.


The reaction of 30b and 11a without ZnBr2 or InBr3 did
not proceed. The different reactivity of propargylamines and
alcohol arises from the difference of nucleophilicity of nitro-
gen and oxygen. The use of catalytic amounts of InBr3
(0.2 equiv) at room temperature leads to the formation of
1,4-adduct 41 in 65% yield as a main product, along with
the H2O adduct 42 (8%). Formation of 41 is different from
the above described reaction of 16a with propargyl alcohol
in the presence of catalytic Zn ACHTUNGTRENNUNG(OTf)2–Et3N.


[20] Stoichiomet-
ric use of propagyl alcohol 11a is sufficient to lead to satis-
factory yields, in contrast to the reaction of 16a. These re-
sults arise from the high reactivity of 30 towards propargyl
alcohol as described for the reaction with propargyl amines
similarly in the first 1,4-addition step, and the reverse 1,4-
addition is less favored than in the reaction of 16a.


The reaction of ketone derivative 30c and piperidine
amide 30d with 11a also gave methylenetetrahydrofurans 40
in 78–89% yield.


Next, a Lewis acid catalyzed cyclization of ethenetricar-
boxylate derivative with g-substituted propargyl alcohols to
give methylenetetrahydrofurans was investigated. ZnBr2,
ZnACHTUNGTRENNUNG(OTf)2, and InBr3-catalyzed reaction of triethyl ethenetri-
carboxylate (30b) and 3-phenyl-2-propyn-1-ol or 2-butyn-1-
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ol gave recovered starting material, a non-cyclized adduct or
a complex mixture.


Then, silicon-substituted propargyl alcohols were investi-
gated next. A silicon group may activate the alkyne group
towards electrophilic reactions, as indicated by some litera-
ture precedent, for example, the reactivity of silyl-substitut-
ed propargyl alcohols versus alkyl propargyl alcohols in hy-
droalumination reactions with Re–Al.[25] The silyl group in
the resulting cyclized products with a vinylsilane moiety can
be used for further synthetic elaboration.[26] Reaction of 30
and 3-silyl-2-propyn-1-ols 43 in the presence of a catalytic
amount of ZnBr2 (0.2 equiv) in ClCH2CH2Cl or toluene at
80–110 8C gave (Z)-silyl-substituted methylenetetrahydrofur-
ans 44 stereoselectively [Eq. (18)]. Use of InBr3 as a Lewis
acid catalyst in the reaction of 30 and 3-trimethylsilyl-2-
propyn-1-ol (43a ; SiR3=TMS) gave desilylated cyclized
products 40 preferentially [Eq. (19)]. Various silyl groups
were examined. Reaction of 30 with TMS-, PhMe2Si-,
Ph2MeSi-, Ph3Si-, CH2=CHMe2Si-, and PhCH2Me2Si-substi-
tuted propargyl alcohols gave cyclized products 44 in 53–
92% yield. On the other hand, reaction of 30b with tBu-
Me2Si-, tBuPh2Si-, and (Me3Si)3Si-substituted propargyl alco-
hols under similar conditions did not give cyclized products
effectively. These results probably arise from the combina-
tion of electronic and steric effects of substituents on silicon.
The reaction of less reactive diethyl benzylidenemalonate
16a with 43 (SiR3=TMS, SiMe2Ph) in the presence of
ZnBr2 also gave cycloadducts 45 in 63–68% yields.


Ester-substituted propargyl alcohols, which are expected
to be highly activated in the electrophilic acetylene moiety,
were examined. The base-catalyzed reaction of electron-
withdrawing-group-substituted propargyl alcohols such as
methyl 4-hydroxy-2-butynoate (2a) and nitroalkene have
been described (vide supra).[7] Lewis acid catalyzed condi-
tions may solve the problems, such as the instability of 2a
under basic conditions and the low stereoselectivity. Reac-
tion of 30b,c and methyl 4-hydroxy-2-butynoate (2a) in the
presence of a catalytic amount of ZnX2, InCl3, FeCl3 and
AlCl3 (0.2 equiv) gave the (Z)-ester-substituted methylene-
tetrahydrofurans 46 stereoselectively in 52–98% yield


[Eq. (20)]. Use of InBr3, GaCl3, Sc ACHTUNGTRENNUNG(OTf)3, and SnACHTUNGTRENNUNG(OTf)2
gave complex mixtures. On the other hand, reaction of 30
and 2a in the presence of SnCl4 at room temperature in
CH2Cl2 gave the (E)-47 isomer exclusively in 45–74% yield.
Reproducible yields were obtained when one equivalent of
SnCl4 was used at room temperature.[23b] The amount of
Lewis acid did not affect the stereochemistry. The Z and E
structures were determined by the absence or presence of
NOE correlation between the olefinic proton and CH2 pro-
tons. Thus, interesting Lewis acid-dependency on stereose-
lectivity was found.


To further examine the stereochemical course of the cycli-
zation with propargyl alcohols, reaction of 30b with a-sub-
stituted propargyl alcohols was investigated. Reaction of
triester 30b and enantiomerically pure (R)-3-butyn-2-ol
((R)-11b) in the presence of a catalytic amount of ZnBr2
(0.2 equiv) in toluene at 110 8C for 22 h gave two stereoiso-
mers 48a and 49a in 62% yield in a 1.1:1 ratio and both
products demonstrated >95% enantiomeric excess (ee)
[Eq. (21)]. Reaction of ketone derivative 30c and (R)-11b
gave stereoisomers 48b and 49b in 73% yield in a 2.3:1
ratio and both products demonstrated >95% ee. The reac-
tion of 30b,c with enantiomerically pure (R)-1-phenyl-2-
propyn-1-ol ((R)-11d) was also examined and gave products
in >95% ee as well. The diastereomer ratios of 48 to 49 in-
creased in the reaction of 30c relative to that of 30b, proba-
bly because of steric reasons. Thus, the utility of the reaction
for synthesis of enantiomerically pure substituted tetrahy-
drofurans has been shown.


Reaction mechanism : The Zn- or In-promoted reaction
mechanism is considered next. The probable mechanism for
formation of the five-membered ring is shown in Scheme 8.
Conjugate addition of nitrogen or oxygen of propargylic
substrates to zinc- (or indium-) coordinated 30 in the diester
moiety and proton transfer gives intermediate A8. The use
of highly electrophilic ethenetricarboxylates 30 may be ef-
fective in the first conjugate-addition step. Zinc (or indium)
transfer to alkyne leads to intermediate B8, and the follow-
ing cyclization gives C8. Protonation of the sp2 carbon in
the intermediate C8 by the generated proton and zinc (or
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indium) coordination to the
diester moiety gives the more
stable intermediate D8. The in-
termediate D8 furnishes the
five-membered rings along with
the release of the zinc (or
indium) catalyst. The facile cy-
ACHTUNGTRENNUNGclization by zinc Lewis acid can
be explained by the dual activa-
tion ability of the carbonyl and
alkyne moieties.[27]


To examine the intermediacy
the stereochemical require-
ments of the proposed inter-
mediates A8–D8 in Scheme 8,
B3LYP/6–31G* calculations[28]


of models (ZnBr2–trimethyl-
ACHTUNGTRENNUNGester propargyl alcohol) for
A8–D8 (A9-1, A9-2, B9, C9,


D9 transition state (TS) of cyclization step B9!C9) were
carried out (Scheme 9). The optimized structures were suc-
cessfully obtained, the TS structure reaction coordinate vec-
tors are shown in Figure 1.


For the intermediate A8 in Scheme 8, two possible con-
formations A9-1 and A9-2 were obtained. These structures
have only small differences (DG8=1.85 kcalmol�1) in
energy and they are considered to exist as rotamers. The in-


Scheme 8.


Scheme 9.


Figure 1. B3LYP/6–31G*-optimized structure of the transition state (TS9) of ring closure (B9!C9 in
Scheme 9) for model compound (ZnBr2–trimethyl ethenetricarboxylate) and propargyl alcohol 11a. Reaction-
coordinate vectors corresponding to the sole imaginary frequency are also shown.
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termediate A9-2 may be transformed to the relatively stable
zinc–alkyne and carbonyl chelate complex B9. In the inter-
mediate B9, Zn�C6 and Zn�C5 distances (see Scheme 9 for
atom numbering) are 2.577 and 2.974 O, respectively, and
the ring forming C1···C5 distance is 3.032 O. Structure of cy-
ACHTUNGTRENNUNGclization transition state (TS9) shows the effective zinc che-
late for C�C bond formation, in which Zn�C6 and Zn�O7


are 2.101 and 2.235 O, respectively. In the TS, the ring form-
ing C1···C5 distance becomes 2.166 O (Figure 1). After the
TS, alkenyl–zinc intermediate C9 was obtained. The struc-
tures of the precursor B9 and alkenyl zinc intermediate C9
were confirmed by an intrinsic reaction coordinate (IRC)
calculation.[29] From C9, protonation would occur to the sp2


carbon C6 leading to the more stable zinc–diester chelate in-
termediate D9.


The proposed mechanism is in agreement with the ob-
served Z selectivity for the zinc Lewis acid promoted reac-
tion of 30 and g-substituted propargyl alcohols: g-silicon-
substituted propargyl alcohols 43 and 4-hydroxy-2-butynoate
(2a). Thus, the alkenyl zinc intermediate C8 in Scheme 8 re-
tains the configuration.


However, regarding the mechanistic interpretations of the
zinc catalyzed reactions, there are some problems still unre-
solved. For example, we propose a neutral zinc-coordinated
enol–ester as A9-1, because a base is not necessarily re-
quired in the Lewis acid conditions. On the other hand, Na-
kamura suggested zinc alkoxide (in the presence of Et3N)
attack leading to an anionic zinc coordinate enolate–ester.[20]


The detailed reaction mechanism including neutral alcohol
or alkoxide attack is under investigation. How the last
mechanistic step occurs (C9 to D9), in which a proton and
the zinc change places should be also studied. There is an
another issue with the ordering of events in the addition
steps. Since the zinc coordination of both alkyne and ester
in B9 is significantly lower in energy than the zinc coordina-
tion of both carbonyls of the diester (or enolester) in A9-1,
a transition state TS10 in Scheme 10 could be also consid-
ered. Further mechanistic studies are required.


The observed E selectivity for SnCl4 can be explained as
shown in Scheme 11. Initial adduct A11, which is the same
type as intermediate A8 in Scheme 8, would transform to
intermediate B11, not a B8-type intermediate in Scheme 8,
because the harder Sn4+ may prefer carbonyl oxygen to
carbon.[30] Ring closure may occur from the intermediate
B11 leading to intermediate C11. Intermolecular proton-
ACHTUNGTRENNUNGation (or protonation by liberated H+) from outside would


lead to Sn–diester chelate intermediate D11. Further study
of the SnCl4-promoted mechanisms is also required.


Conclusion


In summary, recent developments concerning synthesis of
methylenetetrahydrofurans and methylenepyrrolidines by
one-pot formal [3+2] cycloadditions involving propargylic
(and allylic) alcohols and amines with electrophilic alkenes
are described. The synthetic methods provide powerful tools
to prepare highly functionalized oxygen- and nitrogen-con-
taining five-membered ring systems. The reactions can be ef-
fectively promoted by base, base/transition metal, and Lewis
acid, depending on the substrates. These reactions demon-
strate the crucial effect of both the substrates and the nature
of the catalyst on the reaction process. Further transforma-
tion of the highly functionalized products to potentially
useful compounds and also extension to other heterocycles
are expected future developments.
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Copper- or Iron-Catalyzed Arylation of Phenols from respectively Aryl
Chlorides and Aryl Iodides


Ning Xia and Marc Taillefer*[a]


The diaryl ether structure is found in numerous important
organic compounds in the pharmaceutical and polymer in-
dustries.[1] The common synthesis of diaryl ethers usually re-
quires the reaction of phenols with aryl halides in the pres-
ence of a catalyst containing a transition metal. It has been
reported that Pd-catalyzed methods can function in this
role, but their high costs and elaborate ligands are draw-
backs when compared with copper-mediated reactions.[2,3]


Indeed, in recent years much work has contributed to im-
proving the traditional Ullmann ether synthesis, which re-
quires stoichiometric quantities of copper and harsh condi-
tions. In spite of great advances in the use of copper cata-
lysts associated with specific ligands,[4] the aryl chlorides are
still problematic substrates. To our knowledge there are
very few examples available involving them in copper-cata-
lyzed arylation with phenols.[3b, c] Thus a convenient and gen-
eral method for arylation from aryl chlorides should be of
great interest to industrial production and laboratory re-
search due to their low cost and ready availability.[5] Recent-
ly we presented an original example of cooperative bimetal-
lic Fe–Cu catalysis affording O-, N-, or C-arylation of
nucleo ACHTUNGTRENNUNGphiles from aryl bromides.[6] In this work we observed
that the efficiency of the catalytic system was dramatically
increased by the addition of 2,2,6,6-tetramethyl-3,5-heptane-
dione (1) as ligand, thus allowing, for example, arylation of
phenols from non-activated chlorobenzene (Scheme 1).[6a]


These initial results encouraged us to carefully investigate
this system. We now report the first general method for
copper-catalyzed arylation of phenols from aryl chlorides.[7]


An additional finding of this study, touched upon only brief-


ly here, is the iron-catalyzed arylation of phenols from aryl
iodides.[7]


A systematic study was first undertaken by choosing 3,5-
dimethylphenol as a model substrate (synthesis of 2 f,
Table 1). Our first test allowed us to check the result pre-
sented in Scheme 1, because we observed that under quite
similar conditions the arylation of dimethylphenol from
chlorobenzene was indeed possible even in the presence of
a lower quantity (10%) of iron catalyst (Table 1, entry 1).
The first blank test was undertaken with PhCl and the dike-
tone-1/[CuACHTUNGTRENNUNG(acac)2] system (Table 1, entry 2). The result was
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Supporting information for this article is available on the WWW
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Scheme 1. 1/Fe/Cu/-catalyzed arylation of dimethylphenol with PhCl.[6a]


Table 1. 1/Cu-catalyzed O-arylation of 3,5-dimethylphenol from aryl hal-
ides.


Fe Cu X Solvent Yield [%][a]


1 FeCl3 [Cu ACHTUNGTRENNUNG(acac)2] Cl DMF 40
2 [Cu ACHTUNGTRENNUNG(acac)2] Cl DMF 60
3 [Cu ACHTUNGTRENNUNG(acac)2] Br DMF 95[b]


4 FeCl3 Cl DMF 0
5 FeCl3 Br DMF 18
6 FeCl3 I DMF 85,97[c]


7 CuBr Cl DMSO 18
8 CuBr Cl DMF 64
9 CuI Cl DMF 57
10 CuBr2 Cl DMF 57
11 CuBr Cl DMF 43[d]


12 CuBr Cl DMF 91[e]


[a] GC yield yields determined with 1,3-dimethoxybenzene as the inter-
nal standard. [b] Reaction temperature: 70 8C. [c] Reaction time: 24 h.
[d] 0.4 equiv of ligand. [e] Reaction time: 36 h.
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surprising, because in absence of iron salt, diaryl ether 2 f
was obtained in a very acceptable yield (60%). Another in-
dication of the efficiency of this system was that the reaction
using bromobenzene allowed us to obtain ether 2 f quantita-
tively at a remarkably low temperature (70 8C, Table 1,
entry 3). The second blank test was performed without
copper and showed as expected that the arylation from
PhCl did not proceed at all with a catalytic system only
based on iron (Table 1, entry 4). However, when we tested
the bromobenzene under the same conditions as previously,
we were intrigued by the formation of a modest but signifi-
cant amount of ether 2 f (18%; Table 1, entry 5). Finally, we
selected iodobenzene, which is a more powerful electrophile,
with which we obtained the coupling product in 85% yield
(see below). We then continued our study and by a system-
atic variation of parameters we were able to establish a pro-
tocol permitting the arylation of 3,5-dimethylphenol with
chlorobenzene in excellent yield (entry 12). Among the sol-
vents, bases, and copper sources tested (Table 1, entries 7–
12), DMF, caesium carbonate, and copper bromide were
found to be the best combination.
Next we explored the breadth of application of this new


method. Thus the system diketone-1/[CuACHTUNGTRENNUNG(acac)2] efficiently
promotes cross-coupling reactions between phenols and
chlorobenzene or aryl chlorides, which are deactivated by
electron-donating substituents. We have thus isolated several
different diaryl ethers 2a–i using unreactive substrates such
as chlorobenzene, 4-chlorotoluene, and even 4-chloroanisole
(Table 2, entries 1–10). That the O-nucleophile can also be
varied considerably is attested to by the following examples
that all undergo efficient coupling under our conditions: p-
toluene, p-methoxyphenol, p-fluorophenol, p-tertiobutylphe-
nol, 3,5 dimethylphenol, and phenol itself. In most cases
when the reactions were carried out with Cs2CO3 as the
base, excellent isolated yields were obtained at 135 8C, a re-
markably low temperature relative to those required in the
classic stoichiometric Ullmann arylation of phenol with aryl
chlorides. In the presence of more reactive aryl chlorides
substituted by electron-withdrawing groups (CH3CO, CN or
NO2) our catalytic system also gave excellent yields of
biaryl ethers (Table 2, entries 11–13). However here, particu-
larly for NO2, the catalyst proved unnecessary and cross-
coupling proceeds in high yield by nucleophilic aromatic
substitution.[8]


We believe that these results indicate that we have discov-
ered an efficient global method for arylation of phenols
from aromatic chlorides. The stronger donor character of b-
diketone 1 compared to acac probably facilitates oxidative
addition of the chlorobenzene to copper.[9] This may also be
the key to the successful arylation of dimethylphenol from
phenyl iodide catalyzed by iron (Table 1, entry 6). We con-
firmed the efficiency of the ligand 1/iron combination as a
catalyst by conducting screening tests with phenyl iodine or
with iodobenzenes bearing electron-donating substituents
(Scheme 2). Thus very good isolated yields of diaryl ethers
were obtained from un- or deactivated aryl iodides, (iodo-
benzene, 4-iodotoluene, or 4-iodoanisole) with phenol, 4-flu-


orophenol, or 3.5-dimethylphenol. The reaction also takes
place quantitatively with electron-withdrawing groups on
the aryl iodides (R=NO2, CN, or CH3CO), but here good
yields with the same substrates are obtained under SNAr
conditions. Although the aryl iodides are much less chal-
lenging than the chlorides, this catalytic system is very inter-
esting because it constitutes the first report of C�O coupling
catalyzed by iron.[7,10]


A final example shows the advantage of complementary
use of copper and iron in this catalyst system: using both


Table 2. Ligand 1/Cu-catalyzed O-arylation of phenols from aryl chlor-
ides.


R1 R2 Product Yield [%][a]


1 H H 2a 81


2 H 4-Me 2b 80


3 H 4-OMe 2c 91


4 H 4-tBu 2d 87


5 H F 2e 40


6 H 3,5-Me2 2f 82


7 4-Me 3,5-Me2 2g 91


8 4-Me 4-MeO 2h 99


9 4-MeO 4-Me 2h 53


10 4-MeO 3,5-Me2 2 i 81


11 4-MeCO 3,5-Me2 2j 95


12 4-NO2 3,5-Me2 2k 88


13 4-CN 3,5-Me2 2 l 90


[a] Yield of isolated product.


Scheme 2. Ligand 1/Fe-catalyzed arylation of phenols from aryl iodides
(isolated yields in brackets).[7]
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metals with ligand 1 enables a chemoselective one-pot syn-
thesis of an unsymmetrical polyether as demonstrated by
the preparation of oligomer 3 in 80% isolated yield
(Scheme 3). Such compounds, which are otherwise difficult


to synthesize selectively, are important target molecules for
the life sciences.[11]


In summary, we have checked the utility of diketone 1,
which was first introduced for bimetallic Fe–Cu catalysts,[6a]


in copper-catalyzed arylation of phenols from aryl chlorides.
This reaction—of considerable economic importance—pro-
vides a challenge to which we supply the first satisfying solu-
tion. Commercial availability, low cost, and low toxicity of
the copper system makes it very competitive to existing Pd-
based protocols. Moreover, our method is easily adaptable
to an industrial scale for which financial and environmental
factors are of greater importance.[6a,7] Finally, we have also
shown the efficiency of catalysts employing diketone 1 using
iron alone as the metal and its use with both metals to
afford a clean entry into the regioselective synthesis of un-
symmetrical aromatic polyethers.


Experimental Section


For synthesis and characterization data of 2 and 3 and a general proce-
dure for the catalytic reactions, see the Supporting Information.
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Scheme 3. In situ chemoselective 1/Fe- and 1/Cu-catalyzed synthesis of a
polyarylether. a) Conditions as in Scheme 2; b) in situ addition of CuBr
and of the 3,5-dimethylphenol; conditions as in Table 2.
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Control of Macroscopic Helicity by Using the Sergeants-and-Soldiers
Principle in Organogels


Seong Ryong Nam, Ho Yong Lee, and Jong-In Hong*[a]


Helical structures of biomolecules (e.g., proteins, nucleic
acids) play a significant role in many natural systems. Be-
cause self-assembly is a powerful tool for constructing vari-
ous types of nano- and microstructures, many artificial heli-
ces have been constructed for mimicking natural helical
structures using self-assembly via hydrogen bonding, aro-
matic stacking and/or metal–ligand coordination interac-
tions.[1] Since Green and co-workers set up a system based
on the “majority” rule and the “sergeants-and-soldiers”
principle,[2] various induced helical structures have been de-
veloped using Green)s methods.[3] It turned out that the for-
mation of homochiral helical structures only requires either
the addition of a small portion of chiral units (sergeants) to
the achiral units (soldiers) or having a slight majority of R
over S units (or vice versa) in the supramolecules, because
noncovalent interactions between chiral and achiral units
can lead to chiral supramolecular structures by co-assembly
of achiral and chiral monomers.


Recently, while considerable attention has been paid to
the development of a low-molecular-weight gelator
(LMWG) for use in organic solvents, there are more and
more reports on nano- and microstructures being developed
in the gelation process.[4] One of the structures of interest is
a helical structure.[5] Although the control or amplification
of chirality in gels becomes a matter of primary concern,[6]


complete control of macroscopic helicity has never been re-
ported in the gelation process (Figure 1.).


This is the first paper that reports on the control of mac-
roscopic helical structures, which are self-assembled via hy-
drogen bonding, aromatic stacking, and van der Waals inter-
actions between chiral and achiral organogelators, as well as
on the unidirectional helicity of gels which are induced by


the chiral organogelators. Although most sergeants-and-sol-
diers systems consist of chiral and achiral units that are
structurally almost the identical, we exploit chiral and achi-
ral units with different structures (see below). The achiral
gelator 1 consists of a central aromatic group for aromatic
stacking and alkylamide groups that can participate in inter-
molecular hydrogen bonds and van der Waals interactions.
The chiral gelators 2 and 3 have alanine residues between
the dodecanoyl and p-phenylenediamine groups as the
chiral trigger unit. The gelators were synthesized by simple
amide coupling in moderate yields (see Supporting Informa-
tion).


NMR experiments were performed to obtain the evidence
for p–p interaction and hydrogen-bonding interaction in or-
ganogelator 1. The solvent polarity was varied by changing
the methanol and chloroform composition (Figure 2a).
NMR spectroscopy showed that the aromatic protons of or-
ganogelator 1 shifted upfield (d=�0.95 ppm) with increas-
ing methanol ratio. These phenomena were attributed to an
increase in the population of the p–p stacked, oligomeric or
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Department of Chemistry, College of Natural Sciences
Seoul National University, Seoul 151-747 (Korea)
Fax: (+82)2-889-1568
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under http://dx.doi.org/10.1002/chem.200800702.


Figure 1. SEM images of xerogels, a) chiral gelator 2, b) chiral gelator 3,
c) achiral organogelator 1, d) and e) enlarged images of each P and M
helix of 1 (scale bar: a)–c)=10 mm, d) and e)=5 mm).
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polymeric structures of organogelator 1. This implies that
the p–p interaction in organogelator 1 exerted a strong in-
fluence on self-association and gelation. The 1H NMR sig-
nals of 1 are concentration-dependent in [D8]toluene (Fig-
ure 2b). The amide proton signal shifted downfield (d=


+0.15 ppm) upon increasing the concentration, whereas the
aromatic proton signals showed insignificant shift. This indi-
cated that hydrogen bonding is a crucial factor of self-associ-
ation rather than aromatic stacking in toluene.


The gelation behavior of the gelators was tested in various
organic solvents. Gelation occurred in aromatic solvents
such as toluene and p-xylene. The xerogel obtained from
achiral organogelator 1 in toluene (1.14% w/w) shows very
interesting features in which remarkably thick ribbon struc-
tures are twisted in both left- and right-handed helical struc-
tures (Figure 1c, d and e). The
width of the ribbons varies
from 4 to 5 mm and they are a
few hundred micrometers in
length, with an average helical
pitch length of 7–8.5 mm. The
aggregated structures were sta-
bilized presumably by coopera-
tive aromatic stacking, hydro-
gen bonding, and van der Waals
interactions. While aromatic
stacking between the phenyl
groups induces one-dimensional
aggregates, hydrogen bonds
among the amide groups propa-
gate along the aggregate axis
and enforce a helical mode of
the aggregate.


For the purpose of control-
ling P and M helicity, chiral
triggers 2 and 3 were used. It
turned out that the chiral
methyl group of the d- or l-ala-
nine residue in 2 and 3 induced
the formation of homochiral
helical structures in the aggre-
gates consisting of the achiral
gelator and chiral gelator. Gela-


tors 2 and 3 also formed organogels in toluene, but no heli-
cal fibers were observed when only a chiral gelator was
present (Figure 1a, b). Various ratios (1:1, 2:1, 5:1, 10:1,
97:3, 98:2, and 99:1) of the achiral and chiral gelators were
tested. When the chiral portion increased too much, the
amount of the helical structure was not clear (Figure 3). Be-
cause the chiral methyl groups of 2 and 3 presumably inhibit
the stacking interactions, an excess of either 2 or 3 probably
obstructs the formation of helical structures. When the
amount of 2 or 3 is above 33%, helical structures are clearly
not formed (see Supporting Information).


The SEM images of xerogels exhibited the macroscopic
aggregation modes of the gelators. Figure 4 shows that the
xerogels obtained from complexes consist mainly of helical
structures. Figure 4a and b shows that all helices formed by
1 and 2, in the ratio of 99:1, reveal the characteristic left-
handed helical ribbon structures (M helices). In the case of
1 and 3, right-handed helical ribbon structures (P helices)
are exclusively formed (Figure 4c and d). Because the width,
length and average helical pitch length of helices are similar
to those of the helices formed by 1 alone, chiral triggers 2
and 3 did nothing but play a role in inducing the unidirec-
tional helicity.


CD experiments were performed to investigate the self-
assembly of 1 and chiral triggers from a microscopic view-
point. Gelator 1 was almost CD-inactive because organogels
were constructed by the random placement of nearly equal
numbers of P and M helices. In contrast, 2 and 3 show com-
plementary CD spectra because of the presence of the in-


Figure 2. a) Stacked 1H NMR spectra of 17 mm achiral gelator 1 at 50 8C. The solvent ratio of CDCl3/CD3OD
(v/v) from bottom to top: 10:1; 5:1; 2:1; 1:1. b) Stacked 1H NMR spectra of 1 are concentration-dependent in
[D8]toluene at 80 8C. The concentration of 1 from bottom to top: 2, 4, 10, 20 mm. (Ha =*, Hb =&).


Figure 3. SEM images of xerogels a) 1/3 1:1, b) 1/3 10:1 and c) 1/3 98:2 (scale bar a)–c)=5 mm).
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trinsic chirality in enantiomeric 2 and 3. The fascinating fact
is that assembly with only 1% of 2 or 3 provides a driving
force for the complete induction of homochiral helices. As
shown in Figure 5, addition of 1% of 2 induces the first pos-


itive Cotton effect (at long wavelength) and a second nega-
tive one (at short wavelength) whereas addition of 1% of 3
induces the first negative and second positive Cotton effects,
nearly symmetrically to the Cotton effect upon the addition
of 2. The 99:1 complexes show complementary Cotton ef-
fects at the same wavelength, and the opposite sign for each
enantiomer, clearly indicating that predetermination of the
helicity by a chiral trigger was successful. The CD spectra of
99:1 complexes and pure chiral gelators show Cotton effects
and absorption maxima at different wavelengths, which
clearly show that the Cotton effect of 99:1 complex is
caused by induced helicity of an achiral gelator. The Cotton
effects were shifted in the composite compared with the
pure chiral compounds. This indicates that the packing
mode is probably different in the composite and chiral gela-
tors. There is a remarkable correspondence between the CD
experiments and SEM observations. Microscopic insights


from the CD experiments reveal that the chiral property of
2 and 3 can be reflected within the aggregates of achiral 1
without changing the helical structure derived from the ag-
gregates of 1. Macroscopic SEM observations also proclaim
that the chiral property of the microscopic structure is pre-
served within the macroscopic structures without changing
the original helical structure derived from 1. This work re-
veals that a composition of only 1% of a chiral trigger can
induce completely the helicity not only from the microscopic
viewpoint, but also from the macroscopic structural view-
point, in the gelation process.


In conclusion, we have demonstrated the creation of well-
defined homochiral helical ribbon structures in the gel
phase. This is the first example of direct and complete con-
trol of microscopic and macroscopic helicity in gel phase, by
the application of the sergeants-and-soldiers principle by
using achiral gelator 1 and chiral gelators 2 and 3. It is a
unique system in that most of the sergeants-and-soldiers sys-
tems consisted of almost the same structure of chiral and
achiral units, but we exploited chiral and achiral units with
different structures. We expect that our results can be ap-
plied to the preparation of various types of homochiral
nano- and microstructures by using different units of ser-
geants-and-soldiers in the gelation process.


Experimental Section


General method for the preparation of gels : Gelation tests were per-
formed by solubilization of a weighed amount of gelator mixtures in a
measured volume of selected organic solvent. The mixtures were heated
until clear and cooled to room temperature. All the sample images were
monitored using 10 mg gelator per 1 mL toluene (1.14% w/w). Samples
for the xerogel images were dried in the air before examining SEM
images. Organogels in the vial were carefully picked up and applied to
the polymer or stainless steel stubs by a carbon tape.


Circular dichroism spectra techniques : Gel samples were sandwiched by
two quartz plates and dried in the air for removal of toluene, because tol-
uene is the UV-active solvent. Only xerogel phase CD experiments were
performed. In order to rule out the possibility of the birefringency phe-
nomena and intensity difference influenced by the sample thickness and
measurement direction, the thickness of the samples were kept approxi-
mately the same and CD measurements were done several times in dif-
ferent directions by turning the sample.
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Dispersion of Single-Walled Carbon Nanotubes by Using Surfactants:
Are the Type and Concentration Important?


Ji-Yong Shin, Thathan Premkumar, and Kurt E. Geckeler*[a]


Single-walled carbon nanotubes (SWNTs) are of a great
interest due to their unique mechanical, electronic, and opti-
cal properties as well as their interesting applications.[1,2]


Unfortunately, their existence in the form of aggregated and
parallel bundles[3] (as a result of substantial van der Waals
tube–tube attractions) make this material inadequately solu-
ble or dispersible in most of the common solvents, which is
crucial to their processing.[4] In order to explore these
unique properties and to understand the chemistry of
SWNTs, so far, some developments have been made toward
the dispersion or solubilization of SWNTs in both organic[5]


and aqueous media.[6–8] The dispersion of SWNTs in organic
media has been studied with both pristine and chemically
modified SWNTs.[5,9,10] It can be improved by chemical sub-
stitution,[11] but this creates defects in SWNTs, which
hamper the electronic properties.[12] Hence, SWNTs are gen-
erally dispersed using surfactants, which can successfully sus-
pend them through supramolecular interactions. Further,
stable dispersions of SWNTs in aqueous media are essential
owing to potential biomedical applications, which have been
facilitated by surfactants and polymers. However, in most of
the studies the well-known common surfactant, namely
sodium dodecylsulfate (SDS), has been used with particular
concentrations, and, astonishingly, very few works have been
reported on the optimization of the surfactants or experi-
mental parameters. A few polymers such as poly(vinylpyrro-
lidone) (PVP),[13] poly(phenylene vinylene),[14] and in the
biomedical field, poly(ethylene oxide) (PEO)[15] and DNA[16]


are the favored solubilizing polymers to effectively solubi-
lize SWNTs for various applications. Recently, Wenseleers
et al. demonstrated that bile salt detergents are extremely
efficient in solubilizing pristine SWNTs.[17] Despite the prog-


ress in the suspension of SWNTs with surfactants, there are
only very few systematic studies on the dispersion of
SWNTs by using different types of surfactants such as anion-
ic, cationic, and neutral in view of the optimization of the
surfactant concentration and mass percent conversion of
SWNTs. Our research group has long been involved in the
study of CNTs[18,19] and we have lately reported a novel and
simple route to obtain supramolecular adducts[20] of DNA–
CNT conjugates from both multi-walled carbon nanotubes
(MWNTs) and SWNTs based on a novel solid-state mecha-
nochemical reaction.[21] In a previous report we have also
shown rapid purification[22] and individualization[23]/disper-
sion[24] techniques for SWNTs. Very recently, we introduced
novel approaches to disperse SWNTs in aqueous solution by
using polymers and to synthesize SWNTs-polymer nano-
composites.[25,26] Motivated by these approaches developed
in our laboratory in connection with novel polymeric mate-
rials and surfactants[18,19,27–30] we thought of expanding this
idea to the dispersion of SWNTs with different surfactants
in water following a systematic scheme.


In this study, we used three different surfactants namely
Igepal CO-990 [polyoxyethylene ACHTUNGTRENNUNG(100) nonylphenyl ether]
(neutral), cetyltrimethylammonium bromide (CTAB) (cat-
ionic), and sodium dodecylsulfate (SDS) (anionic), for dis-
persing a high concentration of individual SWNTs in an
aqueous solution by a supramolecular approach. To the best
of our knowledge, this study is the first example of a system-
atic study on the dispersion of SWNTs in aqueous solution
by comparing three different types (neutral, cationic, and
anionic) of surfactants, and also considering the effect of sig-
nificant parameters such as the surfactant and SWNT con-
centrations. More importantly, we calculated the maximum
concentrations of SWNT that can be suspended under dif-
ferent experimental conditions for practical applications.
This systematic approach presented here is anticipated to be
commonly useful for the dispersion of SWNTs with a high
mass percent conversion.


The primary move on the way to the dispersion of
SWNTs was to define the appropriate concentration propor-
tion of SWNTs to surfactant. To this point, 12 mg of SWNT
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was mixed with various surfactant concentrations in 30 mL
of water and the suspension was subjected to the experimen-
tal procedure. The optimum surfactant concentration to dis-
perse the SWNTs varied depending on the surfactant types.
The optimum concentration observed for Igepal (IGP),
CTAB, and SDS was 0.87, 1.51, and 9.00 mm, respectively.
The concentrations of SWNTs suspended with IGP, CTAB,
and SDS at optimum concentration were found to be 0.12,
0.08, and 0.16 mgmL�1, respectively. It is pertinent to note
that the observed optimum concentration of the surfactants
was slightly higher than the critical micelle concentrations
(CMC) of the surfactants, and, therefore, it is assumed that
most surfactants in the suspensions adsorbed onto the surfa-
ces of the nanotubes.


It is clearly perceived that the SWNT dispersion is homo-
geneous at the optimum concentration (Table 1) for all
three surfactants, whereas the SWNTs are not well dispersed
and inhomogeneous at a concentration just below and
above the optimum one. Interestingly, an aggregation of
SWNTs was observed, when the concentration of the surfac-
tants was much higher than the optimum concentration
(Figure 1). Similar trends have been noticed for the other
surfactants used, which have been confirmed directly by
transmission electron microscope (TEM) images. The mo-
lecular structures and
models of the surfactants
employed in this study are
shown in Figure 2.


For the TEM images, we
placed a few drops of
sample solution onto a
copper mesh covered with
a carbon film grid. Fig-


ure 3a–d shows the representative TEM images of the IGP-
stabilized nanotubes at various concentrations. The resulting
final solutions contained mostly individual nanotubes at the
optimum concentration that can be visibly seen in the TEM
image (Figure 3b). It is worth to mention that at the opti-
mum concentration, the population distributions of SWNTs
are much greater than the individual nanotubes observed at
just below and above the optimum concentration of IGP
(Figure 3a and c). Therefore, we deem that the nanotubes
are largely homogeneously covered by the IGP at optimum
concentration. The optimum concentration observed slightly
exceeded the CMC of IGP (0.83 mm), however, the evidence
of surfactant micelles or other phase could not been ob-
served in the TEM images. The fact is that at higher concen-
trations the nanotubes were aggregated significantly and
formed larger SWNT bundles (Figure 3d). This may be due
to the higher populations of circular micelle formation at
high concentrations. A similar tendency was observed for
the other two surfactants and the TEM images (the images
of other concentrations are shown in the Supporting Infor-
mation) of well-dispersed SWNTs at optimum concentra-
tions are shown in Figure 3e and f.


Figure 1. Photographs of vials containing the aqueous dispersions of
SWNTs using a) Igepal CO-990 at 0.21, 0.87, 0.97, and 1.08 mm, (left to
right) b) cetyltrimethylammonium bromide (CTAB) at 0.21, 1.51, 1.73,
and 1.94 mm, and c) sodium dodecylsulfate (SDS) 2.80, 9.00, 11.00, and
12.00 mm.


Figure 2. Molecular structures (a) and energy-minimized space-filling mo-
lecular models (b) of the surfactants used in this study. IGP: Igepal CO-
990, CTAB: cetyltrimethylammonium bromide, and SDS: sodium dode-
cylsulfate. In the case of IGP a polymer chain containing 10 repeat units
is shown in the model for the clarity.


Table 1. Different types of surfactants and their dispersion ability for SWNTs.


Surfactant Optimum
c [mm]


SWNTs c at
optimum c
[mgL�1]


SWNTs c at
optimum c
[mgmL�1]


SWNTs c
at 0.87 mm


[mgL�1]


SWNTs c at
0.87 mm


[mgmL�1]


Mass conver-
sion at opti-
mum c [%]


Mass con-
version at
0.87 mm [%]


IGP 0.87 119.14 0.119 119.14 0.119 29.76 29.76
CTAB 1.51 78.47 0.078 45.21 0.045 19.60 11.29
SDS 9.00 160.69 0.161 15.53 0.016 40.17 3.88
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It is well established that the presence of individual
SWNTs permits narrow absorbance features in the visible
and infrared regions of their optical absorbance spectra due
to the van Hove transitions of metallic and semiconducting
SWNTs. Figure 4a is a comparison of the absorbance spectra
of nanotubes suspended by the three different surfactants.
Evidently, the spectra show well-resolved peaks, centered at
a range from 440 to 600 nm, that are assigned to the first
van Hove transition of metallic SWNTs (M11), and the
peaks centered at 600 to 800 nm are attributed to the
second van Hove singularity of semiconducting SWNTs
(S22). These absorption peaks also corroborate that the elec-
tronic properties of nanotubes were sustained in the prod-
uct, because broad and weak absorbance is a mark of aggre-
gated SWNTs, since intertube van der Waals interactions
perturb the electronic structure of the SWNTs.[31] Notably,
in the case of individually suspended nanotubes, the semi-
conducting nanotubes also exhibit near-infrared peaks,[31]


which were observed from 900–1300 nm, (Figure 4b), corre-
sponding to the S11 transition.


Table 1 contains the results of the SWNT suspensions
with the different surfactants studied. It was observed that
the optimum concentration needed to disperse the SWNTs
among the surfactants used are in the following order; SDS
(9 mm) > CTAB (1.57 mm) > IGP (0.87 mm). However,
the mass percent conversion trend for these surfactants was
observed at an optimum concentration as: SDS (40.17) >


IGP (29.76) > CTAB (19.60) and at 0.87 mm in the order
IGP (29.76) > CTAB (11.29) > SDS (3.88). From the re-


sults obtained, it is interesting to note that IGP could dis-
perse well the SWNTs at a very minimum concentration
(for the optimum concentration 0.87 mm) when compared to
CTAB and SDS. This can be explained from the structures
and models of the surfactants (Figure 2). We believe that
the interaction of ionic surfactants with the nanotube sur-
face may be weaker than that of a neutral surfactant (IGP),
since they do not contain aromatic rings. Therefore, IGP ex-
hibits much stronger p-orbital interactions with the surface
of the nanotubes, which may enhance the binding and sur-
face coverage of the IGP molecules to graphite considera-
bly.[7] As reported in the literature, the agglomeration
amount of adsorbed surfactant is dependent on graphite-sur-
factant interactions, the surface structure, and also on the
length of the alkyl chains in the surfactant as well as the
head group size and charge.[6,8,32] Among the ionic surfac-
tants, CTAB can suspend better the nanotubes at minimum
concentration (for the optimum concentration 1.51 mm)
than the SDS, because it has a longer alkyl chain length
(~2 nm, which has been derived from the professional pro-
gram Spartan 04) than the SDS (~1.5 nm) and so the ad-
sorption on graphite was induced exclusively by hydropho-
bic interactions.[7,32] Although a number of reports have
been published on the important dispersion of SWNT by
surfactants, until now, only few studies have been dedicated
to explain the role of surfactants in the dispersion of
SWNTs. Even though a number of neutral surfactants, in ad-


Figure 3. TEM images of a)–d) IGP-stabilized SWNTs, a) at 0.21 mm, b)
0.87 mm (optimum concentration), c) 0.97 mm, and d) 1.08 mm, e) CTAB-
suspended SWNTs at 1.51 mm (optimum concentration), and f) SDS-sus-
pended SWNTs at 9.00 mm (optimum concentration). Figure 4. a) UV-visible, b) NIR absorption spectra of nanotubes suspend-


ed in surfactants. a : SDS (9.00 mm), g : CTAB (1.51 mm), c :
Igepal (0.87 mm).
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dition to ionic and zwitterionic surfactants,[17] have been
used for the dispersion of SWNTs, the dispersion of SWNT
by using the IGP has not been reported. Thus, for the first
time we are introducing IGP to the catalogue of surfactants
used for the SWNT dispersion. In addition, surprisingly, we
found that IGP could disperse SWNTs at very low concen-
trations with a high yield of mass percent conversion.
Indeed, a few studies on the surfactant adsorption on graph-
ite indicate that surfactants adsorb forming hemimi-
celles[7,32,33] that sheath the surface. We also anticipate that
the nanotubes are suspended or stabilized by hemimicelles
formed by the surfactants (Figure 5), as the surfactants can
cover the surface as well. It is important to mention here
that the surfactant-suspended nanotubes were found to be
stable for more than four months, except for the case of the
CTAB-suspended SWNTs, which showed a slight aggrega-
tion after three months. Other groups studied the suspension
of SWNT with different surfactants by using one particular
concentration.[8,33] Here, we studied systematically (Support-
ing Information) the optimum concentration, in which most
of the SWNTs are suspended by surfactants and observed
well-dispersed, surfactant-stabilized SWNTs.


We have demonstrated a facile method to disperse a high
concentration of SWNTs in aqueous solution by determining
the minimum concentration needed to suspend a particular
fraction of nanotubes under specific experimental condi-
tions. Three types of surfactants namely, IGP (neutral),
CTAB (cationic), and SDS (anionic) have been examined
for their capability to disperse SWNTs. All three surfactants
could disperse SWNTs well at the optimum concentration,
which was found to be slightly higher than that of their
CMC value. At very high concentration, SWNTs were ag-
gregated and formed bundles of SWNTs in all the cases.
Therefore, by adding more surfactant than the optimum
concentration means wasting material and may increase the
cost of the process. It is worth to mention here that at a
very minimum concentration, the ability of the surfactant
IGP to suspend SWNTs was much better than that of
CTAB, which in turn was better than the SDS. For the first
time we investigated the ability of IGP to disperse SWNTs
and the results obtained are encouraging. Therefore, this
study may open up the door for the materials and biomedi-


cal scientists to produce concentrated and stable aqueous
dispersions of individual nanotubes for a variety of applica-
tions.


Experimental Section


Our starting materials were aqueous solutions of SWNTs (HiPCO) and
three different surfactants (Table 1). After mixing the SWNT solution
(400 mgL�1, 0.04 wt%) with surfactant concentrations ranging from 0.21
to 12 mm at room temperature, well-dispersed individual nanotubes were
observed after ultrasonication (for 30 min), centrifugation (at 16000 g for
200 min) followed by ultracentrifugation (at 150000 g for 3 h). Figure 1
shows the photographic images of the aqueous dispersions of the
SWNTs. The transmission electron microscope (TEM) study was con-
ducted using a Hitachi H-9000NA with an accelerating voltage of 120 kV.
The TEM samples were prepared by placing a few drops of solution on a
copper mesh covered with a carbon film. The absorption spectra of the
dispersed SWNTs individuals were observed using a Varian Cary 500
spectrophotometer and a JASCO model V-570 dual beam UV-visible-
NIR scanning spectrophotometer.
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AConcise and First Synthesis of a-Aminophosphinates with Two Stereogenic
Atoms Leading to Optically Pure a-Amino-H-phosphinic Acids


Dehui Zhang and Chengye Yuan*[a]


As phosphorus analogues of natural a-aminocarboxylic
acids, synthetic study of a-aminophosphonic acids is of great
interest to organic, bioorganic, and medicinal chemists.[1]


Very recently, our group has reported a convenient method
for the preparation of optically active a-aminophosphonic
acids based on a nucleophilic addition of dialkylphosphite to
sp2-carbon atom under mild reaction conditions using N-tert-
butanesulfinyl imines as chiral auxiliaries.[2] However, direct
comparison of a-aminophosphonic acids with a-aminocar-
boxylic acids is not reasonable, since the former belong to
dibasic acids while the latter are monobasic acids in nature.
From this structural point of view, a-amino-H-phosphinic
acids are much closer to natural a-aminocarboxylic acids
(Scheme 1). It is well documented that optically active a-
aminocarboxylic acids play an irreplaceable role in the bio-
logical metabolism.[3] Consequently, it is reasonable to
assume that optically active a-amino-H-phosphinic acids
might demonstrate greater biological activity than the well-


studied a-aminophosphonic acids as it could act as a more
effective surrogate of a-aminocarboxylic acids and block the
reproduction of DNA. Unfortunately, probably due to the
unique structure, it was more difficult to synthesize optically
pure a-amino-H-phosphinic acids[4] and most of the synthet-
ic methods available only lead to racemates.[5] For these rea-
sons, further chemical and biological studies on this kind of
compounds have run aground for decades.
Adol reaction has been always an effective way to intro-


duce hydroxyl or amino group into target molecules, and
with this strategy both a-hydroxyl phosphonates and a-hy-
droxylphosphinates have been obtained successfully.[6,7] Our
group has also realized the convenient synthesis of a-amino-
phosphonates initiated by this concept.[2] To the best of our
knowledge, however, owing to the lack of effective chiral-in-
ducing reagents, syntheses of optically active a-aminophos-
phinates have not yet been reported by a nucleophilic adol
reactions. As part of our efforts, we wish to disclose a novel
and facile and highly stereoselective synthesis of a-amino-
phosphinates by nucleophilic attack of ethyl diethoxyme-
thylphosphinate to Ellman5s N-(tert-butanesulfinyl)ket-
imines[8] in CH2Cl2 using Rb2CO3 as a base at room temper-
ature; subsequently these compounds can be readily con-
verted to optically pure a-amino-H-phosphinic acids. During
this process, for the first time, a pair of diastereoisomers,
which have different configurations at the phosphorus atom,
was obtained.
In the first set of experiments, we chose (S)-(tert-butane-


sulfinyl)methyl (p-bromo)phenylketimine (1 j) as the model
compound to study its reaction with ethyl diethoxymethyl-
phosphinate (2 ; Scheme 2).[9] The reaction conditions were
chosen based on our previous work: K2CO3 as base and
CH2Cl2 as solvent were initially an ideal conditions for the
reaction, because they gave excellent results in the reactions
of dimethyl phosphonate with various Ellman5s N-(tert-buta-
nesulfinyl)ketimines. However, probably due to the subtle
differences between the chemical characteristics of ethyl di-
ethoxymethylphosphinate and dimethyl phosphonate, these
conditions proved not to be so effective, in that few prod-
ucts were detected even after five days. The change of


[a] D. Zhang, Prof. Dr. C. Yuan
State Key Laboratory of Bio-organic and Natural Products Chemistry
Shanghai Institute of Organic Chemistry
Chinese Academy of Sciences
354 Feng-lin Rd., Shanghai, 200032 (China)
Fax: (+86) (21)5492-5379
E-mail : yuancy@mail.sioc.ac.cn


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800690.


Scheme 1. Natural a-aminocarboxylic acids and their phosphorus ana-
logues.
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CH2Cl2 to benzene gave better results, but the reaction still
needed more than five days to complete. Considering that
the steric hindrance of ethyl diethoxymethylphosphinate is
much larger than that of dimethyl phosphonate, we assumed
that the basicity of K2CO3 is too weak to initiate the reac-
tion. This assumption was supported by the fact that other
weak bases such as CaCO3, BaCO3, and KF were also inef-
fective in this reaction. On the basis of this assumption, we
chose Cs2CO3, which is a much stronger base, to study this
reaction. To our delight, the reactants did disappear in much
shorter time (one day); however, we still got very few prod-
ucts. We surmised that the reactants, both 1 j and 2, may be
unstable under too basic conditions. Finally, we decided to
choose Rb2CO3, which has moderate basicity compared with
K2CO3 and Cs2CO3. It is interesting that we obtained two
isomers (4 j and 4 j’), which can be separated completely by
silica gel chromatography. Through the 1H NMR analysis,
we found that they have minor differences with shifts at 3.5
and 4.2 ppm, respectively, which can be assigned to the di-
ethoxymethyl and the ethoxyl groups of the products.
What5s more surprising is that the 31P NMR spectra indicat-
ed that each of the two isomers had single structure—they
both gave single peak in the 31P NMR spectrum! To clarify
the enantioselectivity of this reaction, we subsequently hy-
drolyzed the two isomers to their corresponding a-amino-H-
phosphinic acids and measured their optical values and
found that they had similar values, which indicated that this
reaction may afford high enantioselectivity on a-C, and it
may, at the same time, split the two P isomers. Further in-
vestigation into the reaction was then carried out and the re-
sults were summarized in Table 1.
We are fortunately enough to obtain the single crystals of


4q and 4n’,[10] and we confirmed their structures and abso-
lute configurations by single-crystal X-ray analysis.
(Figure 1)
As shown in ORTEP drawings, it can be easily found that


the configuration of a-C of 4q and 4n’ are both R, which in-
dicated that the high enantioselectivity of a-C was achieved
in combination with the 31P NMR analysis (>95% diaste-
reomeric excess (de)). What is more interesting is that, ac-
cording to ORTEP drawings, the two isomers of phosphorus
atom were also obtained! (for 4q, the configuration of phos-
phorus atom is R ; while for 4n’, the configuration of phos-
phorus atom is S). That is to say, in this novel reaction, high
enantioselectivity of both a-C and P were realized simulta-
neously, and we can call this “one stone, two birds”. Actual-
ly this is the first direct experimental evidence supporting
the stereogenic nature of phosphorus atom of a-aminophos-
phinates.


Compound (SS,RC,RP)-4 or
(SS,RC ,SP)-4’ can be readily con-
verted to its corresponding op-
tically active a-amino-H-phos-
phinic acids by refluxing in 4n


HCl (Scheme 3).


To further determine the accurate enantiomeric excess
(ee) values of the products, we oxidized (SS,RC ,RP)-4q and
(SS,RC ,SP)-4q’ into their corresponding sulfonylamide deriv-
atives (RC,RP)-6q and (RC,SP)-6q’ (see Scheme 4).


[11,12] The
high optical purity of (RC,RP)-6q and (RC,SP)-6q’ are deter-
mined by HPLC (>99% ee), indicating that this synthetic
method promises to be a general and convenient approach
for the preparation of enantiomerically pure a-amino-H-
phosphinic acids.
In conclusion, the unprecedented nucleophilic attack of


ethyl diethoxymethylphosphinate to Ellman5s N-(tert-buta-
nesulfinyl)ketimines by using Rb2CO3 as base, followed by
heating under reflux with 4n HCl has shown to be a highly
stereoselective and convenient synthesis of a-amino-H-phos-
phinic acids. In view of the mild conditions of this novel re-
action, the optically pure a-amino-H-phosphinic acids are
now more accessible and their potential application in bio-
logical systems is therefore feasible and encouraging. The
mechanism of this subtle reaction and the application of the
present synthetic methodology in the synthesis of optically


Scheme 2. The screening of reaction conditions.


Table 1. The synthesis of (SS,RC ,RP)-4 and (SS,RC ,SP)-4’.


R1 Yield [%][a,b] 4 Yield [%][a,b] 4’


1a Ph 46 (35.23) 50 (35.72)[b]


1b p-CH3C6H4 37 (35.29) 48 (35.78)
1c p-CH3OC6H4 48 (34.57) 50 (35.00)
1d p-CH3SC6H4 37 (34.97) 34 (35.72)
1e p-morpholino-C6H4 29 (35.37) 36 (35.87)
1 f 3,4-methylenedioxy-C6H4 49 (35.07) 49 (35.37)
1g o-FC6H4 37 (35.35) 36 (35.98)
1h p-FC6H4 43 (34.82) 50 (35.14)
1 i p-ClC6H4 46 (34.64) 48 (34.95)
1j p-BrC6H4 41 (33.84) 35 (34.13)
1k 1-furanyl 35 (34.49) 49 (34.93)
1 l 1-thiophenyl 45 (33.90) 47 (34.06)
1m 3-pyridinyl 50 (34.54) 35 (34.56)
1n 2-naphthyl 43 (35.33) 49 (36.03)
1o 4-biphenyl 49 (35.20) 49 (35.66)
1p 4-cyanoC6H4 41 (34.13) 48 (34.26)
1q 4-nitroC6H4 32 (34.02) 38 (34.07)
1r hexyl 45 (40.73) 30 (40.27)


[a] Isolated yield. [b] The values in the brackets are the 31P NMR chemi-
cal shift values in ppm, each product give single peak in its 31P NMR, in-
dicating its de% is more than 95% (except for 4g and 4h, for which
91% ee were obtained).
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pure b-amino-H-phosphinic acids and g-amino-H-phosphinic
acids are currently under investigation in our laboratory.


Experimental Section


General procedure for the stereoselective synthesis of ethyl 1’,1’-diethoxy-
ethyl-(SS,RC ,Rp)-(+)-1-(tert-butanesulfinylamino)-1-aryl-1-methylphos-
phinate (4) and ethyl 1’,1’-diethoxyethyl-(SS,RC ,SP)-(+)-1-(tert-butanesul-
finylamino)-1-arylmethylphosphinate (4’): Ethyl diethoxymethylphosphi-
nate (2 ; 392 mg, 2 mmol) and Rb2CO3 (577 mg, 2.5 mmol) in CH2Cl2
(5 mL) were placed in a 20 mL Schlenk flask and (S)-N-tert-butanesulfi-
nylketimines 1 (0.5 mmol) were then added at room temperature. The
mixture was then stirred for 3–4 d, while being carefully monitored by
TLC. After the reaction came to the completion, water (5 mL) was


added to quench it. Then the organic layer was separated and the aque-
ous layer was washed with Et2O (3P10 mL). The organic layers were
again washed with brine and dried over anhydrous Na2SO4 overnight.
The solvent was removed under reduced pressure and the residue was
subjected to silica gel chromatography (300–400 mesh, EtOAc/petroleum
3:1 to 6:1 for compound 4 and acetone/EtOAc 1:1 for compound 4’) to
afford pure 4 and 4’.


General procedure for the synthesis of (R)-(+)-a-methyl-a-amino-H-
phosphinic acid (5): A 20 mL Schlenk flask was flushed with Ar. Then 4
or 4’ (0.2 mmol) was added under Ar atmosphere followed by infusing
with 4n HCl (4 mL). The mixture was heated to reflux with stirring for
10 h before it was cooled to room temperature. The aqueous solution was
then washed with CH2Cl2 (5P5 mL), after which EtOH (30 mL) was
added to the aqueous layer and the resulting mixture was treated to re-
duced pressure to remove the solvent (water as well as EtOH) to near
dryness. The residue was again dissolved in a minimum amount of EtOH
followed by the addition of excess propylene oxide, in the process of
which a large amount of a white precipitate formed. The mixture was
stirred for 24 h and then filtered. The solid was collected while the fil-
trate was then evaporated to near dryness (a little amount of EtOH was
usually required) and treated with EtOAc. The resulting white precipitate
was again filtrated and the solid collected in combination with that previ-
ously obtained was then washed with propylene oxide or petroleum to
afford pure 5.


The identity and purity of the known products were confirmed by suffi-
cient spectroscopic analysis, and the new products were fully character-
ized (see the Supporting Information).


Figure 1. ORTEP drawing for (SS,RC,RP)-4q (top) and (SS,RC ,SP) 4n’
(bottom).


Scheme 4. Transformation of (SS,RC,RP)-4q and (SS,RC,SP)-4q’ into their
corresponding sulfonyl-amide derivatives (RC ,RP)-6q and (RC ,SP)-6q’.


Scheme 3. Synthesis of optically active a-amino-H-phosphinic acids.
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Molecular, Crystal, and Thin-Film Structures of Octathio[8]circulene:
Release of Antiaromatic Molecular Distortion and Lamellar Structure of
Self-Assembling Thin Films


Takuya Fujimoto, Rie Suizu, Hirofumi Yoshikawa, and Kunio Awaga*[a]


Carbon–sulfur compounds[1] have been studied extensively
as key materials in organic/molecular electronics. A variety
of poly- and oligothiophenes have been synthesized by or-
ganic synthesis and electrochemistry to elucidate their elec-
tronic properties.[2–4] TTF (=1,4,5,8-tetrathiafulvalene) is a
very important molecular skeleton as a donor for organic
metals and superconductors; [TTF]ACHTUNGTRENNUNG[TCNQ (7,7,8,8-tetracya-
noquinodimethane)] was the first organic metal to be devel-
oped into organic superconductors in the salts of TMTSF
(= tetramethyltetraselenafulvalene), BEDT-TTF (bis(ethyl-
enedithio)tetrathiafulvalene).[5] In these materials, intermo-
lecular S···S contacts play a crucial role in bringing about
multidimensional electronic structures that are advanta-
geous to electrical conduction. Cyclic oligothiophenes and
thiocirculenes possess promising molecular structures from
this perspective; the sulfur atoms are exposed to the outside
of the molecular rings. Intermolecular S···S contacts are nat-
urally expected in their crystals. In addition, their molecular
structures are of considerable interest because they involve
the radialene framework that has been a theoretical and ex-
perimental matter of concern with regard to exocyclic
double bonds, aromaticity, and p-conjugation.[6–13]


Recently, Nenajdenko et al. synthesized octathio[8]circu-
lene (2) from the parent compound, tetrathiophene (1), and
2 named “sulflower”.[14] They obtained 2 as a red powder
and estimated molecular and crystal structures from powder
X-ray diffraction data, concluding the presence of a closed
packing structure in the solid state with short intermolecular
S···S contacts.[14] Although the synthesis of 2 has attracted
much attention, there is no single-crystal X-ray analysis; the


molecular structure of 2 is open to debating on bond
lengths, antiaromaticity.


In our previous work, we carried out crystal growths and
thin-film fabrications of a planar macrocyclic molecule, tet-
rakis(thiadiazole)porphyrazine, with strong self-assembling
capabilities due to electrostatic S···N contacts and p–p inter-
actions. The investigations revealed a highly ordered molec-
ular arrangement in the thin films, which is nearly the same
as that in the bulk crystals.[15] In the present work, we pre-
pared the single crystals and thin films of the sulflower 2.
The molecular, crystal, and thin-film structures of 2 are de-
scribed in detail, on the basis of the results of X-ray single-
crystal analysis, in comparison with those of 1.


Single crystals of the parent compound 1 were grown by
slow evaporation of the Et2O solution at room temperature.
While the X-ray structure of 1 has been reported previous-
ly,[16] we obtained a new polymorph belonging to the mono-
clinic P21/c space group.[17] In this new polymorph, there are
two crystallographically independent molecules, whereas
their molecular structures are nearly the same. Figure 1
shows top and side views of one of the two molecules. The
bond lengths of 1 are shown in Figure S1 (Supporting Infor-
mation) and Table 1, where the endo bond is the one shared


by the eight- and five-membered rings, the exo bond is con-
necting two thiophene rings, and the exocylic C=C bond is
exocyclic to the eight-membered ring. The eight-membered
inner ring of 1 exhibits a tub conformation, in contrast to
the planar molecular structure of a six-membered-ring deriv-
ative, benzo[1,2-c :3,4-c’:5,6-c”]trithiophene.[13] The C�C
bond lengths in the central eight-membered ring are be-
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Research Center for Materials Science & Department of Chemistry
Nagoya University
Furo-cho, Chikusa-ku, Nagoya 464-8602 (Japan)
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Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800519.


Table 1. Averaged values of the bond lengths for 1 and 2 [K].


endo
shorter


exo
longer


cyclic exo C�S


1 1.436(4) 1.477(4) 1.369(4) 1.708(2)
2 1.412(1) 1.430(4) 1.372(7) 1.753(6)
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tween the typical ones of C�C (1.54 K) and C=C (1.34 K),
and exhibit a clear bond alternation; the endo bonds are
shorter than the exo bonds by 0.04 K, reflecting the anti-aro-
maticity of 8p-electron systems.


Figure 2a shows the third HOMO of 1, which was ob-
tained by means of the DFT B3LYP method with a 6-
31G(d) basis set (see also Figure S2 and, Tables S1 and S2
in the Supporting Information). This orbital clearly indicates
a p-bonding character between the facing thiazole rings on
opposite sides of the eight-membered ring. This must be the
reason for the tub formation in 1, in addition to the intramo-
lecular steric effect between the hydrogen atoms on the
neighboring thiophene rings.


Figure 3a depicts a view of the unit cell of 1. The mole-
cules, denoted as A and B, are crystallographically inde-
pendent. Their intermolecular arrangement includes short
distances between the thiophene rings with C···C distances


of 3.50–3.74 K, where the thio-
phene rings are arranged to be
nearly perpendicular with each
other. This arrangement is indi-
cative of the C-H···p interac-
tions. Other than these contacts,
there is no significant p–p over-
laps or short S···S contacts in 1.


Single crystals of 2 were ob-
tained as red needles by
vacuum sublimation, and X-ray
crystal analysis was carried out
at 173 K. The space group was
found to be the monoclinic P21/
n,[17] while it was assigned to
the non-centrosymmetric P21 in
the previous Rietveld analy-


Figure 1. Top and side views of the molecular structures of 1 and 2.


Figure 2. Characteristic molecular orbitals of 1 and 2 : a) the third
HOMO of 1; b) the nearly degenerated third and fourth HOMOs of 2.


Figure 3. a) A view of the unit cell of 1; b) projections of the crystal struc-
ture of 2 along the c and a axes. The red line shows the (011) plane.
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sis.[14] The symmetry, obtained in the present re-determina-
tion of the crystal structure of 2, reduced the size of the
asymmetric unit to one-half molecule. Regarding the molec-
ular packing, that obtained in the present work was essen-
tially the same as that in the powder X-ray study.[14]


Figure 1 shows top and side views of the molecular struc-
ture of 2. In contrast to the tub formation in 1, the molecule
2 has a very planar structure, as theoretically predicted pre-
viously.[14] The inner eight-membered ring exhibits an obvi-
ous bond alternation, but it is much less significant than that
in 1. Although the endo and exo bonds cannot be defined in
the molecular skeleton of 2, the values of the shorter and
longer bond lengths are listed in the columns of the endo
and exo bonds, respectively, in Table 1. The C�C bond
lengths on the inner ring of 2 are found to be shorter than
those of 1, suggesting an enhancement of the double-bond
character, but still longer than those in benzene (1.399 K).
The distances of the exocyclic C=C bonds in 2 are similar to
those in 1, while those of the C�S bond are longer in 2. It is
notable that there is no bond alternation on the outer C�S
sixteen-membered ring in 2.


Figure 2b shows the nearly degenerated third and fourth
HOMOs of 2, which were calculated with the same method
used for compound 1. One can be superimposed on the
other by the rotation of 458 around the molecular axis. Each
orbital alternately provides p-bonding character to the C�C
bonds on the inner eight-membered ring. It is considered
that the presence of these two molecular orbitals makes the
bond alternation on the inner ring less significant; the struc-
tural distortion caused by the 8p-electron antiaromaticity of
2 is released by the pseudo-C8 symmetry in the outer ring.


Figure 3b shows projections of the unit cell of 2 along the
a and c axes. There is a one-dimensional p-stacking column
along the a axis, which is surrounded by six neighbors with
short S···S contacts. These features were reported in
ref. [14]. Figure 4a depicts the intermolecular overlap of the
two neighboring molecules in the p-stacking column. This
figure indicates a shifted overlap so as to release electrostat-
ic repulsions between the sulfur atoms. Figure 4b shows a
space-filling view of the intercolumnar arrangement. The
shifted p-stacking makes small cavities into which the sulfur
atoms in the neighboring columns are inserted, creating an
interdigitated structure.


Thin films of 2 (500 nm in thickness) were prepared on Si-
ACHTUNGTRENNUNG(100) and ITO by vacuum vapor deposition. Figure 5 shows
the X-ray diffractions (XRD) for this thin film on SiACHTUNGTRENNUNG(100).
The out-of-plane measurements (bold line) indicate several
diffraction peaks, whose assignments are shown in this
figure. Since the diffraction from the (011) plane (d=


0.929 nm) at 2q=9.58 (d=0.913 nm) is much stronger than
those of the others, the thin film is considered to have a la-
mellar structure, in which the (011) plane is parallel to the
substrate. The red line in Figure 3 shows the (011) plane. It
is reasonable to conclude that the molecular planes of 2 are
all perpendicular to the substrate in this thin film. This type
of perpendicular molecular plane alignment is typical for
the thin films of organic p molecules because it is advanta-
geous for gaining both p–p stacking stabilization and a high
density on a unit area of the substrates.[18] The in-plane
XRD pattern (thin line) shows very weak diffractions; there
is no characteristic diffraction. This suggests little long-range
periodicity in the in-plane structure. The XRD patterns of
the thin films of 2 on ITO are essentially the same as those
on SiACHTUNGTRENNUNG(100).


In summary, the molecular and crystal structures of 1 and
2 were accurately determined by X-ray single-crystal analy-
sis. In contrast to the significant tub-shape distortion in 1,
the molecule 2 has a very planar structure, in which the
structural distortion caused by the 8p antiaromaticity is re-
leased. Crystalline thin films of 2 were obtained by vacuum
vapor deposition, and thin-film XRD indicated a lamellar
structure in which the molecular planes are nearly perpen-
dicular to the substrates.


Experimental Section


Compounds 1 and 2 were prepared by the methods given in referen-
ces [19] and [14], respectively. The thin films of 2 with a thickness of
500 nm were prepared by vacuum vapor-deposition at 400 8C under 3P
10�4 Pa at a rate of 2–6 nmmin�1, using a ULVAC VPC-260FN. The film


Figure 4. a) Intermolecular overlap between two neighboring molecules
in the stacking column of 2 ; b) space-filling view of the intercolumn ar-
rangement in 2.


Figure 5. XRD patterns of 2 on Si ACHTUNGTRENNUNG(100). The bold and thin lines show the
results of the out-of-plane and in-plane scans, respectively. The inset
shows a photograph of the thin film on ITO.
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thickness was monitored during deposition by a quartz crystal microba-
lance located adjacent to the sample position within the bell jar.


Single-crystal X-ray diffraction data were collected on a Rigaku RA-
Micro007 CCD diffractometer with graphite-monochromated MoKa radi-
ation (l=0.710690 K). The structures were solved by direct methods and
refined by the full-matrix least squares method on F2 using SHELXL97.
All hydrogen atoms were placed at calculated positions.


Out-of-plane and in-plane X-ray diffractions of the thin-films were re-
corded on a Rigaku SmartLab X-ray diffractometer.
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Excitation emission matrix (EEM[1–3]) spectroscopy pro-
vide highly distinctive signatures of fluorescent substances
and is a powerful method for the analysis of complex mix-
tures.[1,4] The multi-way characteristics of EEM data enable
the mathematical identification of analytes, even in the pres-
ence of unknown interferences, which is known as the
second-order advantage.[3,5] These characteristics make
EEM spectroscopy attractive for chemical sensing; however,
unfortunately, the acquisition of EEM landscapes generally
requires expensive and dedicated instrumentation not
always compatible with sensing purposes.[3–6]


In contrast to traditional instrumentation approaches, reg-
ular consumer optoelectronic devices co-opted as measuring
platforms are an affordable and highly distributed alterna-
tive that is being increasingly explored. The rationale
behind this approach is that successful sensing applications
can be as pervasive as the devices supporting them. Thus,
scanners,[7,8] DVD or CD drives[9] and computer screens in
combination with web cameras (computer screen photo-as-
sisted technique, CSPT[10–12]) have been demonstrated for di-
verse analytical and sensing uses. CSPT in particular utilises
polychromatic sources with tuneable spectral radiances pro-
vided by ubiquitous computer screens and mobile phones.
With this method, complex and distinctive signatures of flu-
orescent substances can be obtained and used for chemical
sensing;[11] however, to crystallise the analytical potential of


this method the missing categorical interpretation of the fin-
gerprints and its theoretical description must be provided.
Here, we elucidate these key issues through the spectro-


scopic investigation of the polychromatic fingerprints of flu-
orescent substances and we propose a concurrent theoretical
description explaining the complete range of polychromatic
signatures of diverse substances as the collection of features
from the EEMs.
Figure 1a shows the scheme of the experimental arrange-


ment. Light from a computer screen illuminates a cuvette
contained in a dark box with two transversally mounted
fibre optics connected to a spectrophotometer. When the
spectra are acquired from output E a significant part of the
collected signal is due to fluorescence. The mirror (Al-
coated glass) on the right wall of the cuvette is used to in-
crease the fluorescent signal. From output T a transmission
spectrum is obtained. Figure 1b depicts the measured spec-
tral radiances of 50 polychromatic illuminating colours dis-
played by the screen, which in this case, as in CSPT experi-
ments, constitute the light source.
Emission and transmission spectra of tested substances,


for each particular illuminating colour i, are given by Equa-
tions (1) and (2) in which I and Io are intensities measured
through the dissolved target substance and the pure solvent
used to dissolve it, respectively.


Ei lð Þ ¼ Ii lð Þ
I0i lð Þ


����
Eout


ð1Þ


Ti lð Þ ¼ Ii lð Þ
I0i lð Þ


�����
Tout


ð2Þ


Imaging systems such as CSPT capture a weighed sum of
these spectra,[11] and we choose that representation here to
keep our discussion compatible with the interpretation of
other such methods. Thus, we combine these spectra in a
weighed (with positive weights n1+n2=1) total transmit-
tance [Eq. (3)]
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Fi lð Þ ¼ n1Ti lð Þ þ n2Ei lð Þ ð3Þ


In CSPT experiments n1 depends on the concentration
and the molar absorptivity of the substances, and on the
path length of the cuvette, whereas n2 depends on the geom-
etry of the setup and quantum yield of the substances. In
this work their values are chosen to display a similar propor-
tion of absorption and emission features, which is also a de-
manding scenario for the subsequent modelling.


In contrast to regular spectrophotometers that use wide
band light sources, computer screens provide polychromatic
spectral radiances as result of the combination of three par-
tially overlapping bands, corresponding to the radiances of
the screen primaries R(l), G(l), B(l). Thus, for any given
colour i defined by the triplet of weights (ri, gi, bi) the excit-
ing spectral radiance is given by Equation (4)[12–14] in which
g is the correction for the nonlinearity of the intensity with
respect to the displayed colour value.[14]


ci lð Þ ¼ riRðlÞ þ giGðlÞ þ biB lð Þð Þg ð4Þ


The absorbance of a substance (A(l)), as conventionally
defined by monochromatic spectroscopy, is independent of
the illumination, since it is obtained for a unique broadband
illumination. Here, depending of the illuminating colours,
some bands are highly modulated and the resulting absorb-
ance (ai(l)) does depend on the illumination according to
Equation (5) in which ~ci lð Þ is the normalised ci(l). The
transmittance associated to a can be calculated as usual
from Equation (6).


ai lð Þ ¼ ~ci lð ÞA lð Þ ð5Þ


ti lð Þ ¼ 10�ai lð Þ ð6Þ


In addition to the transmitted light, each polychromatic
excitation ci(l) produces a collection of emissions (for each
single excitation line stimulated by ci(l)) that we account as
eiACHTUNGTRENNUNG(lem) and is calculated from the EEM (for which 1 ACHTUNGTRENNUNG(l,lem) is
the normalised EEM landscape) of the tested substance ob-
tained with a regular fluorescence spectrophotometer
[Eq. (7)].


ei lemð Þ ¼
Z


l


�ci lð Þ1 l; lemð Þdl ð7Þ


Finally, the total transmittance yi(l) [Eq. (8) adopts the
same form as Equation (3).


yi lð Þ ¼ h1ti lð Þ þ h2ei lð Þ ð8Þ


In Equation (8) h1 + h2=1 are the free variables used to
fit the model with the measured Fi(l). Thus, according to
Equations (5)–(8) illuminations with varied spectral compo-
sitions (e.g., a sequence of illuminating colours) highlight
different features of the EEM, which become embedded in
the total transmittance.
Figure 2a illustrates the tested molecules and Figure 2b


collects the contour plots of the excitation emission spectra
measured with regular monochromatic excitation (fluores-
cence spectrometer). Two of these substances are common
fluorescent dyes (fluorescein and rhodamine B) and the
others are fluorescent indicators used in chemical sensing.
Biladiene is a linear tetrapyrrole with two additional methyl
groups at the 1,19-positions, GeTPC (TPC= triphenylcorro-
late) is the chlorogermanium complex of a triphenylcorrole
and ZnTPPpol (TPP=5,10,15,20-tetraphenylporphinate) is a
polymer in which different ZnTPP units are linked by aryle-
thynyl groups.[15–17]


Figure 2c shows the measured spectra (Fi(l)) of each of
these substances for 50 polychromatic illuminations. The red
line in the first panel of Figure 2c indicates F(l)=1; hence,
values larger than 1 correspond to predominant fluores-
cence, because that means that the detector receives more
light than through the pure solvent used as reference. As
can be seen, absorption features in the polychromatic spec-
tra are well aligned with the absorption peaks of the excita-
tion–emission spectra. For clarity, only ten Fi(l) are high-
lighted in Figure 2 with their respective illuminating colours.
Different illuminating colours specifically highlight charac-
teristic features of the EEM. For instance, in the case of flu-
orescein, for blue illumination the whole absorption band
can be obtained, while toward cyan illumination the absorp-
tion peak narrows, becoming a more efficient excitation just
limited to the maximum absorption peak, showing a larger
proportion of fluorescent signal. Illuminating colours in the
red region are not able to excite fluorescence and this can
be seen in the spectra for red light. The details of these tran-


Figure 1. a) Cross-section scheme of the experimental arrangement. b)
Collection of measured spectral radiances of illuminating polychromatic
colours displayed on the screen. The colours of the lines correspond to
the perceived colours of these radiances. Black lines are an aid to the eye
highlighting changes in the radiance for different illuminating colours.
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sitions together with the shape of the spectra constitute a
fingerprint of the EEM that become captured in Fi(l).
The complexity of the fingerprints in Figure 2c under-


scores the challenge to provide a unified model able to re-
produce all nuances and to generalise to different substances
by using a minimum number of free parameters. Modelled


results are displayed as black curves in Figure 2c for the ten
experimental results highlighted in colour. With only two
free parameters (h1 and h2) the model properly reproduces
the location of absorption and emission features as well as
their specific shape and behaviour along the illuminating se-
quence, corroborating the fingerprinting of the EEM de-
scribed by Equations (7) and (8) for all tested substances.
Standard measures of fitting goodness[18,19] were calculat-


ed for the collection of ten coloured spectra of each sub-
stance in Figure 2c. PearsonCs r coefficient[18,19] evaluates the
fitting to trends in the data and the root mean square devia-
tion (rmsd) assesses the deviations from exact values.
A value of r=1 indicates a perfect fit and in our case an


average r=0.8541 value indicates the ability of the model to
generalise to different substances. For the evaluated concen-
trations of porphyrins, the spectra show absorption of the
Q-bands larger than expected from the EEM, which is re-
flected in a disproportion of the Soret band with respect to
the Q-band in the model (Figure 2c), producing lower r
values for these substances although still satisfactory given
the complexity of the fingerprints, while the average rmsd=


0.0247 is well within the close fit category (<0.06[20]).
Summarising, this work demonstrated the ability of a


ubiquitous polychromatic excitation to support the finger-
printing of the EEM of fluorescent indicators. This possibili-
ty relies on the capacity of computer screens to deliver spec-
trally controlled illumination to systematically highlight dif-
ferent regions of the EEM. The goodness of the fitting de-
notes a correct description of the detection mechanism and
underscores the substantial amount of the spectral informa-
tion retained in the fingerprints.
Beyond the sensing possibilities of the present setup, this


work elucidates the spectroscopy essence of ubiquitous sens-
ing methods such as CSPT, for which a web camera used as
an imaging detector replaces the spectrophotometer, ena-
bling the simultaneous classification of arrays of diverse sub-
stances.[10,11,21]


Experimental Section


Solutions of fluorescent molecules, with concentration of 2 mm for the ab-
sorption and 10 mm for the emission measurements were prepared. Spec-
troscopic-grade THF (Fluka) and distilled water passed through Milli-Q
purification system were used as solvents. Fluorescein and rhodamine
were diluted in water, whereas the other substances were dissolved in
THF. Absorption spectra were measured with a Shimadzu UV-1601PC,
spectrophotometer. EEM measurements were carried out on a spectro-
fluorimeter (Hitachi F4500), operating in the 390–700 nm detection
range, with excitations at 20 nm intervals within the same range. Samples
were contained in 1 cm light path quartz cuvettes. Polychromatic excita-
tion measurements were performed by using an LCD screen (Philips
170 s2, 1280L1024 pixels resolution at a 60 Hz refresh frequency) operat-
ing at normal conditions of intensity and contrast. In the case of the Ge–
porphyrin complex, a CRT screen (CTX 1565 GM) was used, since the
blue band in these screens is better aligned with the Soret band of the
substance.


The screen illuminated the cuvettes, which were contained in the setup
shown in Figure 1a. Optical fibres were connected to an Ocean Optics
USB2000 spectrometer. During the measurements, the screen displayed a


Figure 2. a) Molecular structure of the tested substances. b) Contour
plots of excitation–emission spectra of fluorescein, rhodamine, Zn–por-
phyrin polymer, Ge–corrole complex and biladiene measured with a fluo-
rescence spectrometer. c) Measured total transmittances for 50 different
illuminating colours (colour and grey lines) for the substances given in
a). The illuminating colours are indicated only on 10 transmittances.
Solid black lines show the calculated total transmittances. The red line in
the first panel is an aid to eye highlighting F(l)=1, larger values corre-
spond to fluorescence. r and rmsd fitting values are indicated for each
substance.
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sequence of 50 colours and for every colour the transmission and emis-
sion spectrum of both the reference (solvent) and the sample were re-
corded. Numeric processing and modelling was performed with software
written in Matlab 7 code.
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Introduction


The pentalene dianion has received considerable attention
recently in terms of its synthetic utility as a ligand of sand-
wich-type transition-metal complexes[1–3] and the antiaroma-
ticity of its neutral derivative.[4] However, the dibenzopenta-
lene dianion,[5] which is more p-extended than the pentalene
dianion, has received less attention in spite of its recent po-
tential use as a building block of ladder-type p-conjugated
molecules, which are of growing interest.[6] Very recently, we
succeeded in the first X-ray characterization of a dilithium
dibenzopentalenide 1, prepared by reduction of a phenyl-
(triisopropylsilyl)acetylene with lithium (Scheme 1).[7] Al-
though the yield of dilithium dibenzopentalenide 1 was low,


isolation of 1 by recrystallization from a reaction mixture
containing a major product, the 1,4-dilithio-1,3-butadiene 2,
was very easy. The dilithium dibenzopentalenide 1 was oxi-
dized by iodine to give dibenzo ACHTUNGTRENNUNG[a,e]pentalene (denoted as
dibenzopentalene hereafter) 3 (Scheme 2).[7] Hence, our
novel synthetic method enables us to develop new chemistry
for dibenzopentalenes. Herein, we report novel reactions of
dibenzopentalene 3 and X-ray structural analysis of a lithi-
um 5-methyldibenzopentalenide, a novel type of indenyl
anion, formed by the reaction of 3 with methyllithium. Elec-
tronic absorption and fluorescence spectra of novel dibenzo-
pentalene derivatives are also demonstrated.


Results and Discussion


Reduction of dibenzopentalene 3 : Treatment of dibenzopen-
talene 3 with excess lithium in ether followed by recrystalli-
zation gave dilithium dibenzopentalenide 1 in 77% yield
(Scheme 3). Since dilithium di-
benzopentalenide 1 was oxi-
dized by iodine to give dibenzo-
pentalene 3 in 89% yield,
redox behavior between diben-
zopentalene 3 and dilithium di-
benzopentalenide 1 was con-
trollable and reversible.


Reaction of dibenzopentalene 3 with methyllithium: trap-
ping of the intermediate : For the synthesis of dilithiodiben-
zopentalene, a key precursor of dibenzopentalene deriva-
tives with various substituents on the 5- and 10-positions, re-
action of dibenzopentalene 3 with methyllithium was carried
out. When a THF solution of 3 was treated with methyllithi-
um, the color of the solution changed from brownish red to
green, which suggested the formation of an anionic species.
After treatment of the resulting mixture with H2O, 5,10-di-
hydro-5-methyl-dibenzopentalenes 4 were obtained as a
mixture of cis and trans stereoisomers in 34 and 50% yields,
respectively and the expected parent dibenzopentalene was
not obtained (Scheme 4). The stereochemistry of trans-4 was
established by X-ray crystallographic analysis (Figure 1 and
Table 1). To gain more insight into an intermediate of this
reaction, treatment of 3 with methyllithium followed by
D2O afforded the corresponding deuterio derivatives, cis-
and trans-4D in 31 and 40% yields, respectively.[8] Thus, the
intermediate was lithium 5-methyldibenzopentalenide 5. By
using iodomethane instead of water as a trapping reagent,
5,10-dimethyl derivative 6 was obtained as a single isomer in
72% yield. In the 1H NMR spectra, the methyl protons of


Abstract: Reduction of dibenzo-
ACHTUNGTRENNUNG[a,e]pentalene 3 (denoted as dibenzo-
pentalene hereafter) with excess lithi-
um gave dilithium dibenzopentalenide
1. Since oxidation of 1 with iodine gave
3, redox behavior between 1 and 3 is
controllable and reversible. Reaction
of 3 with methyllithium gave lithium 5-


methyldibenzopentalenide 5, the for-
mation of which was evidenced by
some trapping experiments and X-ray


crystallographic analysis. Reactions of
3 with halogens gave 5,10-dihalodiben-
zopentalenes, 8 and 9. Some optical
properties of novel dibenzopentalene
derivatives are also demonstrated.Keywords: anions · aromatic com-


pounds · emission spectroscopy ·
reduction · UV/Vis spectroscopy
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Scheme 1. Formation of dilithium dibenzopentalenide 1.


Scheme 2. Formation of dibenzopentalene 3 by oxidation of 1.


Scheme 3. Redox behavior be-
tween 1 and 3.
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cis and trans-4 resonated at d=1.65 and 1.91 ppm, respec-
tively. The signal assignable to the methyl protons of 6 was
observed at d=1.65 ppm, and hence the stereochemistry of
6 could be assigned as cis. The preferential formation of cis-
6 can be reasonably interpreted by steric hindrance of the
triisopropylsilyl group at the 5-position, which prevents
attack of the anionic moiety on iodomethane. On the other
hand, when the electrophile was water, it was sufficiently
small to react with 5 from both sides of the five-membered
ring, which resulted in an almost 1:1 ratio of cis and trans
isomers (Scheme 4).


Reaction of dibenzopentalene 3 with methyllithium: moni-
toring the intermediate by NMR spectroscopy: When the re-
action of dibenzopentalene 3 with methyllithium was moni-
tored by NMR spectroscopy, a single product was observed
in the NMR spectra. Therefore, lithium 5-methyldibenzo-
pentalenide 5 was formed quantitatively from 3. In the
7Li NMR spectrum, an upfield resonance was observed at
d=�7.4 ppm, which suggested that the anionic moiety of 5
should be highly aromatic.[9] The carbon atom at the 9-posi-


tion of some fluorenyllithiums was reported to resonate at
about d=80 ppm.[10] Likewise, in the 13C NMR spectrum, a
13C signal at d=80.47 ppm can be assigned to a carbon atom
at the 1-position in the anionic moiety of 5. Following the
previous report that a 6,6-dimethylfulvene derivative react-
ed with methyllithium to give the corresponding lithium t-
butylcyclopentadienide,[11] dibenzopentalene 3 reacted with
methyllithium as a fulvene to give 5.


Structure of lithium 5-methyldibenzopentalenide 5 : We suc-
ceeded in the first X-ray characterization of lithium 5-meth-
yldibenzopentalenide 5, a novel type of indenyl anion.
Single crystals of lithium 5-methyldibenzopentalenide 5
were obtained by recrystallization from a THF solution of 5
in the presence of [12]crown-4 at �30 8C. The lithium cation
is coordinated with two [12]crown-4 molecules, hence


[5([12]crown-4)] has a solvent-
separated ion-pair structure in
the solid state. An ORTEP
drawing and selected bond
lengths and angles of the anion-
ic moiety of 5 are shown in
Figure 2 and Table 2, respec-
tively. The tetracyclic frame-
work deviates slightly from pla-
narity and has a bow shape.


The carbon–silicon bond between the cyclopentadienyl
anion moiety and the triisopropylsilyl group deviates slightly
from the plane of the five-membered ring and turns toward


Figure 1. ORTEP drawing of trans-4 with thermal ellipsoid plots (40%
probability for non-hydrogen atoms).


Table 1. Selected bond lengths [J] and angles [8] of trans-4.


C1�C2 1.389(2) C2�C3 1.390(2) C3�C4 1.460(2)
C4�C5 1.505(2) C5�C6 1.518(2) C6�C7 1.392(2)
C7�C8 1.386(3) C1�C8# 1.381(3) C3�C6# 1.415(2)
C4�C4# 1.349(3)
Si1-C5-C18 106.97(15) C4-C5-C6 100.28(13) Si1-C5-C6 108.44(11)


Scheme 4. Reaction of dibenzopentalene 3 with methyllithium.


Figure 2. ORTEP drawings of [5([12]crown-4)] with thermal ellipsoid
plots (40% probability for non-hydrogen atoms). a) Top view and b) side
view. The lithium atom, and THF and [12]-crown-4 molecules are omitted
for clarity.
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the side of the other triisopropylsilyl group, which suggests
some localization of the negative charge on the carbon atom
bonded to the triisopropylsilyl group. As suggested, the
C�C bond lengths of the cyclopentadienyl anion moiety
(1.395–1.447 J) differ slightly; this contrasts the dilithium
dibenzopentalenide 1[7] and alkali-metal indenides,[10b,12]


which do not show any alternation of the C�C bonds in the
five-membered ring. The six-membered ring adjoining the
anionic five-membered ring also has different C�C bond
lengths (1.385–1.441 J), as was observed in alkali-metal in-
denides.[10b,12] On the other hand, remarkable alternation of
the C�C bonds is found in the cyclopentadiene ring of 5
(1.395–1.522 J), which is similar to that observed in trans-4
(Table 1).


To get more insight into the structure of 5, theoretical cal-
culations were carried out. Geometrical optimization was
carried out with density functional theory at the B3LYP
level by using the Gaussian 98 program[13] and the 6-31G(d)
basis set was used for C, Si, and H. The model anion 7 was
fully optimized and the calculated C�C bond lengths in the
tetracyclic framework are consistent with those found in the
X-ray structural analysis, although the calculated tetracyclic
framework is almost planar (Table 3). Nucleus-independent
chemical shift (NICS) values calculated at 1.0 J above (d=


�12.5 ppm) and below (d=�12.9 ppm) the cyclopentadie-
nide ring[14] of the model anion 7 are negative, which sug-
gests that the cyclopentadienide ring has aromatic character.


Reactions of dibenzopentalene
3 with halogens : For functional-
ization of dibenzopentalene 3,
halogenation of 3 was exam-
ined. Reactions of dibenzopen-
talene 3 with excess bromine at
room temperature gave 5,10-di-
bromo derivative 8[15] in high
yield (Scheme 5). Heating of di-
benzopentalene 3 with excess


iodine in ether under reflux gave a novel 5,10-diiodo deriva-
tive 9 in high yield (Scheme 5). Although the synthesis of
5,10-dihalodibenzopentalenes has already been report-
ed,[15,16] the present method is noteworthy as a novel, facile
method for the synthesis of 5,10-dihalodibenzopentalenes,
which would be key intermediates for derivatives with a di-
benzopentalene skeleton.


Absorption and fluorescence spectra of dibenzopentalene
derivatives : Optical properties of newly obtained dibenzo-
pentalene 3 and dihydrodibenzopentalenes, cis- and trans-4,
were also investigated (Table 4). The electronic absorption
and fluorescence spectra of 3 and cis- and trans-4 are shown
in Figures 3 and 4, respectively. The two longest absorption
maxima of 3 are longer than those of the parent dibenzo-
pentalene,[17] as was observed in a silyl-substituted tripheny-
lene, the absorption maxima of which are longer than those
of the parent triphenylene.[18] On the other hand, the ab-
sorption spectra of cis- and trans-4 are similar to that of the
parent dihydrodibenzopentalene.[19] In sharp contrast to the
non-fluorescent nature of dibenzopentalene 3, dihydrodi-


Table 2. Selected bond lengths [J] and angles [8] of [5([12]crown-4)].


C1�C2 1.522(3) C2�C3 1.388(3) C3�C4 1.386(3)
C4�C5 1.374(4) C5�C6 1.397(4) C6�C7 1.402(3)
C7�C8 1.478(3) C8�C9 1.434(3) C9�C10 1.447(3)
C10�C11 1.418(3) C11�C12 1.385(4) C12�C13 1.394(4)
C13�C14 1.374(3) C14�C15 1.421(3) C15�C16 1.411(3)
C1�C16 1.513(3) C2�C7 1.411(3) C8�C16 1.395(3)
C10�C15 1.441(3) C1�C17 1.548(3) C1�Si1 1.950(2)
C9�Si2 1.871(2)
Si1-C1-C2 109.11(15) Si1-C1-C16 108.64(15) C2-C1-C16 99.11(18)
Si2-C9-C8 132.16(18) Si2-C9-C10 123.90(18) C8-C9-C10 102.7(2)


Table 3. Selected bond lengths [J] in the optimized structure of 7.


C1�C2 1.530 C2�C3 1.390 C3�C4 1.402
C4�C5 1.398 C5�C6 1.398 C6�C7 1.402
C7�C8 1.452 C8�C9 1.426 C9�C10 1.442
C10�C11 1.412 C11�C12 1.388 C12�C13 1.416
C13�C14 1.387 C14�C15 1.412 C15�C16 1.418
C1�C16 1.512 C2�C7 1.426 C8�C16 1.409
C10�C15 1.462


Scheme 5. Halogenation of dibenzopentalene 3.


Table 4. Photophysical properties of 3, cis-4, and trans-4.


Absorption wavelength [nm] (e)


3 283 ACHTUNGTRENNUNG(53800) 420 ACHTUNGTRENNUNG(13200) 442 ACHTUNGTRENNUNG(11300)
cis-4 325 ACHTUNGTRENNUNG(24000)
trans-4 324 ACHTUNGTRENNUNG(24800) 339 ACHTUNGTRENNUNG(19600)


Fluorescence
Excitation
[nm]


Emission
[nm]


Absolute
quantum yield


3 –[a] –[a] –[a]


cis-4 325 386 0.57[b]


trans-4 300 368 0.48[c]


[a] No fluorescence was observed. [b] 1.22N10�4 molL�1. [c] 1.07N
10�4 molL�1.
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benzopentalenes 4 each reveal a fluorescent nature at room
temperature. Each fluorescence of cis- and trans-4, excited
at 325 and 300 nm, respectively, appears in the same region
as that of the parent dihydrodibenzopentalene,[19] which sug-
gests that the effect of silyl substituents on the optical prop-
erties of 4 is small, although a bathochromic shift in the
fluorescence of cis-4 (386 nm) is observed, compared with
that of trans-4 (368 nm).


Conclusion


Reactions of novel dibenzopentalene 3 were investigated.
Reduction of 3 with excess lithium gave dilithium dibenzo-
pentalenide 1. Thus, dibenzopentalene 3 and dilithium di-
benzopentalenide 1 showed a reversible redox behavior. Re-
action of 3 with methyllithium gave novel lithium 5-methyl-
dibenzopentalenide 5. The X-ray and NMR spectroscopic
analyses indicated that the anionic moiety of 5 has consider-
able aromatic character, although partial localization of the
negative charge is suggested. Reaction of 3 with bromine or
iodine gave the corresponding halogenated compounds. A
bathochromic shift was observed in the electronic absorp-
tion spectrum of 3, compared with that of the parent diben-
zopentalene, whereas the silyl substituents had little effect


on the absorption and fluorescence spectra of 4 relative to
those of the parent dihydrodibenzopentalene.


Experimental Section


General : All reactions were carried out under an argon atmosphere.
THF, diethyl ether, and C6D6 used in the synthesis or NMR spectroscopic
analyses were distilled from sodium benzophenone ketyl under an argon
atmosphere followed by distillation from a potassium mirror by using a
trap-to-trap technique. 1H (400 MHz), 13C (101 MHz), and 7Li NMR
(156 MHz) spectra were recorded on a Bruker DPX-400 or a DRX-400
spectrometer. Preparative gel-permeation chromatography (GPC) was
carried out on an LC-918 (Japan Analytical Ind.) with JAIGEL-1H and
�2H columns. Column chromatography was carried out with Merck Kie-
selgel 60 (silica gel). Melting points were determined on a Mitamura
Riken Kogyo MEL-TEMP apparatus and are uncorrected. Elemental
analyses were carried out at the Microanalytical Laboratry of Molecular
Analysis and Life Science Center, Saitama University (Japan). UV/Vis
spectra were measured on a JASCO V-560 spectrometer. Fluorescence
spectra and absolute quantum yields were measured on a JASCO FP-
6300 spectrometer and a Hamamatsu Photonics absolute PL quantum
yield measurement system C9920–02, respectively.


Reduction of dibenzopentalene 3 with lithium (excess): A solution of di-
benzopentalene 3 (421.4 mg, 0.82 mmol) in diethyl ether (10 mL) was
added to lithium (85.6 mg, 12.3 mmol). The resulting mixture was de-
gassed by freeze-pump-thaw cycles, sealed, and then stirred for 2 days. In
a glovebox, insoluble materials were filtered off and hexane (5 mL) was
added to the filtrate. Recrystallization of the filtrate at �30 8C gave di-
lithium dibenzopentalenide 1 (426.5 mg, 77%).


Oxidation of dilithium dibenzopentalenide 1 with iodine : A solution of
iodine (41.3 mg, 1.63 mmol) in diethyl ether (5 mL) was added to a solu-
tion of dilithium dibenzopentalenide 1 (56.1 mg, 0.083 mmol) in diethyl
ether (5 mL). The resulting mixture was stirred for 3.5 h. After removal
of volatile substances, insoluble materials in dichloromethane were fil-
tered off. The residue was subjected to GPC to give 5,10-
bis(triisopropylsilyl)dibenzoACHTUNGTRENNUNG[a,e]pentalene (3) (38.0 mg, 89%). Product 3 :
M.p. 208–210 8C; 1H NMR (CDCl3): d =1.19 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 36H),
1.64 (sept, J ACHTUNGTRENNUNG(H,H)=8 Hz, 6H), 6.76–6.84 (m, 4H), 7.08–7.10 (m, 2H),
7.22–7.24 ppm (m, 2H); 13C NMR (CDCl3): d =13.26 (d), 19.37 (q),
123.37 (d), 124.90 (d), 125.99 (d), 127.71 (d), 136.35 (s), 140.10 (s), 156.09
(s), 161.72 ppm (s); elemental analysis calcd (%) for C34H50Si2: C 79.30,
H 9.79; found: C 79.25, H 10.09.


Product 5 : M.p. 182 8C (recrystallized from hexane/ethanol); 1H NMR
(CDCl3): d =0.93–1.03 (m, 42H), 7.05–7.09 (m, 6H), 7.20–7.24 ppm (m,
4H); 13C NMR (CDCl3): d=13.75 (d), 19.25 (q), 19.53 (q), 108.57 (s),
126.84 (d), 128.13 (d), 129.40 (d), 139.73 (s), 165.70 ppm (s); elemental
analysis calcd (%) for C34H52I2Si2: C 52.98, H 6.80; found: C 53.24, H
6.81.


Reaction of dibenzopentalene 3 with methyllithium: trapping of the in-
termediate by H2O : Methyllithium (0.98m in ether; 0.34 mL, 0.33 mmol)
was added to a solution of dibenzopentalene 3 (76.5 mg, 0.15 mmol) in
THF (3 mL) at room temperature. After the reaction mixture had been
stirred for 30 min, the reaction was quenched by the addition of H2O.
The organic layer was then extracted with ether and dried over anhy-
drous magnesium sulfate. Removal of volatile substances gave a crude
product (84.6 mg), which was chromatographed on silica gel (hexane) to
afford cis- (cis-4) (27.0 mg, 34%) and trans-5,10-dihydro-5,10-bis(triiso-
propylsilyl)-5-methyldibenzo ACHTUNGTRENNUNG[a,e]pentalene (trans-4) (39.8 mg, 50%).


Product cis-4 : M.p. 159 8C (decomp); 1H NMR (CDCl3): d=0.93 (d,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H), 1.05–1.09 (m, 18H), 1.12 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 9H),
1.33–1.42 (m, 6H), 1.65 (s, 3H), 3.90 (s, 1H), 7.06–7.13 (m, 2H), 7.21–
7.25 (m, 2H), 7.50–7.54 (m, 3H), 7.58 ppm (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H);
13C NMR (CDCl3): d=12.00 (d), 12.12 (d), 19.37 (q), 19.53 (q), 19.97 (q),
20.15 (q), 21.27 (q), 36.97 (d), 45.98 (s), 120.24 (d), 120.67 (d), 122.72 (d),
123.13 (d), 123.88 (d), 124.22 (d), 124.65 (d), 125.34 (d), 140.84 (s), 141.18


Figure 4. Fluorescence spectra of cis-4 (c, excited at 325 nm) and
trans-4 (a, excited at 300 nm) in hexane at room temperature.


Figure 3. Electronic absorption spectra of 3 (c), cis-4 (c), and trans-
4 (a) in hexane at room temperature.
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(s), 151.39 (s), 152.44 (s), 157.82 (s), 160.49 ppm (s); elemental analysis
calcd (%) for C35H54Si2: C 79.17, H 10.25; found: C 79.13, H 10.34.


Product trans-4 : M.p. 236–237 8C; 1H NMR (CDCl3): d =0.82 (d,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H), 0.86 (d, J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H), 0.91 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz,
9H), 0.95 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 9H), 1.27–1.37 (m, 6H), 1.91 (s, 3H), 4.06
(s, 1H), 7.10–7.17 (m, 2H), 7.23–7.28 (m, 2H), 7.51–7.55 (m, 3H),
7.64 ppm (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H); 13C NMR (CDCl3): d =11.95 (d), 12.64
(d), 18.67 (q), 18.75 (q), 19.10 (q), 19.48 (q), 19.56 (q), 35.12 (d), 44.96
(s), 120.14 (d), 120.31 (d), 122.81 (d), 123.21 (d), 123.89 (d), 124.35 (d),
124.59 (d), 125.31 (d), 140.14 (s), 140.65 (s), 149.21 (s), 149.98 (s), 156.22
(s), 156.47 ppm (s); elemental analysis calcd (%) for C35H54Si2: C 79.17,
H 10.25; found: C 78.69, H 10.26.


X-ray crystallographic analysis of trans-4 : Crystals suitable for X-ray dif-
fraction were obtained by recrystallization from a dichloromethane solu-
tion of trans-4 at �20 8C. The intensity data were collected at �170 8C on
a Bruker SMART APEX equipped with a CCD area detector with
graphite-monochromated MoKa radiation (l =0.71073 J) and graphite
monochromater. Formula=C35H54Si2; Fw =530.96; crystal dimensions=


0.30N0.10N0.10 mm; monoclinic; space group=P21/n ; Z=2; a=


12.1181(12), b=8.7158(9), c=15.8599(16) J; b=110.162(2)8 ; V=


1572.5(3) J3; Dcalcd =1.121 gcm�3 ; R1 =0.052 (I>2s(I), 2468 reflections),
wR2 =0.138 (for all reflections) for 2854 reflections and 209 parameters;
GOF=1.076. CCDC-680364 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.


Reaction of dibenzopentalene 3 with methyllithium: trapping of the in-
termediate by D2O : Methyllithium (0.98m in ether; 0.32 mL, 0.31 mmol)
was added to a solution of dibenzopentalene 3 (71.3 mg, 0.14 mmol) in
THF (3 mL) at room temperature. After the reaction mixture had been
stirred for 20 min, the reaction was quenched by D2O (0.5 mL). The or-
ganic layer was then extracted with ether and dried over anhydrous mag-
nesium sulfate. Removal of volatile substances gave a crude product
(71.1 mg), which was chromatographed on silica gel (hexane) to afford
cis- (22.9 mg, 31%) and trans-4D (29.2 mg, 40%).


Reaction of dibenzopentalene 3 with methyllithium: trapping of the in-
termediate by iodomethane : Methyllithium (1.09m in ether; 0.48 mL,
0.52 mmol) was added to a solution of dibenzopentalene 3 (128.6 mg,
0.25 mmol) in THF (5 mL) at room temperature. After the reaction mix-
ture had been stirred for 20 min, the reaction was quenched by methyl
iodide (0.5 mL, 3.21 mmol). After removal of insoluble materials in di-
chloromethane by filtration, the filtrate was concentrated to give a crude
product (134.9 mg), which was purified by column chromatography on
silica gel (hexane) to afford cis-5,10-dihydro-5,10-bis(triisopropylsilyl)-
5,10-dimethyldibenzo ACHTUNGTRENNUNG[a,e]pentalene (cis-6) (97.6 mg, 72%).


Product cis-6 : M.p. 155.5 8C (decomp); 1H NMR (CDCl3): d =0.94 (d,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 18H), 1.10 (d, J ACHTUNGTRENNUNG(H,H)=7 Hz, 18H), 1.35 (sept, J ACHTUNGTRENNUNG(H,H)=


7 Hz, 6H), 1.65 (s, 6H), 7.13 (dd, J ACHTUNGTRENNUNG(H,H)=7, 7 Hz, 2H), 7.23 (dd,
J ACHTUNGTRENNUNG(H,H)=7, 7 Hz, 2H), 7.53 (d, J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H), 7.55 ppm (d,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H); 13C NMR (CDCl3): d=11.81 (d), 20.06 (q), 20.19
(q), 21.29 (q), 46.07 (s), 120.92 (d), 123.10 (d), 123.78 (d), 124.94 (d),
140.30 (s), 158.18 (s), 159.83 ppm (s); elemental analysis calcd (%) for
C36H56Si2: C 79.34, H 10.36; found: C 79.11, H 10.49.


Reaction of dibenzopentalene 3 with methyllithium: monitoring the in-
termediate by NMR spectroscopy : Methyllithium (1.09m in ether; 0.35
mL, 0.38 mmol) was added to a solution of dibenzopentalene 3
(132.2 mg, 0.26 mmol) in THF (4 mL) at room temperature. After the
mixture had been stirred for 20 min, it was degassed by freeze-pump-
thaw cycles and sealed. In a glovebox, removal of volatile substances
gave a crude product, an aliquot of which was dissolved in C6D6. NMR
spectra of the solution revealed the quantitative formation of lithium
5,10-dihydro-5,10-bis(triisopropylsilyl)-5-methyldibenzo ACHTUNGTRENNUNG[a,e]pentalenide
(5).


Product 5 : 1H NMR (C6D6): d=0.96 (d, J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H), 1.10 (d,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H), 1.41 (d, J ACHTUNGTRENNUNG(H,H)=7 Hz, 9H), 1.46 (d, J ACHTUNGTRENNUNG(H,H)=7 Hz,
9H), 1.60 (sept, J ACHTUNGTRENNUNG(H,H)=7 Hz, 3H), 2.06 (s, 3H), 2.13 (sept, J ACHTUNGTRENNUNG(H,H)=


7 Hz, 3H), 6.98–7.04 (m, 2H), 7.10 (t, J ACHTUNGTRENNUNG(H,H)=7 Hz, 1H), 7.26 (t,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 1H), 7.65 (d, J ACHTUNGTRENNUNG(H,H)=7 Hz, 1H), 8.02 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz,


1H), 8.11 (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H), 8.14 ppm (d, J ACHTUNGTRENNUNG(H,H)=8 Hz, 1H);
13C NMR (C6D6): d=13.30 (d), 14.66 (d), 19.84 (q), 20.01 (q), 20.17 (q),
20.22 (q), 25.54 (q), 41.77 (s), 80.47 (s, C�Li), 116.15 (d), 117.26 (d),
119.20 (d), 121.40 (d), 122.13 (d), 124.14 (d), 124.49 (s), 124.49 (d), 125.37
(d), 132.36 (s), 140.67 (s), 140.95 (s), 142.77 (s), 157.96 ppm (s); 7Li NMR
(C6D6): d =�7.4 ppm.


X-ray crystallographic analysis of 5 : Crystals suitable for X-ray diffrac-
tion were obtained by recrystallization from a THF solution of 5 in the
presence of [12]crown-4 at �30 8C in a glovebox. The crystal was mount-
ed in a glass capillary. The intensity data were collected at �170 8C on a
Bruker SMART APEX equipped with a CCD area detector with graph-
ite-monochromated MoKa radiation (l=0.71073 J) and graphite mono-
chromater. Formula=C55H93LiO9Si2; Fw =961.41; crystal dimensions=


0.40N0.20N0.15 mm; monoclinic; space group=C2/c ; Z=8; a=


22.492(3), b=23.964(3), c=22.675(4) J; b=114.021(3)8 ; V=11163(3) J3;
Dcalcd =1.144 gcm�3 ; R1 =0.062 (I>2s(I), 7201 reflections), wR2 =0.179
(for all reflections) for 9903 reflections and 732 parameters; GOF=


1.007. CCDC-680363 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif


Reaction of dibenzopentalene 3 with bromine : Bromine (0.22 mL,
4.27 mmol) was added to an ether (10 mL) solution of dibenzopentalene
3 (108.7 mg, 0.21 mmol) at room temperature and the resulting mixture
was stirred for 6 h. After addition of saturated aqueous sodium sulfite to
the reaction mixture, the organic layer was extracted with ether, dried
over anhydrous magnesium sulfate, and concentrated to give a crude
product (173.9 mg). The residue was chromatographed on silica gel
(hexane) to afford 5,10-dibromodibenzo ACHTUNGTRENNUNG[a,e]pentalene (8) (54.1 mg,
71%).


Product 8 : M.p. 208 8C (decomp); 1H NMR (CDCl3): d=6.95 (d,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H), 6.98–7.06 (m, 4H), 7.33 ppm (d, J ACHTUNGTRENNUNG(H,H)=7 Hz,
2H); 13C NMR (CDCl3): d=122.33 (s), 122.05 (d), 122.07 (d), 128.62 (d),
128.81 (d), 132.76 (s), 144.23 (s), 147.40 ppm (s); elemental analysis calcd
(%) for C16H8Br2: C 53.37, H 2.25; found: C 52.90, H 2.08.


Reaction of dibenzopentalene 3 with iodine : A mixture of dibenzopenta-
lene 3 (97.4 mg, 0.19 mmol) and iodine (1.0127 g, 3.99 mmol) in diethyl
ether (10 mL) was heated under reflux for 63 h. After the addition of sa-
turated aqueous sodium sulfite to the reaction mixture, the organic layer
was extracted with ether, dried over anhydrous magnesium sulfate, and
concentrated to give a crude product (154.6 mg). The residue was then
washed with hexane to give 5,10-diiododibenzo ACHTUNGTRENNUNG[a,e]pentalene (9)
(55.0 mg, 64%).


Product 9 : M.p. 197 8C (decomp); 1H NMR (CDCl3): d=6.83 (d,
J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H), 7.00 (ddd, J ACHTUNGTRENNUNG(H,H)=1, 7, 7 Hz, 2H), 7.06 (ddd,
J ACHTUNGTRENNUNG(H,H)=1, 7, 7 Hz, 2H), 7.42 ppm (d, J ACHTUNGTRENNUNG(H,H)=7 Hz, 2H); 13C NMR
(CDCl3): d=94.36 (s), 120.83 (d), 123.90 (d), 128.45 (d), 129.08 (d),
133.68 (s), 150.02 (s), 152.01 ppm (s); elemental analysis calcd (%) for
C16H8I2: C 42.32, H 1.78; found: C 42.47, H 1.65.
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Supramolecular Tandem Enzyme Assays for Multiparameter Sensor Arrays
and Enantiomeric Excess Determination of Amino Acids


David M. Bailey, Andreas Hennig, Vanya D. Uzunova, and Werner M. Nau*[a]


Introduction


The inclusion of small guest molecules within larger macro-
cyclic hosts is a burgeoning field of research with a diverse
range of applications, including biological examples ranging
from analyte sensing[1–6] and drug delivery[7–9] to synthetic
enzymes.[10,11] The combination of high affinity and selectivi-
ty, including enantioselective binding, has remained a con-
stant challenge in host-guest chemistry, in which macrocycles
have remained inferior to biological receptors, such as en-
zymes and antibodies.[12–15]


Cucurbiturils have recently emerged as an interesting
class of macrocycles with a high affinity for neutral and cat-
ionic organic guests,[16–33] and in a few exemplary instances,
with host-guest binding constants approaching that of
biotin-avidin.[25,26,29] However, cucurbiturils, for example, cu-


curbit[7]uril (CB7, composed of 7 glycoluril units), suffer
from the same shortcoming of other macrocycles in that
their overall selectivity is mediocre in the context of bio-
mimetic applications. For example, they bind—in their func-
tion as cation receptors—aliphatic amines and diamines in
their ammonium forms strongly,[20–25] but they do so with
low selectivity, that is, with similar binding constants for dif-
ferent organic residues and for differently sized cucurbitur-
ils. Moreover, although a chiral cucurbituril derivative has


Abstract: The coupling of an enzymatic
transformation with dynamic host-
guest exchange allows the unselective
binding of macrocycles to be used for
highly selective analyte sensing. The re-
sulting supramolecular tandem enzyme
assays require the enzymatic substrate
and its corresponding product to differ
significantly in their affinity for macro-
cycles, for example, cation receptors,
and to show a differential propensity to
displace a fluorescent dye from its
host-guest complex. The enzymatic
transformation results in a concomitant
dye displacement that can be accurate-
ly followed by optical spectroscopy,


specifically fluorescence. By exploiting
this label-free continuous enzyme assay
principle with the fluorescent dye Da-
poxyl and the macrocyclic host cucur-
ACHTUNGTRENNUNGbit[7]uril, a multiparameter sensor
array has been designed, which is capa-
ble of detecting the presence of amino
acids (e.g. histidine, arginine, lysine,
and tyrosine) and their decarboxylases.
Only in the presence of both, the par-
ticular amino acid and the correspond-


ing decarboxylase, is the amine or dia-
mine product formed. These products
are more highly positively charged
than the substrate, have a higher affini-
ty for the macrocycle and, therefore,
displace the dye from the complex. The
extension of the high selectivity and mm


sensitivity of the tandem assay princi-
ple has also allowed for the accurate
measurement of d-lysine enantiomeric
excesses of up to 99.98%, as only the
l-enantiomer is accepted by the
enzyme as a substrate and is converted
to the product that is responsible for
the observed fluorescence signal.
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recently been documented,[34] the parent cucurbiturils are
achiral and, therefore, tend to be unsuitable for enantiose-
lective binding unless a chiral template is present.[34–36]


Herein, we combine the generality of cucurbituril encapsula-
tion with the selectivity and enantiospecificity of enzymatic
reactions and demonstrate how the unselective binding of
macrocycles can be exploited for highly sensitive, selective,
and even enantioselective recognition of analytes.


The analyte sensing (Scheme 1) employs an indicator dis-
placement strategy[37–40] according to the supramolecular
tandem assay principle that we have recently communicated
for monitoring enzymatic activity.[41] The working principle
is based on a competition between a fluorescent dye and the
product of the enzymatic reaction for cucurbituril encapsula-
tion. The enzymatic decarboxylation of the amino acid con-
verts a weak competitor to a more highly positively charged
diamine (strong competitor) which leads to a successive dis-
placement of the fluorescent dye from the complex in the
course of the enzymatic reaction. Accordingly, the fluores-
cent dye is suitably selected such that it shows a large
change in fluorescence in its complexed and uncomplexed
forms; several dyes with these desirable properties have al-
ready been reported for cucurbiturils,[17,42–45] with Dapoxyl
as a fluorescent dye of choice to use with CB7 near the
physiological pH ideal for enzymatic activity. Dapoxyl
shows an up to 200-times stronger fluorescence intensity in
its CB7 complex,[17] such that the addition or enzymatic for-
mation of a competitor leads to a fluorescence decrease
(“switch-off”). CB7 and Dapoxyl form the so-called reporter
pair of the tandem assay. Herein, we use this reporter pair
to document two applications of tandem assays that, while
easy to implement, are very powerful analytical tools. First,
we construct a multiparameter sensor array capable of de-
tecting either the presence of a particular amino acid or,
vice versa, its respective decarboxylase. Second, we apply
the supramolecular tandem assay to the determination of
the enantiomeric excess of mixtures of d- and l-amino acids
within an extremely high ee (ee=enantiomeric excess) range
that is inaccessible to conventional analytical techniques.


Results and Discussion


Development of a multiparameter sensor array : Amino acid
decarboxylases play an important role in many diverse bio-
chemical pathways in both plants and animals, such as
immune regulation, vasodilatation, smooth muscle contrac-
tion, gastric acid secretion, allergic response, and wound
healing in animals as well as cell proliferation and differen-
tiation, morphogenesis, dormancy and germination, tuberi-
zation, flower induction and development, embryogenesis,
fruit-set and growth, and fruit ripening in plants.[46,47] Most
decarboxylases are specific to single amino acids, whereas
others (such as DOPA decarboxylase) are known to react
with classes of amino acids, for example those with aromatic
residues.[48,49] Decarboxylases are ideal for investigation by
means of supramolecular tandem assays, because their reac-
tion leads to a large variation of charge status between the
substrate and product. This has a similarly large influence
on the differential binding, and, consequently, the fluores-
cence response according to Scheme 1.[41] In advancing a
sensor application, we aimed to exploit the nonselectivity of
the macrocyclic receptor CB7 which should allow for the
sensing of several amino acids through their specific reac-
tions with decarboxylases.


We selected four amino acids with their associated specif-
ic amino acid decarboxylases for investigation: histidine, ar-
ginine, lysine, and tyrosine. The amino acids ornithine and
tryptophan were included as additional test cases, although
we lacked access to the corresponding decarboxylases. The
essential first step in advancing a tandem assay is to deter-
mine the binding constants (KC) of both potential competi-
tors (substrate and product), because these must show a sig-
nificant difference (factor 10 or larger) for the assay princi-
ple to be practically useful. As quantified by both isothermal
titration calorimetry (ITC, see Figure 1) and competitive
fluorescence titrations employing Dapoxyl as an indicator
fluorescent dye (Figure 2),[41] the amino acids investigated in
Table 1 all have a much lower (2–4 orders of magnitude) af-
finity to CB7 than their decarboxylation products. In gener-
al, the binding of the amines is enthalpically more favorable


than that of the corresponding
amino acids, but for the alipha-
ACHTUNGTRENNUNGtic diamines (cadaverine, pu-
trescine) there is also a large
entropic driving force. The
latter is presumed to have a siz-
able contribution due to desol-
vation, which has been previ-
ously discussed for diamine
binding to the smaller homo-
logue cucur ACHTUNGTRENNUNGbit[6]uril.[22,50]


In keeping with our prelimi-
nary results,[41] the addition of
either histidine, arginine, lysine,
or tyrosine decarboxylase to the
respective amino acid in the
presence of Dapoxyl (2.5 mm)Scheme 1. Working principle of a “switch-off” product-coupled tandem assay.
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and CB7 (10 mm) maintained in a 10 mm NH4OAc buffer
(pH 6.0) led to the expected decrease in fluorescence inten-
sity (switch-off fluorescence response, Figure 3).[51] As can
be seen for the sizable binding constant of tyrosine
(Table 1), a weak affinity of the substrate is no prerequisite
for applying the supramolecular tandem assay principle.
Rather, as already emphasized in the preliminary study, it is
the differential affinity, that is, the increased affinity for tyr-
amine, which is sufficient to generate a readily detectable
fluorescence response.


Previously, we have exploited this fluorescence response
to detect enzymatic activity, determine enzyme kinetics, and
suggested their use for inhibitor screening.[41] Herein, we
employ the assays for the first time for selective sensing.


Two sets of four solutions containing identical enzyme,
amino acid, and reporter pair concentrations were prepared.
In the first set, each preparation contained one of the four
decarboxylases and the three amino acids that the decarbox-
ylase was (supposedly) inactive against, whereas in the
second set, the preparations contained all four amino acids
(Figure 3). Confirming the specificity of the enzymatic trans-
formations, it was observed that no experimentally signifi-
cant fluorescence response was observed in the attempted
decarboxylation of the incorrect amino acids. Note that the
overall selectivity of the macrocycle with respect to either
the four selected amino acids or their enzymatic products
(histamine, agmatine, cadaverine, tyramine) is low, with the
binding constants differing by less than three orders of mag-
nitude for both sets (Table 1). This selectivity is, however, ir-


Figure 1. Calorimetric titrations of CB7 with A) the amino acid tyrosine
and B) its decarboxylated product tyramine. Experiments were per-
formed at 30 8C in 10 mm ammonium acetate buffer (pH 6.0) with the fol-
lowing concentrations: A) 1 mm of tyrosine, titrated into 0.03 mm of CB7
and B) 0.5 mm of tyramine titrated into 0.03 mm CB7. The top plots show
the instrumental power function versus time (injected aliquots). The
bottom plots show the heats of reaction obtained from the integration of
the calorimetric traces, plotted against the amino acid/CB7 molar ratio.


Figure 2. Competitive fluorescence titrations (lexc=336, lobs=380 nm) of
the amino acids A) tyrosine and B) tryptophan and their respective de-
carboxylation products with competitive displacement of Dapoxyl
(2.5 mm) from CB7 (10 mm) in 10 mm NH4OAc buffer (pH 6.0). The bind-
ing constants determined from the titrations (KC, 10% error, cf. the Ex-
perimental Section) are given in parentheses. The titration plots for tyro-
sine and tryptophan extend to higher concentrations which is not shown
in this truncated representation. Note that none of the investigated
amino acids shows any absorbance at the selected excitation wavelength.


Table 1. Stability constants (Kc) and thermodynamic values for the complex formation between CB7 as host with amino acids and their decarboxylated
products as guests.


Guest KC [m�1] DG [kcalmol�1] DH [kcalmol�1] TDS [kcalmol�1]
Fluorescence[a] ITC[b]


histidine 400 –[c] – – –
histamine 3.2L104[d] ACHTUNGTRENNUNG(1.8�0.3)L104 �5.9�0.1 �2.3�0.1 3.6�0.1
arginine 310 327�16 �3.4�0.1 �1.2�0.1 2.2�0.1
agmatine 1.1L106 ACHTUNGTRENNUNG(7.8�0.6)L105 �8.2�0.1 �4.9�0.2 3.3�0.3
lysine 870 800�60 �5.3�0.1 �4.1�0.1 �1.2�0.1
cadaverine 1.4L107 ACHTUNGTRENNUNG(4.3�0.9)L106 �9.2�0.1 �4.1�0.7 5.1�0.8
tyrosine 2.4L104 ACHTUNGTRENNUNG(2.2�0.3)L104 �5.9�0.1 �6.5�0.6 �0.6�0.5
tyramine 3.8L106 ACHTUNGTRENNUNG(2.3�0.1)L106 �8.7�0.1 �8.5�0.1 0.2�0.1
tryptophan 1600 ACHTUNGTRENNUNG(1.9�0.1)L103 �4.5�0.1 �6.0�0.1 �1.5�0.1
tryptamine 1.3L105 ACHTUNGTRENNUNG(4.7�0.1)L104 �6.5�0.1 �8.3�0.4 �1.8�0.4
ornithine 380 –[c] – – –
putrescine 3.7L105 ACHTUNGTRENNUNG(3.0�0.1)L105 �7.6�0.1 �3.3�0.1 4.3�0.1


[a] From competitive fluorescence titrations at 25 8C in 10 mm ammonium acetate buffer, pH 6.0, cf. reference [41]; 10% error. [b] Mean values measured
from at least three experiments at 30 8C in 10 mm ammonium acetate buffer, pH 6.0; error given as standard deviation (�1s). [c] Measured heat effects
were too small in comparison to the dilution effect to allow an accurate determination of stability constants and reaction enthalpies. [d] Measured in
10 mm sodium phosphate buffer, pH 7.4 at 30 8C.
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relevant for the selective sensing, because it is the presence
of the decarboxylase alone that ensures the selectivity of an-
alyte sensing and the fluorescence response. In other words,
a target amino acid analyte will interact with the host-dye
reporter pair only in the presence of the complementary
enzyme, because only in this case will the product be
formed, which is responsible for the displacement of the
dye.


In further detail, a comparison of the enzyme kinetics in
the solutions containing all four amino acids was identical,
within error, to solutions containing only the enzyme and
the designated target (data not shown). This result showed
that the presence of other amino acids did not interfere with
the actual enzymatic reaction and, in particular, that they
did not display any inhibitory effects. Consequently, CB7
can be used for the highly selective sensing of amino acids.
Regarding the sensitivity, concentrations of 1 mm were readi-
ly detectable in cuvette-based measurements, that is, gave
rise to a sizable fluorescence response.


We have also employed 96-well microtiter plate measure-
ments to miniaturize the detection system to allow the
design of a multiparameter sensor array, capable of screen-
ing several analytes (amino acids) in parallel. To scrutinize
the sensitivity and explore the working range with respect to
the analyte concentration, we prepared solutions of the four
amino acids in six different amounts (ranging from 0.24 to
240 nmoles per well) with each of the four associated decar-
boxylases for a total of 96 solutions (see Figure 4).[51] As
three out of every four solutions were exposed to the incor-
rect decarboxylase, there were only 24 possible positive re-


sponses per plate, allowing the other samples to be used as
negative controls. An example at a particular well concen-
tration (12 nmoles) is shown in Figure 5, which nicely illus-
trates how the 4 positive reactions (e.g., histidine in the
presence of histidine decarboxylase) can be immediately dif-
ferentiated from the 12 negative controls lacking the right
combination. It is noteworthy, that by taking fluorescence
intensity measurements at set intervals, we could monitor
the decrease in fluorescence over time as a measure of the
progress of the enzymatic reaction. Such time-dependent
measurements provide an additional form of internal con-
trol, as any external sources of fluorescence that do not di-
rectly interact with the reporter-pair will be static in nature
and would not affect the determinations. Static fluorescence
can be easily differentiated from the time-resolved change
in fluorescence due to the enzymatic reaction. This could
become especially advantageous when applied to complex


Figure 3. Fluorescence monitoring (lexc=336, lobs=380 nm, cuvette
format) of the decarboxylation of four l-amino acids: A) histidine, B) ar-
ginine, C) lysine, D) tyrosine. In each instance the approximately con-
stant fluorescence intensity refers to the sample that contained only the
three amino acids the decarboxylase was inactive towards, whereas the
time-resolved decrease in fluorescence refers to the solutions containing
also the correct amino acid. The 10 mm NH4OAc buffer solutions (pH
6.0) contained 2.5 mm Dapoxyl, 10 mm cucurbit[7]uril, 40 mgmL�1 of the
appropriate amino acid decarboxylase, and 50 mm of the appropriate
amino acids histidine, arginine, lysine, and tyrosine.[51]


Figure 4. Microtiter plate setup employed for the multiparameter sensor
array. The numbers within the wells refer to the amount of amino acid
present, in nanomoles. Yellow wells mark expected positive responses.


Figure 5. Time-dependent fluorescence responses for the sensing of l-
amino acids by means of a supramolecular tandem assay system in a 96-
well microtiter plate format (240 mL). Shown are the fluorescence re-
sponses for the l-amino acids tested at 12 nmoles per well in the absence
(negative controls, top) and presence of the correct decarboxylase (lower
four traces). The 10 mm NH4OAc buffer (pH 6.0) solutions contained
7.5 mm Dapoxyl, 30 mm CB7, and either 40 mgmL�1 (lysine and tyrosine),
80 mgmL�1 (arginine), or 160 mgmL�1 (histidine) decarboxylase added at
t=0.[51,52]
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matrices that may contain multiple sources of interfering
fluorescence.


Figure 6 shows the fluorescence decays obtained from the
microtiter plate experiments at different lysine concentra-
tions. The shaded region is the average response from the


negative controls (�2s).[52] As can be seen, the detection
limit decreases with increasing measurement time and lies
around 2.5 nmole per well after 60 min. This corresponds to
analyte concentrations of 10 mm (240 mL well), which lies ex-
pectedly above the detection limit in the more sensitive cuv-
ette-based spectrofluorometer measurements (1 mm, 1 mL,
see above). Increasing substrate concentrations gave rise to
faster reaction rates, as reflected in steeper fluorescence
decays. Measurement of the reaction rate during the initial
phase of reaction (Figures 5 and 6) could principally allow a
semi-quantitative amino acid sensing, which was explored in
further detail in the context of the ee determination (see
below). For qualitative detection, an initial measurement
and a second one at a fixed incubation time is principally
sufficient; this mode would be preferable for automated de-
tection, that is, for high-throughput screening, environmen-
tal monitoring, or quality control.


Determination of enantiomeric excess : The synthesis of d-
amino acids is becoming increasingly important due to nu-
merous applications ranging from antibiotics and anticoagu-
lants to pesticides and fertility drugs.[53] Accordingly, there is
also an increased interest in the preparation and isolation of
these d-enantiomers,[53] and, in particular, in the determina-
tion of their optical purity.[54] The method that we developed
for the sensing of amino acids (see above) is specific for the
natural l forms, and the accurate determination of their ab-
solute concentration in the presence of a very large excess
of the respective d form should provide a viable analytical


method to determine the ee of the latter. A related method
for ee determination based on the absolute concentration of
only one enantiomer has recently been described by Matile
and co-workers in the enantiospecific enzymatic degradation
of polymeric analytes, such as poly-l- versus poly-d-gluta-
mate, in which the selective formation of monomeric l-glu-
tamate results in blockage of a synthetic pore in dependence
on the ee of the polymer.[55] The method allowed ee determi-
nations between 90–98%, which have proven difficult to
assess by conventional analytical techniques, such as CD,
GC, or HPLC. Another example of a related determination
of ee involves the enantiospecific enzymatic oxidation of
(S)-1-phenylpropanol,[56] in which the formation of the re-
duced cofactor NADPH, followed spectrophotometrically,
provided indirect information about the optical purity of the
alcohol with an accuracy of �10% ee.


To demonstrate the viability of our envisaged method, we
selected the reaction of l-lysine with its respective decar-
boxylase. As demonstrated above, the decarboxylation re-
sults in a readily measurable fluorescence decrease, the rate
of which depends on the absolute l-amino acid concentra-
tion. The enantiospecificity of lysine decarboxylase was
demonstrated through an attempted decarboxylation of a
commercial d-lysine sample (up to 1 mm) under identical re-
action conditions (10 mm CB7, 2.5 mm Dapoxyl, and
40 mgmL�1 lysine decarboxylase, maintained in 10 mm


NH4OAc buffer adjusted to pH 6.0). No temporal change in
fluorescence intensity was observed upon addition of the
enzyme (up to 45 min), confirming, as expected, that the
enzyme did not affect decarboxylation of this enantiomer.
Consequently, it appeared promising to assess the concen-
tration of l-lysine even in the presence of a large excess of
d-lysine and thereby determine the ee of such mixtures.


In the initial ee determinations, a first series of solutions
was prepared that contained 50 mm l-/d-lysine in total. 1–
9 mm of those were l-lysine, which could be reliably detected
in a cuvette format (see above), and the remainder (41–
49 mm) was d-lysine. These relative concentrations corre-
spond to an ee of d-lysine ranging from 64–96%; a control
experiment with an ee of 100% (pure D-form) is also in-
cluded in Figure 7. Figure 7 shows the corresponding kinetic
fluorescence decay traces, which were approximately linear
in the initial time range (up to 20 min) and showed a slight
positive curvature only at higher l-amino acid concentra-
tions and reaction times. The fluorescence decay kinetics
were dependent on the substrate concentration, and we de-
termined the initial rates from the slopes to obtain a mea-
sure of the absolute concentration of the reactive l form.
This was arbitrarily done in the fixed time interval between
10 and 20 min, as small initial fluctuations were occasionally
observed directly after addition of enzyme, presumably due
to mixing and temperature equilibration. The resulting ini-
tial rates showed a linear dependence on the concentration
of l-lysine (r=0.997, Figure 8A), consistent with the charac-
teristic enzyme kinetics at substrate concentrations far
below the Km value (300 mm for lysine decarboxylase).[41, 57]


A similar linear relationship (r=0.957, Figure 8B) was ob-


Figure 6. Time-dependent fluorescence response for the sensing of l-
lysine by means of a supramolecular tandem assay system in a 96-well
microtiter plate format (240 mL). Shown are the fluorescence responses
for different l-lysine concentrations ranging from 0.24 to 240 nmoles per
well (cf. legend). The patterned region is the average response from the
negative controls (�2s) lacking the correct decarboxylase. The 10 mm


NH4OAc buffer (pH 6.0) solutions contained 7.5 mm Dapoxyl, 30 mm


CB7, and 40 mgmL�1 lysine decarboxylase added at t=0. Data were re-
corded in a 96-well microtiter plate with a sample volume of 240 mL.[51,52]
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served when the absolute concentrations of l-lysine were
kept constant, but the total concentration of d/l-lysine was
increased to 830 mm, corresponding to an ee range of 97.8–
99.8%. In a final set of experiments, we prepared an ex-
treme ee range of 99.78 to 99.98%, again keeping the abso-


lute concentrations of l-lysine identical to the previous sets.
The measured initial rates showed an identical linear de-
pendence on substrate concentration (r=0.997, Figure 8C),
which confirmed that the d form was essentially a spectator
and did not affect the initial rates (see Figure 9). This is a
nontrivial result, because frequently the enantiomers of the
substrate do inhibit enzymatic reactions.[58–61]


The determinations are, therefore, sufficiently robust to
allow an accurate determination of optical purity of the
amino acid over a wide range of ee (64–99.98%). We con-
structed three calibration curves for initial rates at the dif-
ferent ee values, obtained from repetitive independent meas-
urements (Figure 8), which could be directly employed to
determine the ee value with high precision even in the ex-
treme ee range above 99% and to allow a differentiation
even between 99.86 and 99.98%. This is remarkable in com-
parison to conventional analytical and the more recently in-
troduced enzymatic methods.[55,56,62] Our method is simple
and quick and does not require special instrumentation.
Moreover, no chemical derivatization, special sample prepa-
ration, or heating (compare GC analyses) are required. The
ee of other amino acids (or other enzymatic substrates)
could be similarly determined, although the presented case
of lysine provides a particularly fortunate example due to
the large substrate-product differentiation (Table 1), which
will necessarily have an effect on the accessible ee range.
Regardless of the specific implementation, however, it will
always be advisable to have both pure enantiomers at hand
to construct suitable reference curves for the ee range under
investigation.


Close inspection of the trace with the neat (100%) d-
amino acid sample at very high concentrations (ca. 10 mm)
revealed that there was actually a very slow fluorescence
decay with a non-negligible rate (arrow pointing to 100% ee
in Figure 8C). We tentatively assign this to a trace amount
of l-lysine in the commercial d-lysine sample, approximately
1 mm l enantiomer in the investigated 10 mm d-lysine solu-


Figure 8. Linear relationship between the ee of d-lysine and the reaction
rate, shown for the three ranges of enantiomeric excess studied: A) 60–
96%, B) 97.8–99.8%, C) 99.78–99.98% (correlation coefficients are
shown in the bottom left of each individual graph). The 10 mm NH4OAc
buffer solutions (pH 6.0) contained 10 mm CB7, 2.5 mm Dapoxyl,
40 mgmL�1 lysine decarboxylase, 1–9 mm l-lysine, and 41–8290 mm d-
lysine.


Figure 9. Combined rates of l-lysine decarboxylation as measured by a
decrease in fluorescence for the three series shown in Figure 8 with maxi-
mum d-lysine enantiomeric excess as stated. The 10 mm NH4OAc buffer
solutions (pH 6.0) contained 10 mm CB7, 2.5 mm Dapoxyl, 40 mgmL�1


lysine decarboxylase, 1–9 mml-lysine, and 41–8290 mm d-lysine.


Figure 7. Time-dependent fluorescence response (lexc=336, lobs=380 nm,
cuvette format) monitoring l-lysine decarboxylation with varying d-
lysine enantiomeric excess. The 10 mm NH4OAc buffer (pH 6.0) solutions
contained 2.5 mm Dapoxyl, 10 mm CB7, and 40 mgmL�1 lysine decarboxy-
lase added at t=0. The combined d/l-lysine concentration was 50 mm.
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tion. In fact, we can use this measurement (in comparison to
the rates measured for mixtures adjusted to ee values
around 99.95) to put a lower limit of 99.98% to the optical
purity of the commercial d-lysine sample, conservatively
specified as displaying an ee better than 99%. Unfortunate-
ly, when confronted with our result, the manufacturer was
unable to confirm our finding due to the lack of available
analyses with this precision.


Conclusion


We have developed two novel applications for the recently
communicated supramolecular tandem enzyme assays,[41]


which couple the convenient fluorescence detection through
dye displacement from macrocycles with the chemo- and
enantioselectivity of enzymatic reactions. The first one in-
volves the highly selective sensing of biomolecular analytes,
either an amino acid (histidine, arginine, lysine, and tyro-
sine) or its corresponding decarboxylase. The detection can
be transferred to a microtiter plate format with a limiting
sensitivity of 2.4 nmole per well. The second application
allows the determination of enantiomeric excesses of d-
amino acids up to 99.98%. This establishes two instructive
examples of how unselective recognition in supramolecular
assemblies can be practically exploited.[38,63–65]


Experimental Section


Materials : Fluorescence measurements were done on a Varian Cary
Eclipse fluorometer (lexc=336 nm, lobs=380 nm), and the microtiter
plate readings were done on a Tecan Safire instrument. The microtiter
plates used were black 96-well flat-bottom plates with a nonbinding sur-
face purchased from Corning.


Amino acids (including d-lysine) were used as received from Fluka
(Seelze, Germany) and ICN Biomedicals (Aurora, Ohio). Dapoxyl was
from Molecular Probes (Eugene, Oregon). Cucurbit[7]uril (CB7) was
synthesized according to a literature procedure.[16, 66, 67] Lysine decarboxy-
lase (partially purified, 1.6 Umg�1), tyrosine decarboxylase (whole dried
Streptococcus faecalis cells, 0.65 Umg�1), histidine decarboxylase (crude
acetone powder, 0.26 Umg�1), and arginine decarboxylase (lyophilized
powder, 2.4 Umg�1) were used as received from Sigma-Aldrich. The
buffer (10 mm) was prepared fresh on a daily basis from 100 mm stock so-
lution and the pH was adjusted by using HCl and NaOH. Care was taken
to minimize the amount of NaOH used as excessive [Na+] affects com-
plexation with CB7.[23,41] The 100 mm stock buffer was made with crystal-
line NH4OAc (AppliChem, Darmstadt, Germany) in ultrapure water.
The reagent solutions were also prepared fresh daily in 10 mm NH4OAc
buffer, pH 6.0. All experiments were conducted in this buffer.


Cuvette-based measurements : The initial control studies with mixtures of
either three (negative control) or four (positive control) amino acids with
one decarboxylase were accomplished in a fluorescence spectrophotome-
ter with a 1 cm path length and 1 mL sample volumes. The following is a
representative example of the conditions used for the tyrosine controls
(Figure 3D). The enzymatic reactions were accomplished in solutions
containing 2.5 mm of Dapoxyl dye, 10 mm of CB7, 50 mm of each: l-lysine,
l-arginine, l-histidine, 50 mm of l-tyrosine (only in positive control), and
40 mgmL�1 tyrosine decarboxylase.


Microtiter plate measurements : Solutions according to the multiparame-
ter sensor array in Figure 4 were prepared in a 96-well microtiter plate
with each well containing a total of 240 mL. The enzymatic reactions


were accomplished in solutions containing: 7.5 mm Dapoxyl dye, 30 mm


CB7, amino acid concentrations ranging from 1 to 1000 mm (correspond-
ing to 0.24 to 240 nmoles per well), and either 40 mgmL�1 of lysine or ty-
rosine decarboxylase, 80 mgmL�1 of arginine decarboxylase, or
160 mgmL�1 of histidine decarboxylase. Note two modifications compared
to the cuvette-based measurements. First, to accommodate for the small-
er sample volume and decreased path length of the microtiter plate the
ratio of Dapoxyl and CB7 to the remaining components was increased.
Second, to obtain comparable reaction rates for all enzymes on the mi-
croplate, we increased the concentrations of histidine and arginine decar-
boxylase, which had been found to proceed most slowly in the cuvette-
based studies (Figure 3).


Enantiomeric excess determinations : These studies utilized a fluores-
cence spectrometer with a 1 cm path length and a solution volume of
1 mL. The enzymatic reactions were accomplished in solutions containing
2.5 mm of Dapoxyl dye, 10 mm of CB7, 40 mgmL�1 lysine decarboxylase, 1–
9 mml-lysine, with either: 49–41 mm d-lysine (64–96% ee) or 829–821 mm


d-lysine (97.8–99.8% ee) or 8290–8210 mm d-lysine (99.78–99.98% ee).


Isothermal titration calorimetry : Titration experiments were carried out
at 30 8C in 10 mm ammonium acetate buffer, pH 6.0, on a VP-ITC calo-
rimeter from MicroCal (USA). Each experiment consisted of 25–30 con-
secutive injections (5–10 mL) of guest solution (0.1–35 mm) into the mi-
crocalorimetric reaction cell containing the CB7 solution (20–50 mm). Sol-
utions were degassed prior to titration. Heats of dilution were subtracted
from each data set. The data were analyzed in Origin Pro 7.5 software
(OriginLab Corporation, Northampton, MA), with the value of n
(number of binding sites) equal to 1, within error, consistent with a 1:1
complexation model.


Competitive fluorescence titrations : The fluorescence titrations were per-
formed at ambient temperature by successive addition of known amounts
of competitor to solutions containing CB7 and Dapoxyl and following
the fluorescence intensity in the spectral area of largest variation. Care
was taken to keep the concentration of CB7 and Dapoxyl constant in the
course of the titration.


For quantitative analysis of the titrations, we define [D]0, [C]0, and [M]0
as the total concentrations of dye, competitor (substrate or product), and
macrocycle. [D], [C], and [M] are the concentrations of uncomplexed
dye, uncomplexed competitor, and uncomplexed macrocycle. [M·D] and
[M·C] are the concentrations of the macrocycle-dye and macrocycle-com-
petitor complex, and KC and KD are the association constants of the com-
petitor and dye with the macrocycle.


The fluorescence intensity (I) in the course of the titration can be ex-
pressed as a linear combination of the fluorescence intensity of the un-
complexed dye (ID) and that of the macrocycle-dye complex (IM·D),
weighted by their molar fractions according to Equation (1). IM·D was fur-
ther expressed through a 1:1 host-guest binding model[17,68,69] by the (ini-
tial) experimental fluorescence intensity (I0) in the absence of competi-
tor.


I ¼ ½D�½D� IDþ
½M �D�
½D�0


IM�D ð1Þ


Upon appropriate substitution, one obtains Equation (2), with the con-
centration of uncomplexed macrocycle as a variable; the latter is defined
by a cubic equation [Eq. (3)].[70]


I ¼ IDþðIM�D�IDÞ
KD½M�


1þKD½M�
ð2Þ


0 ¼ a½M�3þb½M�2þc½M��d, ð3Þ


in which


a ¼ KCKD, b ¼ KCþKDþKCKDð½D�0þ½C�0�½M�0Þ


c ¼ KCð½C�0�½M�0ÞþKDð½D�0�½M�0Þþ1, and d ¼ �½M�0


The fitting was implemented in OriginPro 7.5 (OriginLab Corporation,
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Northampton, MA), by using a subroutine to solve the cubic Equa-
tion (3) with the Newton-Raphson method. The module is available from
the authors upon request.
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Introduction


Asymmetric organocatalysis has emerged as a frontier in the
field of organic chemistry.[1] As might be expected for this
biomimetic approach, much of the inspiration and origins in
organocatalyst design comes from the chemistry found in
enzymes,[1b,2] for example, the well-arranged multifunctional-
ity and the importance of H-bonds in the catalytic cleft.
Awareness of these key design elements led to the develop-
ment of several useful bifunctional organocatalyst systems.


Among them, the bifunctional thiourea organocatalysts[3]


excel as remarkably general and highly enantioselective cat-
alysts for a broad range of chemical reactions, including Mi-
chael additions,[4] Strecker reactions,[5] and Mannich reac-
tions.[6] The mechanism of these catalytic processes is the
subject of intensive research with experimental methods and
theoretical calculations.[5d,7] Despite these advances and the
broad interest in bifunctional organocatalysis, several issues
remain unsettled. One major problem that seems to hamper
the in-depth knowledge of the mechanism and further cata-
lyst design is the lack of structural information, including
conformational states and dynamics, about the catalysts in
solution. Furthermore, the fact that bifunctionality is also a
potential source of self-recognition of the catalysts has not
received much attention.[8] However, there appear to be nu-
merous practically and theoretically important aspects of
this phenomenon. First, the accessibility of active catalytic
sites may be influenced. Second, if noncovalent interactions
favor geometrically very specific assemblies, a different level
of structure study becomes attainable: the main structural
features of a catalyst can be studied under equilibrium con-
ditions. This allows one to identify conformational features
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that can model the active site of the catalyst. Finally, any
rare instance of a homochiral self-assembly discovered for
an enantiopure alkaloid derivative is likely to initiate further
research towards applications based on chiral molecular rec-
ognition in supramolecular chemistry.[8a,9]


With these aims in mind, we initiated a program to inves-
tigate this neglected aspect of organocatalysis by using de-
tailed NMR studies to obtain accurate structural informa-
tion about potential conformers and possible self-assemblies.
In this paper, we present NMR studies of four cinchona-
based bifunctional thiourea organocatalysts, 1a–c and 2a
(Scheme 1), developed in our group recently.[10] These cata-


lysts have been exploited successfully in various homogene-
ous enantioselective catalytic reactions,[10, 11] which makes
them popular members of a “privileged” catalyst family.[12]


These studies unequivocally proved a significant level of as-
sociation of the catalysts in nonpolar media, even at room
temperature. We explored further the molecular basis of this
self-recognition phenomenon through low-temperature
NOESY experiments. It appeared that the prominent struc-
tural features of the self-associate are unique cooperative in-
termolecular H-bonding and CH/p interactions.


Results and Discussion


Self-association of the catalyst : It is generally agreed that
the role of thiourea in organocatalytic reactions is related to
its hydrogen-bond-donor properties,[5,13] for which the two
N�H bonds of thiourea concurrently interact with oxygen
donors such as nitrones[14] or chalcones.[15] It is also known
that basic amines (DNR3) increase the solubility of thioureas
in nonpolar solvents by promoting hydrogen bonding be-
tween the amino group and the NH groups of the thiour-
ea.[16] When the amine is introduced as part of the thiourea
catalyst to afford bifunctionality, the possibility of intra- and
intermolecular hydrogen bonds is introduced. These H-bond


arrays can be further complicated by the presence of the
quinoline ring as a possible basic and p-donor site in cincho-
na derivatives 1a–c and 2a. Despite the several possible in-
teraction sites owing to this multifunctionality, the low-tem-
perature solution 1H NMR experiments revealed spectra of
highly organized structures for 1a–c and 2a (Figure 1.).


A common feature of these spectra is the appearance of
two sets of resonances in equal (1:1) population, which is in
contrast with the results of the room-temperature experi-
ments (see Figure S1 in the Supporting Information). Both
the aromatic and the aliphatic signals are doubled and there
appear to be two sharp highly deshielded protons at
d�12 ppm, a feature that may indicate twofold thiourea hy-
drogen bonding. Signal doubling of this kind is rationalized
by the formation of an asymmetric self-assembled dimeric
system. Alternatively, the simplest interpretation would be a
balanced conformational equilibrium within the monomeric
species, but this option will be ruled out by the complete
1H-NOESY NMR spectra (see below). Qualitatively, the re-
semblance of the proton spectra in Figure 1, as well as the
cross-peak patterns of the 1H-NOESY spectra for 1a–c (see
the Supporting Information), suggests that the three epi-qui-
nine derivatives adopt structurally very similar assemblies.
The self-assemblies are held together by intermolecular
forces, among which hydrogen bonding is predicted to be
the strongest. The “pseudoenantiomer” 2a also forms a di-
meric assembly, although it assembles at a lower tempera-
ture (�94 8C). This indicates that the nature of the assem-
blies is such that the stereochemical difference between 1a
and 2a does not induce the breakdown of self-recognition.
As expected, signal doubling diminished completely in the


oxygen-donor [D8]tetrahydrofuran ([D8]THF; �80 8C) due
to the competition for hydrogen bonding. Experiments in
the p-donor [D8]toluene (�80 8C) resulted in more broad-
ened resonances than those in CD2Cl2, a result that antici-


Scheme 1. Bifunctional epi-cinchona-based thiourea organocatalysts.


Figure 1. The low-temperature 1H NMR spectra of 1a–c (�80 8C) and 2a
(�94 8C) in CD2Cl2 (599.9 MHz, 30 mmol).


Chem. Eur. J. 2008, 14, 6078 – 6086 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6079


FULL PAPER



www.chemeurj.org





pates a certain role for p–p interactions in the assembly for-
mation. It follows from the thermodynamics of self-associa-
tion that the monomeric 1a species should be in equilibrium
with the dimeric [1a···1a*] form over a broad temperature
range. At room temperature, however, the 1H NMR spec-
trum shows only one resonance set with broadening effects
that suggest the presence of the underlying self-association
phenomenon. The most affected resonances are those of
H2’, H9, and H5’. At intermediate temperatures (�50 to
0 8C), broad 1H resonances are observed due to the superpo-
sition of both intra- and intermolecular exchange processes
(see the Supporting Information). The appropriate tempera-
ture range for the investigation of the self-assembly struc-
ture is in the slow-exchange regime at around �80 8C. To es-
tablish a 3D model of the self-assembly, we have undertaken
a NOESY study of 1a–c by low-temperature two-dimension-
al NMR methods.


Structural features of the self-assembly : The above prelimi-
nary NMR experiments encouraged us to explore the 3D
structure of the self-assembly [1a···1a*] by exploiting H–H
distance information from NOESY experiments at �80 8C.
Figure 2 shows the structure model, which is fully consistent
with the set of low-temperature 2D NMR data (see the Sup-
porting Information). It is a self-assembled dimer held to-
gether by cooperative intermolecular forces. There are a few
interesting features of this dimeric geometry that make it
unique. First of all, it exhibits asymmetric thiourea hydrogen
bonds, namely one intra- and one intermolecular NBH···DN-
type contact. Furthermore, the assembly is stabilized by a
T-shaped p–p stacking interaction[17] occurring between the
two methoxyquinoline rings. Unlike many homochiral self-
assemblies with axial symmetry (C2, C3, etc.),


[18] [1a···1a*] is


an asymmetric (C1) object. The inversion center or the
planar symmetry, which may be valid symmetry operations
for characterizing the shape of some achiral hydrogen-
bonded[19] and predesigned[20] self-assemblies in solution, are
not applicable for the given case. The two sets of chemically
nonequivalent proton resonances seen for the enantiopure
compound strongly suggest a conformational difference be-
tween the two halves of the dimer. For practical reasons, in
the treatment of this conformational asymmetry, an asterisk
(*) will be used to distinguish the “south” molecular unit
from the “north” one in Figure 2.
Another particularly important characteristic of the T-


shaped aromatic-stacking motif is that it unravels the organ-
izational role of the methoxyquinoline moiety that occurs in
cinchona alkaloids. The importance of this p-donor system
in enantioselective reactions has been well described.[21] In
our case, the quinoline unit that has the hydrogen-bond-ac-
ceptor nitrogen atom N1’* is oriented towards the relatively
electron-dense area beneath the second quinoline ring. A
self-assembled charge-transfer complex with an aromatic
CH/p interaction[22] is formed, in which the H-bond acceptor
(in the “south” unit) is partially positive whereas the H-
bond-donor part of the dimer (in the “north” unit) is partial-
ly negative (Figure 3). The weak attractive and charge-trans-
fer nature of the CH/p interaction has been anticipated by
theoretical studies for small-sized p systems,[23] benzene,[24]


and other aromatics.[25] These weak T-shaped aromatic inter-
actions, however, may significantly control the conformation
and molecular-recognition properties of larger molecular
systems.[26] Numerous instances of CH/p interactions have
been found in the solid state by X-ray crystallography and a
pivotal organizing role has been assigned to this interaction
in supramolecular chemistry.[27]


In solution, the interaction is often referred to as T-
shaped or edge-to-face p–p stacking if it occurs between


Figure 2. The dimeric structure of 1a. The characteristic NOE contacts
are indicated by dashed lines. The asterisk (*) is used to distinguish as-
signments in the “south” part of the dimeric assembly. For H–H distance
details, see Table 1.


Figure 3. A side view of the dimeric assembly [1a···1a*] with the CH/p
interaction clearly shown.
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aromatic systems. According to NMR studies, intramolecu-
lar T-shaped p–p stacking interactions exist in various pre-
designed model systems,[28] whereas intermolecular occur-
rences have mainly been reported for heterogeneous sys-
tems, such as mixtures of solvents[29] and multicomponent
self-assemblies.[30] The cooperation of hydrogen bonds is fre-
quent for cavitands and their inclusion complexes.[31] The
emergence of aromatic CH/p interactions in enantiopure
chiral organocatalysts is not commonplace. In the following
section, we present proof of the structure of the dimeric
self-assembly in which the coincidence of asymmetric thiour-
ea hydrogen bonding, a T-shaped p–p interaction, and steric
effects lead to an unprecedented molecular self-recognition
phenomenon.


Proof of the structure : The geometry of the dimeric self-as-
sembly [1a···1a*] in Figure 2 was constructed solely by in-
voking experimental proton–proton distance (NOE) re-
straints in molecular modeling[32] (Table 1). In this section,


we show that the refined structure is also in agreement with
important torsional-angle (from J coupling) and chemical-
shift data. Owing to the slow molecular tumbling of the
[1a···1a*] complex at �80 8C, the system was found to be
deep in the negative NOE regime, where cross-relaxation
for protons is highly effective[33] while chemical exchange is
negligible. We utilized this to perform the quantitative H–H
distance determination by constructing NOE buildup curves
from a series of NOESY experiments recorded with short
incremented mixing times (see the Supporting Information).
The H–H distances that were applied as NOE restraints are
listed in Table 1. To facilitate understanding of the proof of
the dimeric assembly, the most conclusive NMR facts will
be summarized in the following paragraph.
In the low-temperature experiments (�80 8C), 1a ap-


peared to be conformationally rigid in both molecular units
of the assembly with respect to rotation about the C4’�C9
and C9�C8 bonds. The H9–H5’ and H8–H3’ distances are
rather short (<2.5 R) and the H9 and H8 protons are in a
trans conformation in both units of the dimer. These intrau-
nit NOEs also established the connection between resonan-
ces in the two sets of quinoline/quinuclidine pairs. Several
intramolecular NOE patterns ran parallel within the rigid
quinuclidine moieties of the system. To extract important in-


terunit NOEs, we searched for alterations in the NOESY
cross-peak patterns. The two hydrogen-bonded thiourea
proton resonances (NBH and NBH*) at d�12 ppm give rise
to two markedly different NOE patterns (see the Supporting
Information). The downfield-shifted NBH* proton signal
shows intraunit H–H contacts only. Its major NOE enhance-
ments involve correlations to the aliphatic protons (H2*,
H6*, H8*) neighboring the N1* nitrogen atom. In sharp con-
trast to this, NBH has short interunit contacts to the quino-
line H2’* and H8’* hydrogen atoms surrounding the N1’* ni-
trogen atom and no proximity to its “own” quinuclidine ni-
trogen atom (N1) and the corresponding neighbors (H2, H6,
H8). This is a strong indication that only those structural
models that exhibit asymmetric hydrogen bonding are valid.
The nature of hydrogen bonding was explored in more
detail for 1b, because we introduced selective 15N isotope la-
beling at positions NB (and NB*) to verify that hydrogen
bonding is established through the thiourea NBH forms. The
pertinent resonances of the labeled compound [15NB]-1b in
both the 1H and 15N spectra became doublets (1J ACHTUNGTRENNUNG(1H,15N)=


80 Hz), which is characteristic of S=C�15N�H moieties and
rules out presence of the tautomeric forms (H�S�C=N).
Slow molecular reorientation at �80 8C induced the TROSY
effect[34] on the selectively labeled 15N–1H doublets of [15NB]-
1b (see the Supporting Information), which manifested in
the differential line widths of the J-coupled doublets.
To satisfy the condition of intermolecular NBH···N1’* hy-


drogen bonding, as well as the conformation preference of
the C�C bonds around the C9 and C9* atoms, the two quin-
oline moieties adopted the T-shaped p–p stacking. The
emergence of the H2’* resonance in the aromatic region of
the 1H NMR spectra has provided a fascinating proof of this
concept. The unusually shielded H2’* proton signal in
Figure 4 (almost 2 ppm upfield relative to the H2’ reso-
nance) is unequivocally due to the ring-current effect of the
“north” quinoline ring in the T-shaped geometry (Figure 3).
We note that the chemical-shift information in this particu-
lar case is compelling evidence because constitutionally
identical hydrogen atoms are being compared. Similar
shielding effects have been described recently for the intra-
molecular case.[28f] Independently, the T-shaped motif of the
assembly is also supported by further interunit H–H NOE
contacts between the CH=CH2* group and the H7’/H8’ pro-
tons. These H–H* contacts persisted with the CH2�CH3*
moiety of 1b as well, but were never detected in the oppo-
site direction (that is, between CH=CH2 and H7’*/H8’*).
Most of these important NOE contacts are depicted in
Figure 2.
Finally, the appearance of the H9 and H9* multiplets


merit some further comment because the different multiplic-
ities of these resonances are also indicative of the geometry
of the self-assembly. As delineated by the modified Karplus
equation,[35] the vicinal couplings are torsional-angle depen-
dent and the maximum coupling (J�9 Hz) is expected in
the trans conformations, whereas smaller (J<3 Hz) cou-
plings are predicted for the gauche conformers.[36] Being
trans to the neighboring H8 and H8* hydrogen atoms, the


Table 1. The measured H�H distances that were applied as NOE re-
straints.


Proton pairs H�H [R] Proton pairs H�H [R]


H8*, H3’* 2.2 NBH, H2’* 3.0
H9*, H5’* 2.1 NBH, H8’* 2.6
NBH*,H2exo* 2.5 H8’, H2’* 4.3
NBH*, H8* 2.8 H8’, H3’* 3.8
NBH*, H6b* 2.5 H8’, H7b* 2.9
H8, H3’ 2.5 H8’, =CH* 3.1
H9, H5’ 2.0 H7’, =CH* 2.9
H9, H2’* 4.3 H9, H2’* 4.3
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H9 and H9* protons both carry one large (J�8 Hz) cou-
pling each. Whereas the H9 signal has a doublet appearance
because of this, H9* has a second large coupling (J�8 Hz
for H�C9*�NA*�H) and the signal is therefore a triplet.
This effect is best viewed with compound 1b where the per-
tinent spectral region is well resolved (Figure 5). It follows
that H9* is trans to NAH*, whereas H9 should be gauche to
NAH. The additional trans coupling is also manifested in the
extra cross-peak between the signals for H9* and NAH* in
the 1H–1H-COSY spectrum of 1a (see the Supporting Infor-
mation) while there no similar correlation can be found for
H9. The model in Figure 2 built primarily on the basis of H–
H distance restraints successfully returns these conforma-


tional preferences. It seems to be a condition of the molecu-
lar self-recognition process to have the above-demonstrated
conformation alteration for the thiourea part.


Thermodynamic parameters of the assembly formation : Our
efforts to determine the enthalpy and entropy changes (DH,
DS, respectively) of the self-assembly process through deter-
mination of the temperature dependence of the dimerization
equilibrium constants, K, over a sufficiently broad tempera-
ture range, failed in dichloromethane. Both line-shape anal-
ysis and magnetization-transfer experiments[37] were not ap-
plicable to the system owing to excessive monomer/dimer
signal overlap, as well as the rapid transverse relaxation
(T2=10–30 ms) in 1H NMR spectroscopy. 19F NMR spectros-
copy suffered strong signal overlap in CD2Cl2 and sensitivity
problems occurred in 13C NMR spectroscopy. The only
viable method proved to be 19F NMR detection in
[D8]toluene for 1b.
Fortunately, the CF3 resonances of the dimeric and the


monomeric species appeared sufficiently separated to afford
calculation of the K value through integration of the perti-
nent resonances (Figure 6). The Eyring plot (lnK versus


T�1) yielded the values of DH= (�36.4�1.5) kJmol�1 and
DS= (�87�7) Jmol�1K�1 for the dimerization process (for
details, see the Supporting Information). The extrapolated
DG values indicate that the dimeric self-assembly should be
abundant near room temperature, although fast exchange
determines the appearance of the proton spectra. The pro-
ductivity of organocatalytic reactions is reported to be high-
est in nonpolar solvents (for example, dichloromethane or
toluene) so one may conclude that the self-assembled spe-
cies plays an important role in catalyst self-activation
through a protonation/deprotonation[38] mechanism. This
notion is in complete agreement with the recent observation
made for proline catalysis that the self-assembly of organo-


Figure 4. Partial 1H–13C-gHSQC experiment showing proton–carbon one-
bond correlations for the complex [1a···1a*] (599.9 MHz, �80 8C,
30 mmol, CD2Cl2). The chemical shift of the H2’* resonance is indicative
of the CH/p interaction.


Figure 5. Partial 1H NMR (599.9 MHz, �80 8C, 30 mmol, CD2Cl2) spec-
trum for the complex [1b···1b*], which shows the different multiplicities
for protons H9 and H9*.


Figure 6. Temperature-dependent 19F NMR (564.2 MHz) spectrum of 1b
(0.3 mmol) in [D8]toluene.
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catalysts increases the productivity and enantioselectivity of
the reactions.[39]


Molecular recognition in a host–guest system : An important
salient feature of the assemblies of 1a–c is that they are the
subject of intermolecular exchange and the monomeric
halves should have a high tendency to act as recognition ele-
ments. In order to further verify the structural reasons for
the cooperation between the thiourea hydrogen bonding
and the CH/p interaction, we tested systems 1a–c for their
ability to bind 6-methoxyquinoline (MeOQ). According to
the model in Figure 2, the T-shaped aromatic p–p interac-
tion between the two methoxyquinoline rings is specifically
assisted by the NBH···DN hydrogen bond. As expected, when
MeOQ was added to 1b, all of the sharp 1H resonances
became broader; this indicates interaction between 1b and
MeOQ (three-site exchange for 1b). An additional hydro-
gen-bonded thiourea NBH proton signal, related to the
[1b···MeOQ] heterodimer, appeared at d�11.6 ppm
(Figure 7). Although an excess of MeOQ did not completely


suppress the formation of the dimeric species, it is likely
that the thiourea-modified epi-cinchona systems possess the
ability to recognize heteroaromatic p systems. Their catalyt-
ic sites for capturing intermediates of enantioselective reac-
tions may equally be around the basic quinuclidine nitrogen
atom or below the electron-dense p system of the quinoline
ring owing to the conformational flexibility of the thiourea
part.


Conclusion


Unique self-association equilibria have been identified for
recently developed epi-quinine (1a–c) and epi-quinidine
(2a) based thiourea bifunctional organocatalysts. Low-tem-
perature solution NMR experiments unraveled an asymmet-
ric dimeric self-assembly with the coincidence of the notable
structural features of aromatic edge-to-face (T-shaped) p–p


stacking and asymmetric thiourea hydrogen bonding. In ad-
dition to these interactions, the molecular self-recognition of
the enantiopure catalysts is brought about by the conforma-
tion diversity of the thiourea part. Although simultaneous
hydrogen bonding and p–p stacking are the most fundamen-
tal intermolecular interactions in nature,[40] their relevance
for small-sized organic molecules arises from the role played
in spontaneously induced enantioselective chemical reac-
tions. The focus of future research will be to explore wheth-
er the successful bifunctionality and enantioselectivity of the
catalysts is embedded in the conformational features of the
proposed noncovalent dimer.[41] The estimated enthalpy and
entropy changes of the self-association process suggest that
the charge-transfer assembly is also abundant at room tem-
perature. The results indicate that bifunctionality is a poten-
tial source of molecular self-recognition, and extensive work
needs to be done to recognize the influence of this on the
productivity of reactions. The unraveled structural features
of the dimeric assembly will influence our thinking on the
mechanism of organocatalytic reactions and, in particular,
on preferences in the capture and activation of reactants
(the finding of active sites). When it is observed that
oxygen-donor solvents suppress both the amount of self-as-
sembly and the productivity of the organocatalytic reactions,
it is likely that the cooperation between intermolecular
forces significantly helps in promoting the reactions. Com-
plexation studies with 6-methoxyquinoline indicated that the
molecular-recognition phenomenon can also be extended to
host–guest systems. This can be utilized in several fields of
chemistry and chemical analysis, like heterogeneous cataly-
sis[42] or the separation sciences.[21c–e]


Experimental Section


Compounds 1a–b and 2a were prepared by following the synthetic route
described previously.[10,11v] Hydroquinine, quinine, quinidine, and diiso-
propylazodicarboxylate were purchased from Fluka. Diphenylphosphoryl-
azide and 6-methoxyquinoline were purchased from Aldrich. 9-amino-9-
deoxy-epi-hydroquinine was prepared as described in the literature.[10]


THF was distilled from sodium/benzophenone prior to use. Exact-mass
(HRMS) spectra were recorded on a VG ZAB2-SEQ tandem mass spec-
trometer. For thin-layer chromatography, Merck silica gel 60 (F254,
2 mm, 20U20 cm) was employed. Procedures have not been optimized
and yields are low due to hydrolysis of the CF3 groups in the acidic aque-
ous medium. The NMR experiments were carried out on 400 MHz (for
1H) Varian Inova and 600 MHz (for 1H) Varian NMR System spectrome-
ters by using 5 mm direct detection 15N–31P/ ACHTUNGTRENNUNG{1H–19F} probes equipped
with a Z pulse field gradient. 1H chemical shifts are referenced to residu-
al solvent signals (CD2Cl2: d =5.32 ppm; [D8]toluene: d=2.09 ppm
(Me)). Deuterated (99.98 atom%) solvents were purchased from Merck
GmBH (Germany). 15N NMR spectra were recorded by using a 5 s recy-


Figure 7. Partial 1H NMR (599.9 MHz) spectra of pure 1b (lower) and 1b
doped with 6-methoxyquinoline (1b+MeOQ, upper) in CD2Cl2 at
�80 8C.
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cle delay and Waltz gated proton decoupling during acquisition. The 15N
and 19F NMR chemical shifts are referenced to nitromethane (dCH3NO2


=


0.0 ppm) and CFCl3 (dCFCl3=0.0 ppm), respectively. Spectra were pro-
cessed with the VnmrJ 2.1B software. All two-dimensional spectra were
by using the Varian standard spectrometer pulse-sequence library. In
low-temperature 1H-NOESY experiments, solvent presaturation was used
during the recycle delay. 6012 complex data points were acquired in the
F2 dimension and 320 complex data points in the F1 dimension. Spectral
widths of 16 kHz were used in both dimensions and the relaxation delay
time was 1.2 s. NOESY mixing times of 5, 10, and 20 to 150 ms were
used. Data were multiplied by Gaussian weighting functions and zero
filled to a 8192U4096 matrix. Digital resolution in the F1 dimension was
doubled by twofold linear prediction. An automated polynomial baseline
correction was used. All spectra were referenced to residual solvent sig-
nals in both dimensions. NOESY peak picking and volume integration
was performed with the VnmrJ 2.1B software. The assignment of the
NMR resonances of 1a at �80 8C followed the regular procedure: collec-
tion and analysis of through-bond (1H–1H- and 1H–13C-COSY) and
through-space (1H-NOESY) correlations. The 1H NMR chemical-shift in-
dexing used to evaluate the NOESY spectra is listed in Table S1 in the
Supporting Information. A total number of 514 cross-peaks was assigned
in the NOESY spectra of 1a. Parallel experiments performed on the two
other derivatives 1b and 1c helped to verify the proposed model by un-
raveling analogous H–H contacts in the close structural analogues. The
cross-relaxation rates, sij, between protons i and j were determined by
using the initial linear buildup of the NOE contacts. Typical buildup
curves are shown in the Supporting Information. To obtain the interpro-
ton distances (rij), we determined the molecular reorientational correla-
tion time (tc=3.35 E�7 s) according to an invariant interproton distance
(rH2’�H3’=2.5 R) by using Equation (1), in which m0 is the vacuum permea-
bility, �h is the Planck constant divided by 2p, g is the gyromagnetic con-
stant of protons, and w is the Larmor frequency for protons.


sij ¼
�


m0


4p


�
�h2g4


10


�
6tc


1þ4w2tc2
�tc


�
rij
�6 ð1Þ


The relevant NOE-based intra- and interunit rij values were introduced
as H–H distance restraints in molecular modeling to allow refinement of
the structure model. Molecular modeling was performed at the AM1
level by using HyperChem 8.0 Professional.[32] Distance restraints of
1 kcalmol�1R�2 were applied for each H–H contact in AM1 geometry
optimization.


ACHTUNGTRENNUNG[15N]-1-Nitro-3,5-bis(trifluoromethyl)benzene : Concentrated sulfuric acid
(20 mL) was cooled to 0 8C. Oleum (65%; 5 mL) was then slowly added
dropwise at 0 8C. Afterwards, K15NO3 (1.91 g, 18.7 mmol) was added to
this mixture. 1,3-Bis(trifluoromethyl)benzene (2.00 g, 9.35 mmol) was
poured into the acidic mixture. The mixture was allowed to warm to
room temperature and was stirred overnight. The reaction mixture was
poured onto ice and washed with CH2Cl2 (3U20 mL). The combined or-
ganic phases were dried over Na2SO4 and concentrated in vacuo. The
nitro compound was obtained without further purification as a yellow oil
(0.30 mg, 1.15 mmol; yield: 12.3%): HRMS (EI): m/z calcd for
C8H3F6


15NO2 [M]+ : 260.0038; found: 260.0037; 1H NMR (399.9 MHz,
CDCl3, 30 8C): d=8.23 (s, 1H, CH-Ar), 8.71 ppm (s, 2H, CH-Ar);
15N NMR (40.5 MHz, CDCl3, 30 8C): d=�17.0 ppm.


ACHTUNGTRENNUNG[15N]-3,5-Bis(trifluoromethyl)aniline : The labeled nitro compound
(0.26 g, 1.00 mmol) was dissolved in concentrated hydrochloride acid and
cooled to 0 8C. SnCl2·2H2O (2.26 g, 10.0 mmol) was then added. The mix-
ture was allowed to warm to room temperature and was stirred over-
night. The reaction mixture was poured onto ice and made alkaline with
10% NaOH solution while being kept at 0 8C. At first, Sn(OH)2 precipi-
tated from the solution but this dissolved again upon addition of further
amounts of the NaOH solution. This mixture was washed with CH2Cl2
(4U20 mL). The combined organic phases were dried over Na2SO4 and
concentrated in vacuo. The aniline was obtained without further purifica-
tion as a yellow oil (90.0 mg, 0.39 mmol; yield: 39.1%): HRMS (EI): m/z
calcd for C8H5F6


15N [M]+ : 230.0297; found: 230.0296; 1H NMR
(399.9 MHz, CDCl3, 30 8C): d =4.06 (d, 2H, 1J ACHTUNGTRENNUNG(1H,15N)=82.9 Hz, 15NH2),


7.03 (s, 2H, CH-Ar), 7.21 ppm (s, 1H, CH-Ar); 15N NMR (40.5 MHz,
CDCl3, 30 8C): d =�320.4 ppm.


ACHTUNGTRENNUNG[15N]-3,5-Bis(trifluoromethyl)phenyl isothiocyanate : Thiophosgene
(100 mg, 0.87 mmol) was suspended in distilled water (1 mL) and cooled
to 15 8C. [15N]-3,5-bis(trifluoromethyl)aniline (90 mg, 0.39 mmol) in
chloroform (0.5 mL) was added to this mixture. The mixture was then
stirred for 4 h. The reaction mixture was added to 10% HCl solution
(10 mL) and the whole mixture was washed with CH2Cl2 (4U10 mL). The
combined organic phases were washed with brine, dried over Na2SO4,
and concentrated in vacuo. The isothiocyanate was obtained without fur-
ther purification as a yellow oil (50.0 mg, 0.18 mmol; yield: 47.0%):
HRMS (EI): m/z calcd for C8H3F6


15NS [M]+ : 271.9861; found: 271.9865;
1H NMR (399.9 MHz, CDCl3, 30 8C): d=7.64 (s, 2H, CH-Ar), 7.76 ppm
(s, 1H, CH-Ar); 15N NMR (40.5 MHz, CDCl3, 30 8C): d=�271.8 ppm.


ACHTUNGTRENNUNG[15N]-(3’’,5’’-bis(trifluormethyl)phenyl-N’-(9-deoxy-epi-quinin-9-yl)thiour-
ea ([15NB]-1b): A solution of [15N]-3,5-bis(trifluoromethyl)phenyl isothio-
cyanate (50 mg, 0.18 mmol) in dry THF (2 mL) was slowly added to a so-
lution of 9-amino-(9-deoxy)-epi-hydroquinine (65 mg, 0.2 mmol) in dry
THF (5 mL) at ambient temperature. The mixture was stirred overnight
and the solvent was removed in vacuo. The residue was purified by prep-
arative thin-layer chromatography on silica gel (with EtOAc/MeOH/
concd aq NH4OH (300:5:1) as the eluent) to afford the 15N-labeled thio-
urea catalyst as an off-white amorphous solid (39.1 mg, 0.07 mmol; yield:
36.4%): HRMS (EI): m/z calcd for C29H30F6N3


15NOS [M]+ : 597.2015;
found: 597.2012; 15N NMR (60.8 MHz, CD2Cl2, �80 8C): d=�246.6,
�247.2 ppm.
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Introduction


We have recently reported our results on the anomeric hy-
droperoxides 1–8, which can be obtained from the respec-


tive 3,5-di-substituted-2-deoxy-d-erythropentofuranose,
3,4,6-tri-O-substituted-2-deoxy d-arabino, and d-lyxohexo-
pyranoses, or their corresponding glycosides by treatment
with hydrogen peroxide in the presence of an acid catalyst.[1]


Hydroperoxides 1–8 are relatively stable, can be separated
into pure anomers by column chromatography, and stored in
the refrigerator without visible decomposition.[1] Hydroper-
oxides, thus obtained, were used for the base-catalyzed
enantioselective epoxidation of 2-methyl-1,4-naphtoquinone
(12) to give, however, only moderate enantioselectivities, ee
values (ee=enantiomeric excess), of about 28–47%.[1] A
similar enantioselectivity, for the same olefin with 1-phenyl-
ethyl-hydroperoxide, has been reported by Adam et al,[2] by
Lattanzi et al.[3] for the asymmetric epoxidation by using hy-
droperoxides derived from the (+)-norcamphor derivatives
16, and by Taylor et al.[4] for epoxidations by using anomeric
hydroperoxides derived from the 4,6-disubstituted-2,3-unsa-
turated pyranoses 17–20.


The syntheses and properties of these and other organic
peroxides have recently been reported.[5]


The particular aim of our investigation was to find a
sugar, which, after oxidation of the anomeric center, would


Abstract: Anomeric hydroperoxides
derived from 3,4,6-tri-O-benzyl-galac-
tose and glucose were used for enantio-
selective epoxidation of naphthoqui-
none (12), chalcone (13), (E)-1,2-di-
benzoyl ethylene (14) and (E)-iso-bu-
tyryl-phenyl ethylene (15). In the pres-
ence of sodium hydroxide, the
epoxidations showed exceptional high


asymmetric induction. The exchange of
sodium by a potassium ion resulted in
a low asymmetric induction. These re-


sults pointed to the crucial role of the
counterion and strongly suggested that
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in the transition state of the epoxida-
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provide exclusively or almost exclusively only one hydroper-
oxide (a- or b-anomer). This could enable a possible reuse
of the reagent. It should be pointed out that the initial pro-
portion of a- and b-anomers of sugar hemiacetal does not
necessarily control the proportion of derived anomeric hy-
droperoxides, since the hydroperoxide group has been
shown to exhibit a stronger anomeric effect than the hydrox-
yl group.[6] The possibility of recovery of hemiacetal and its
subsequent reoxidation to the hydroperoxide would enhance
significantly the overall economy of this process. On close
examination of the representative group of 2-deoxy-sugars,
it was found that the derivatives of 2-deoxy-galactose react
to give the corresponding hydroperoxides 7–11, which con-
tain only about 6–7% of the b-anomer. Therefore, the readi-
ly available hydroperoxide 8 could be used for the epoxida-
tion without prior separation of the minor b-anomer.


To examine the influence of a substitution at the C-6
carbon atom of a sugar on the direction and magnitude of
enantioselectivity of epoxidation, we also used three addi-
tional hydroperoxides 9, 10, and 11, in addition to 8, which
were all synthesized in a similar manner. To compare the re-
sults of epoxidation by a- and b-anomers, the anomeric hy-
droperoxides (5 and 6), derived from 3,4,6-tri-O-benzyl-2-
deoxy-glucose, were separated and used independently. To
compare our stereoselectivity results with those reported in
other laboratories, four electrophilic olefins were selected:
the quinone 12, chalcone (13), (E)-1,2-dibenzoyl ethylene
(14) and (E)-iso-butyryl-phenyl, ethylene (15). The aim of
this investigation was to find not only the optimal condi-
tions, but also to suggest a plausible rationale of the stereo-
chemical pathway of the epoxidation.


Preliminary results of epoxidation of the quinone 12 with
hydroperoxides 1–8 prompted us to examine the influence
of other base catalysts, in particular, inorganic bases. To ra-
tionalize the direction and magnitude of the asymmetric in-
duction observed during the epoxidation of chalcones we
decided to carry out the quantum-mechanical calculations of
possible reaction pathways to determine the most probable
structure for a transition states for this reaction.


Results and Discussion


Epoxidation reactions : The epoxidation was carried out by
following procedures reported earlier by us[1] and TaylorIs
laboratory.[4a] The diastereo-purity of hydroperoxides and
proportions of enantiomeric epoxides were assigned by the
HPLC. All enantioselective epoxidations were repeated by
using independently synthesized hydroperoxides, to guaran-
tee reliable and reproducible results. In the case of epoxida-
tions that were performed in the presence of sodium or po-
tassium hydroxide, one to four hours were required to com-
plete the reaction and the product was obtained in 92–98%
yield. On the other hand, the epoxidations performed in the
presence of DBU (DBU=1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-
ene) took 1–7 days to complete and afforded the product in
a good 92% yield for the quinone 12 ; for en-ones 13 and 14


the products were formed in poor 27–38% yields and the
en-one 15 did not react.


The epoxidation of 13 by the readily available hydroper-
oxide 8 was also performed in the presence of other bases.
Hence, in the presence of lithium hydroxide hydrate or the
anhydrous reagent, the reaction provided the corresponding
epoxides in 95–96% yields and were completed within three
and six days, respectively. A similar high yield was observed
for the same epoxidation in the presence of cesium hydrox-
ide hydrate, but the reaction was as fast as that in the pres-
ence of sodium or potassium hydroxide. The en-on 13 can
be epoxidized also in the presence of tetramethyl ammoni-
um hydroxide hydrate to afford the epoxide after one hour
in 78% yield. The results of all the reactions performed and
the relevant enantioselectivity data are presented in
Tables 1 and 2.


The enantioselectivity of the epoxidation of the quinone
12 with hydroperoxides 8–11 to afford the epoxide 21 did
not depend on the base used (Table 1). The hydroperoxides
with more polar groups at the C-6 carbon atom, such as 9
and 10, gave epoxides with only marginally better selectivi-
ties. The results are similar to those reported by Taylor
et al.[4] for the epoxidations by using 2,3-unsaturated anome-
ric hydroperoxides 17–20 and by Lattanzi et al.[3] for the hy-
droperoxide 16 related to the furyl-bornane system.


It should be pointed out that the recovery of pure hemi-
ACHTUNGTRENNUNGacetal 22 after epoxidation was as high as 80%. This obser-
vation is in contrast to the epoxidation of olefins by using
2,3-unsaturated anomeric hydroperoxides 17–20.[4,7] In the
latter case, likely due to the low stability, the recovery of
corresponding unsaturated hemiacetals could not be ach-
ieved.[8]


Significantly different results were observed for the epoxi-
dation of 13, dibenzoylethylene 14, and butyryl-phenyl eth-
ylene 15 (Table 2) with hydroperoxides 8. The enantioselec-
tivity of the epoxidation led to formation of 23, 24, and 25,


Table 1. Experimental data for the epoxidation of 12 by a-anomers of 6-
substituted 2-deoxy-galacto-hydroperoxides 8–11.


Hydroperoxide Base ee [%][a]


8 : R=Bn (7% of b, HPLC)
DBU 43
KOH·H2O 42
NaOH 40


9 : R=H (7% of b, HPLC)
DBU 53
KOH·H2O 39
NaOH 25


10 : R=CONH2 (8% of b, HPLC) DBU 55


11: R=CONHEt (3% of b, HPLC) DBU 51


[a] Determined by HPLC.
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respectively, depending on the base used. Whereas for DBU
and lithium hydroxide hydrate, the ee values of 23 were sim-
ilar to those observed previously, in the presence of sodium
and potassium hydroxide, the results were dramatically dif-
ferent. Sodium hydroxide yielded a very high asymmetric in-
duction, 90% ee, whereas with the potassium hydroxide,
only a low induction in the opposite direction, 11% ee, was
found. The latter result is similar to that reported by
AdamIs group (14%).[2d] Cesium hydroxide hydrate as a cat-
alyst of epoxidation of 13 by hydroperoxide 8 provided 23
with 20% ee, similar in value and in the same direction of
induction as were noticed for potassium hydroxide. In the
case of epoxidation of 14 catalyzed by DBU, the enantiose-
lectivity was low, whereas en-one 15 in the presence of the
same base did not react at all. An interesting result was ob-
tained for the epoxidation of 13 by 8 in the presence of lithi-
um hydroxide, the monohydrate provided an ee value in the
range observed for DBU, whereas the anhydrous base gave
a very low asymmetric induction, 5% ee.


High asymmetric induction was observed also for the ep-
oxidation of 14 by 8 in the presence of sodium as a counter-
ion (78% ee). The exchange of sodium by a potassium ion
resulted in a low asymmetric induction (12% ee) in the


same direction as for the sodium ion. A similar result was
noticed for the epoxidation of en-one 15. Hydroperoxide 8
in the presence of the sodium ion gave the product with
85% ee, whereas in the presence of potassium, the epoxide
25 was formed with only 10% ee and with the same direc-
tion of induction as for the sodium ion.


It is worth noting that the hydroperoxide 8 contains 5–
7% of the b-anomer, which obviously produces the opposite
direction of asymmetric induction. It means that the real in-
duction for the epoxidation of 13 by 8 in the presence of
sodium hydroxide should reach 95% ee. This was exempli-
fied when epoxidation of the 13 with pure a- (5) and b-
anomer (6) was performed (Table 2). Hydroperoxide 5 with
chalcone 13 in the presence of sodium hydroxide afforded
23 with 95% ee, whereas b-anomer 6 gave the corresponding
ent-23 with 80% ee. The addition of [15]crown-5 ether to
the reaction mixture of 8 and 13, to disrupt the formation of
the hydroperoxide/sodium ion complex, diminished induc-
tion to the level of 46% ee. In the case of the same reactants
and potassium hydroxide, addition of [18]crown-6 did not
change induction significantly (9% ee). These results point-
ed to the crucial role of the counterion and strongly suggest-
ed the coordination of the alkaline metal ion in the transi-


Table 2. Experimental data for the epoxidation of en-ones 23–25 by hydroperoxides 8, 5, and 6.


Reaction Conditions ee [%] (configuration)[a]


KOH·H2O 11 (2R,3S)
NaOH 90 (2S,3R)
LiOH·H2O 32 (2S,3R)
LiOH 5 (2S,3R)
CsOH·H2O 20 (2R,3S)
DBU 39 (2S,3R)
Me4NOH·5H2O 13 (2S,3R)


KOH·H2O 12 (2S,3S)
NaOH 78 (2S,3S)
DBU 6 (2S,3S)


KOH·H2O 10 (2S,3R)
NaOH 85 (2S,3R)
DBU does not react


KOH·H2O 8 (2S,3R)
NaOH 95 (2S,3R)
DBU 61 (2S,3R)


KOH·H2O 54 (2R,3S)
NaOH 80 (2R,3S)
DBU 58 (2R,3S)


[a] Determined by HPLC.
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tion state of the epoxidation process by both reagents, hy-
droperoxide, which includes sugar oxygen atoms, and the
olefin. It should also be mentioned here that the commer-
cially available sodium (anhydrous) and potassium (15%
water) hydroxides were used for the epoxidation of olefins.
The content of water was not discussed as a determining
factor that might influence the stereochemical pathway of
the epoxidation. Although the example of lithium hydrox-
ide, anhydrous and monohydrate, showed that the content
of water may influence the reaction rate and the enantiose-
lectivity, comparison of the anhydrous lithium and sodium
hydroxide testify, however, that the counter ion is the crucial
factor in the reaction and not the presence of a water. For
this reason, the water was not included explicitly in our cal-
culations because in the case of glycosyl hydroperoxides, the
metal cations are exhaustively coordinated by sugar oxygen
atoms (vide infra). This situation is, therefore, quite differ-
ent from the epoxidations carried out with the alkylaryl hy-
droperoxides.[2c,d] The significantly different enantioselectivi-
ty observed for quinone 12 and open-chained en-ones 13,
14, and 15 strongly implies that the s-cis conformation of the
en-one fragment in the transition state is the critical factor,
which allows for the effective coordination of the central
metal cation and consequently leads to the high asymmetric
induction observed. It is known that en-ones with rigid s-cis
conformations are epoxidized with high asymmetric induc-
tion.[9] Such s-cis geometry of the en-one has also been
postulated to explain the stereochemical pathway of the ep-
oxidation.[2,10]


Conformation of the hydroperoxide group and its anion :
The relatively uniform 1H NMR spectroscopic chemical shift
(d=9–10 ppm) for the hydroperoxide proton of all a and b


anomeric hydroperoxides 5–11,[1,11] may suggest the pres-
ence of a hydrogen bond between hydroperoxide proton
and the ring oxygen atom in solution (Figure 1). This pre-


ferred geometry is supported by quantum mechanical calcu-
lations. Thus, by using the nomenclature of the anion perox-
ide shown in Figure 2, the hydroperoxide conformation
+8asc is 3.77 and 4.08 kcalmol�1 lower in energy than
�8asc and 8aap, respectively, as calculated by DFT B3LYP/
6-31G ACHTUNGTRENNUNG(d,p).


The glycosyl peroxide anion can adopt three conforma-
tions as shown in Figure 2. For 8a, the �sc conformation is
the most stable. The next most stable conformer is the 8aap
orientation with the energy at 3.08 kcalmol�1 higher than
�8asc, as calculated at the DFT (B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)//


B3LYP/6-31G ACHTUNGTRENNUNG(d,p)) level. The energy of the +8asc confor-
mer is 3.68 kcalmol�1 higher than �8asc.


One can discuss the role of these conformations in the
enantioselective epoxidation. The lowest energy conforma-
tion �8asc could be assumed to be a part of the transition
state of enantioselective epoxidation, especially in the case
of DBU as a base catalyst. Whereas the less sterically acces-
sible �sc conformation may create better steric conditions
for the discrimination of enantiofaces of a substrate, there is
free access from both enantiofaces of chalcone in the case
of the 8aap and +8asc conformations and, therefore, they
are less effective in producing stereoselection. It would be
difficult, however, to explain the high asymmetric induction
on the basis of this conformation alone, since the exact loca-
tions of both reagents and the base are not well defined. On
the other hand, the highest-energy conformation +8asc of
the free anion is the most likely conformation for a chela-
tion of the metal cation, in which the metal is coordinated
by both the ring oxygen and the terminal benzyloxy group.


The close similarity of the asymmetric induction in the ep-
oxidation of 13 by 2-deoxy-galactose hydroperoxide 8 and 2-
deoxy-glucose congener 5 in the presence of sodium hydrox-
ide implies that oxygen atoms of benzyloxy groups at C-3
and C-4 do not participate in the coordination of the metal
ions. Bearing that in mind, one can hypothesize that the hy-
droperoxide proton and the alkaline ion in the hydroperox-
ide alkaline salt have the same location with respect to the
sugar. Consequently, it is obvious that, in contrast to the
sodium ion, the potassium ion with a larger atomic radius
generates more steric congestion and thus is enlarging the
distance between reacting sites (Figure 3).


Nevertheless, to establish the location of the metal cation,
the equilibrium molecular geometry calculations of the cor-
responding complexes were carried out. In these calcula-
tions, the benzyl groups were replaced with methyl groups
to shorten the computational time. The calculated Na+ com-
plexes with 26 at the DFT (B3LYP/6-31++G ACHTUNGTRENNUNG(d,p)) level
are shown in Figure 4. As expected, the lowest-energy com-
plex is 26a with the +sc about the C-O1 linkage. The ener-
gies of complexes 26b–e are 2.96, 14.25, 31.01, 50.85 kcal
mol�1 higher than for 26a, respectively. The complexation
energy of 26a is 156.6 kcalmol�1.


Figure 1. Preferred structures of both a and b anomers of hydroperoxide
8.


Figure 2. The three rotamers of the a-anomer of hydroperoxide anion,
8aap, �8asc, and +8asc, respectively.
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It is evident that the energy of a complex depends on the
number of oxygen atoms involved in the coordination of the
cation. Four oxygen atoms coordinate the metal in the 26a
and 26b complexes and, as a consequence, their energy is
lower relative to the 26c, 26d, and 26e complexes. This im-
plies that for the epoxidation reaction in the presence of a
metal cation, only the 26a and 26b complexes should be
considered as reactant structures. However, the unfavorable
conformation of the peroxide oxygen creates a steric hin-
drance to an attack of a chalcone in the case of 26b. There-
fore, in our study, the 26a complex was assumed.


Mechanism of the enantioselective epoxidation : The debate
on the clarification of the molecular-oxygen-transfer mecha-
nism in electrophilic double-bond epoxidation reactions has
continued for more than three decades.[12–15] Despite of spec-
tacular achievements of catalytic asymmetric epoxidation of
allylic alcohols by Sharpless[16] or Z alkenes by Jacobsen,[17]


the main issue concerns the stepwise[18] versus concerted[16]


addition of oxygen to a double bond. On the other hand,
the epoxidation of a,b-unsaturated ketones with peroxides
under basic conditions has been known for decades to pro-
ceed in a stepwise manner.[19] Nevertheless, the enantioselec-


tivity of the nucleophilic epoxidation reaction still remains a
challenge in chemical synthesis.[5,9,10,20] To address this prob-
lem in the present work, we have carried out the theoretical
studies of the reaction mechanism at the DFT level by
means of the free energies of the transition states and inclu-
sion of solvent effects. To shorten the computational time,
we have used the modified 2,3,4-trideoxy-6-O-methyl-a-d-
glycero-hexopyranosyl peroxide. This modification has no
effect on a stereoselection since we have shown that only
oxygen atoms shown in 27 have an influence on the cation
binding (see Figure 4 and the discussion above). On the
other hand, the experiment shows that substituents present
in the a,b-unsaturated ketone play a decisive role in the
steric course of the reaction. Therefore, to see if this is re-
flected in our computations, we have used 13 and (E)-pent-
3-en-2-one (28)+.


We have restricted our cal-
culations to the a-anomer of
hydroperoxide since its signifi-
cance is much higher than that
of the b-congener, which is
always a minor component of
a mixture after anomeric oxi-
dation and requires chromato-
graphic separation.


Two distances were used as
reaction coordinates to follow
the reaction mechanism of the
enantioselective epoxidation of
electrophilic olefins by using
glycosyl hydroperoxides
(Figure 5): the distance r ACHTUNGTRENNUNG(O2�


C3) between the peroxy oxygen of the glycosyl peroxide
and the carbon atom of the olefin and the distance r ACHTUNGTRENNUNG(O2�
C2) between the peroxy oxygen of the glycosyl peroxide
and the second carbon atom of the olefin. These geometrical
parameters reflect the nucleophilic attack of the peroxy
oxygen atom and formation of an epoxide. Two cations,
namely, sodium and potassium, for complexes and two dif-
ferent reactant orientations representing two different enan-
tiomeric pathways were assumed in calculations that led to
four geometries of a reaction complex (two for the sodium
cation and two for the potassium cation; Figure 5). Reaction


Figure 3. Superposition of glycosyl peroxide complexed with different
cations of 3,4,6-tri-O-methyl-2-deoxy-a-d-lyxohexopyranosyl hydroperox-
ide (26). The geometries were calculated at the DFT (B3LYP/6-31++G-
ACHTUNGTRENNUNG(d,p)) level.


Figure 4. Predicted geometries of sodium cation complexed peroxides 26.


+ Following the IUPAC rules of nomenclature, the numbering of the
carbon atoms in chalcones and pent-3-en-2-one is not the same, that is,
carbon atoms C-2 and C-3 of the former molecule refer to C-3 and C-4
of the latter. To relate the calculations to the experimental results we
have used the numbering valid for the chalcone molecule, which was
used in the experiment
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mechanisms for two stereoselective models were followed
by means of the two-dimensional energy maps calculated as
a function of the predefined above reaction coordinates
(Tables 3 and 4).


The potential energy surface calculated at the B3LYP/6-
31G* level for the reaction mechanism of the sodium that
leads to the 2S,3R product is represented in the form of a
two-dimensional reaction coordinate contour diagram, as
shown in Figure 6. The distances plotted along both axes of
the contour map describe nucleophilic attack of the peroxy
oxygen O-2 on the first olefinic carbon C-3 (horizontal axis)
and the closing of the epoxide ring with the second olefinic
carbon (vertical axis). A reaction pathway is readily identi-
fied on this potential energy surface. The potential energy
surface shows one intermediate (N) and two energy barriers
(> ). Very similar surfaces were calculated for the other
three models. Thus, the reaction must proceed through a
stepwise mechanism from reactants (~) to the product com-
plex (~).


The relative free energies of the optimized stationary
points for the different models are given in Table 3 and se-
lected geometrical parameters are given in Table 4. The free
energy was calculated as a sum of the electronic energy cal-
culated at the B3LYP/6-311+G** level with solvent effects
of toluene calculated by using the IEF-PCM model, and the
thermal free energy correction term for 298.15 K calculated
at the B3LYP/6-31+G* level by using frequency correction
factor=0.963. All geometries were calculated at B3LYP/6-
31G* level.


The structures of transition states for the reaction of a
sodium complex of 27 with 13 are presented in Figure 7.


The corresponding transition-state structures for analogous
potassium complexes are similar and are presented in the
Supporting Information. This also concerns the computa-
tional data and respective figures for the reaction of 27 with
28. The comparison of sodium and potassium geometries re-
vealed only a subtle difference. The structures shown in
Figure 7 illustrate differences in the transition-state geome-
try for pathways leading to the different stereochemical
products. The transition-state TS1 for the nucleophilic
attack occurs as the first step in the reaction and the O2�C3
distance has values of 2.84 and 2.45 P, respectively. TS1
leading to the 3S configuration shows the orthogonal orien-
tation of the planes defined by the C1-O1-O2 angle of the
sugar and the chalcone molecule, whereas their parallel ori-
entation leads to the enantiomer with the 3R configuration.
In the second reaction step, the transition-state TS2 repre-
sents the formation of the O2�C2 bond. The O2�C2 bond
length has values of 1.42 and 1.44 P for the 2R and 2S con-
figurations, respectively.


Figure 5. Two enantiomeric pathways of the carbohydrate metal complex
and the s-cis en-one molecule; R=Ph, Me.


Table 3. Comparison of the DFT relative free energies [kcalmol�1] with included solvent effects of toluene (IEF-PCM), calculated for the stationary
points observed on potential energy surfaces in two models described in Figure 5 for 13. Also included are imaginary frequencies of all transition states.
The corresponding data with no solvent effects is shown in brackets.


Complex Free energy[a]


Na K
2R,3S 2S,3R 2R,3S 2S,3R


separated substrates �873334.064[b] (�873324.458)[b] �1147951.829[b] (�1147942.205)[b]
TS1 15.02 (1.94) 13.08 (0.23) 13.17 (1.91) 13.71 (1.60)
intermediate complex 7.88 (�4.28) 5.50 (�5.86) 5.52 (�4.67) 7.67 (�2.97)
TS2 10.11 (�3.13) 6.93 (�5.41) 8.55 (�2.68) 8.20 (�2.91)
products complex �27.38 (�42.15) �29.03 (�43.06) �27.00 (�40.32) �29.37 (�41.75)
imaginary freq. TS1 [cm�1] ACHTUNGTRENNUNG(�32.2) ACHTUNGTRENNUNG(�32.6) ACHTUNGTRENNUNG(�40.7) ACHTUNGTRENNUNG(�40.0)
imaginary freq. TS2 [cm�1] ACHTUNGTRENNUNG(�176.6) ACHTUNGTRENNUNG(�117.6) ACHTUNGTRENNUNG(�181.8) ACHTUNGTRENNUNG(�129.7)


[a] Electronic energies calculated at the B3LYP/6-311+G** level, frequencies and free energy corrections calculated at the B3LYP/6-31+G* level, fre-
quency correction factor=0.963. [b] The absolute free energy.


Table 4. Selected DFT calculated distances in the stationary points ob-
served on potential energy surfaces of two models described in Figure 5
at the B3LYP/6-31G* level for 13.


Complex Selected distances [P]
O2�C3 O2�C2 O1�O2


2R,3S with sodium


TS1 2.839 2.868 1.481
intermediate complex 1.489 2.332 1.514
TS2 1.424 2.100 1.788
product complex 1.455 1.425 3.384


2S,3R with sodium


TS1 2.447 3.100 1.477
intermediate complex 1.471 2.291 1.560
TS2 1.436 2.179 1.684
products complex 1.457 1.425 3.444


2R,3S with potassium


TS1 2.498 3.125 1.458
intermediate complex 1.482 2.347 1.502
TS2 1.408 2.038 1.857
product complex 1.459 1.424 3.669


2S,3R with potassium


TS1 2.500 3.264 1.484
intermediate complex 1.471 2.321 1.533
TS2 1.430 2.166 1.692
product complex 1.455 1.423 3.608
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The information from the calculated potential energy sur-
faces facilitated the rationalization of divergence of reaction
pathways for the sodium and potassium cations complexes
that experimentally lead the reactions in the opposite direc-
tion of asymmetric induction (they are presented in
Figure 8). In the case of sodium complexes, the free energy
of the 2S,3R enantiomer is lower (Figure 8 in red, Table 3)
for both transition states and for the substrates and respec-
tive products. The calculated free energy difference between
the pathways for the two enantiomers is quite large and thus
may explain the formation of the major product observed
experimentally between 8 and 13 (2S,3R) (Table 2).


The interpretation of stereoselection for the potassium
ion complexes is well explained if the influence of the sol-
vent is included in the calculations. The experiment yields a
slight excess of the reverse configuration, 2R,3S, whereas
the free-energy calculations for both transition states are
lower for the opposite configuration (as found in sodium
complexes) without consideration of a solvent. If the solvent
is considered in the calculations, they reflect the experiment
properly, except for the reverse energy levels for the second


transition state. But the relative energy of a barrier leading
to the more important first transition state,[20] that is, TS1, is
lower and therefore, in agreement with the configuration
found experimentally.


The computational data for the reaction of 27 with 28
shows that the difference in the energy barrier of the first
transition state leading to the stereoselection is much small-
er (see the Supporting Information). Therefore, on the basis
of these calculations, one may expect a worse stereoselec-
tion upon experiment. It should be pointed out that only in
the case of 13, the direction of asymmetric induction for
sodium and potassium counterions is opposite. For the 14
and 15, the counterion does not change the direction of in-
duction, and only its magnitude for the potassium cation is
significantly lower. Moreover, the peroxide 27 used as
model for calculations does not necessarily reflect the re-
agent used, 8.


Conclusion


It has been shown that anomeric hydroperoxides can be
used as effective reagents for the enantioselective epoxida-
tion of electrophilic olefins in the presence of bases. Particu-
larly attractive is readily available hydroperoxide 8 derived
from perbenzylated 2-deoxy-galactose because it exists as an
almost pure a-anomer and can be used for the epoxidation
without prior separation of the minor b-anomer. Moreover,
the hemiacetal 22 can be easily recovered after epoxidation
and reoxidized to the hydroperoxide 8. This significantly en-
hances the economy of the whole process.


A remarkable role is played by the sodium counterion
and by the s-cis conformation of the en-one molecule in
these reactions, which allow for the temporary formation of
a highly organized reaction complex and consequently lead
to the enhanced stereoselection. The role of the counterion
coordination by both reagents during the epoxidation reac-
tion has been observed for the first time and was well ex-
plained by the quantum-molecular calculations of the ste-
reochemical pathway for this two-steps process.


Experimental Section


General information : Melting points were determined on a Koefler hot-
stage apparatus. NMR spectra were recorded by using Brucker Avance
500 instruments (absorptions of aromatic protons and carbon atoms were
not reported). IR spectra were recorded on a Perkin–Elmer FTIR Spec-
trum 200 spectrophotometer. UV spectra were measured on a Cary 100
spectrophotometer in acetonitrile and isopropyl alcohol. CD spectra
were recorded between 180 and 400 nm at room temperature with a
JASCO J-715 spectropolarimeter by using acetonitrile and isopropyl alco-
hol solutions. Solutions with concentrations in the range of 0.8Q10�4 to
1.2Q10�3 moldm�-3 were examined in cells with a path length 0.1 or 1 cm.
Mass spectra were recorded by using AMD-604 Inectra GmbH and
HPLC-MS with Mariner and API 356 detectors. Optical rotations were
measured by using a JASCO P 3010 polarimeter at 22�3 8C. For chiral
HPLC, a DAICEL CHIRALPAK AD-H column was used for 2-methyl-
2,3-epoxy-1,4-naphtoquinone. Column chromatography was performed


Figure 6. Potential energy surface calculated at the B3LYP/6-31G* level
and corresponding to the stepwise mechanism in the reaction of 27 and
28. The numbers in italics represent relative energies [kcalmol�1] with re-
spect to the reactant complex. > represents transition states, N repre-
sents an intermediate, and ~ represents both the reactant and product
complex.
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by using E. Merck Kiesel Gel (230–400 mesh). 6-Substituted 2-deoxy-gal-
actosyl hydroperoxides 9–11 were obtained from the corresponding
methyl glycosides by standard procedures.[1]


All calculations were performed by using the Gaussian 03 program[21] at
the DFT level. The potential energy surfaces for two models of complex
27 with 28 were computed as a function of the r ACHTUNGTRENNUNG(O2�C2) and r ACHTUNGTRENNUNG(O2�C3)
distances. These distances were varied by 0.05–0.3 P increments (the
smaller step was used for locations near to the transition states) within
the 3.3–1.3 P range for r ACHTUNGTRENNUNG(O2�C3), and within the 4.2–1.3 P range for
ACHTUNGTRENNUNGr ACHTUNGTRENNUNG(O2�C2). During the optimization, all geometrical parameters of reac-
tants were optimized. As a result, each point on the potential energy sur-
face represented by fixed values of the r ACHTUNGTRENNUNG(O2�C2) and r ACHTUNGTRENNUNG(O2�C3) distances
have all their geometrical variables adjusted to their optimal values.
Since the location of the local minima and transition barriers on the
energy surface is only approximate, further optimization of the stationary
points with no constraints on the r ACHTUNGTRENNUNG(O2�C3) and r ACHTUNGTRENNUNG(O2�C3) distances was
required. The transition states were calculated by using the STQN
method[22] with QST3 options (the method requires starting geometries
for reactant, product, and transition state).


Methyl 3,4-di-O-benzyl-2-deoxy-6-O-(N-ethylcarbamoyl)-a-d-lyxo-hexo-
pyranoside : Ethyl isocyanate (0.11 mL, 1.4 mm) was added to methyl 3,4-
di-O-benzyl-2-deoxy-a-d-lyxo-hexopyranoside in acetonitrile (0.7 mm,
3 mL). The reaction was stopped after 72 h (TLC analysis showed incom-
plete consumption of the substrate and side products appeared) and the
mixture was evaporated to dryness and treated with CH2Cl2. The organic
layer was separated, dried over MgSO4, and evaporated. The crude prod-


uct was purified on a silica-gel column by using dichloromethane/acetone
25:1 v/v as the eluent to afford the corresponding 6-O-(N-ethylcarbamo-
yl) product (1.6 g, 52%). Solid; m.p. 73–75 8C; [a]20D =++45.3 (c=0.98 in
CHCl3);


1H NMR (500 MHz, CDCl3): d=4.95, 4.66 (2d, 2H, J=11.6 Hz;
PhCH2O), 4.89 (brd, 1H, J1,2a=3.6 Hz; H-1), 4.62, 4.59 (2d, 2H, J=


12.0 Hz; PhCH2O), 4.56 (br s, 1H; NH), 4.22–4.12 (m, 2H; H-6a, H-6b),
3.91 (brddd, 1H; H-3), 3.86 (br t, 1H; H-5), 3.82 (br s, 1H; H-4), 3.30 (s,
3H; OCH3), 3.24–3.14 (m, 2H; CH2CH3), 2.22 (ddd, 1H, J2a,2b=12.7,
J2a,3=12.0, J2a,1=3.6 Hz; H-2a), 2.00 (dd, 1H, J2b,2a=12.7, J2b,3=4.5 Hz;
H-2b), 1.12 ppm (t, 3H; CH2CH3);


13C NMR (125 MHz, CDCl3): d=


155.75 (C=O), 98.67 (C-1), 74.55 (C-4), 73.85 (PHCH2O), 72.53 (C-3),
70.26 (PHCH2O), 68.87 (C-5), 64.13 (C-6), 54.45 (OCH3), 35.58
(CH2CH3), 30.67 (C-2), 14.95 ppm (CH2CH3); IR (CH2Cl2): ñ =3685,
3448, 2986, 1722, 1605, 1515, 1049, 896 cm�1; HRMS (ESI): m/z : calcd for
C24H31NO6Na: 452.2044 [M+Na]+ ; found: 452.2066; elemental analysis
calcd (%) for C24H31NO6: C 67.11, H 7.27, N 3.26; found: C 67.12, H
7.35, N 3.14.


Methyl 3,4-di-O-benzyl-2-deoxy-6-O-carbamoyl-a-d-lyxo-hexopyrano-
side : Trichloroacetyl isocyanate (0.4 mL, 3.35 mm) was added to methyl
3,4-di-O-benzyl-2-deoxy-a-d-lyxo-hexopyranoside dissolved in acetoni-
trile (1 mm, 2.5 mL). After the disappearance of the substrate (TLC, 1 h),
the mixture was cooled to �30 8C, and benzylamine (0.5 mL, 4.5 mm) in
acetonitrile (0.5 mL) was added. Subsequently, the reaction mixture was
allowed to reach room temperature. The mixture was evaporated to dry-
ness and diluted with CH2Cl2 and water. The water layer was separated
and extracted with CH2Cl2. The combined extracts were dried over


Figure 7. Geometrical representation of the diastereoselective transition states leading to the observed enantioselectivity of the epoxidation reaction in a
presence of sodium calculated at the B3LYP/6-31G* level.
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MgSO4 and evaporated. The crude product was purified on a silica-gel
column by using dichloromethane/acetone 20:1 v/v as the eluent to
afford the corresponding 6-O-carbamoyl glycoside (0.32 g, 83%). Solid;
m.p. 101–103 8C; [a]20D =++83.0 (c=0.55 in CH2Cl2);


1H NMR (500 MHz,
CDCl3): d =4.96, 4.66 (2d, 2H, J=11.6 Hz; PhCH2O), 4.89 (brd, 1H; H-
1), 4.62, 4.60 (2d, 2H, J=11.9 Hz; PhCH2O), 4.57 (br s, 2H; NH2), 4.19
(dd, 1H, J6a,6b=11.2, J6a,5=7.0 Hz; H-6a), 4.16 (dd, 1H, J6b,6a=11.2, J6b,5=


5.4 Hz; H-6b), 3.89 (ddd, 1H, J3,2a=12.0, J3,2b=4.6, J3,4=2.5 Hz; H-3),
3.87 (br t, 1H; H-5), 3.82 (br s, 1H; H-4), 3.31 (s, 3H; OCH3), 2.22 (ddd,
1H, J2a,2b=12.7, J2a,1=3.7, J2a,3=12.0 Hz; H-2a), 2.01 ppm (ddd, 1H,
J2b,2a=12.7, J2b,3=4.6, J2b,1=1.2 Hz; H-2b); 13C NMR (125 MHz, CDCl3):
d=156.34 (C=O), 98.96 (C-1), 74.79 (C-4), 74.12 (PHCH2O), 72.79 (C-3),
70.55 (PHCH2O), 69.03 (C-5), 64.88 (C-6), 54.77 (OCH3), 30.91 ppm (C-
2); IR (CH2Cl2): ñ =3536, 3424, 2927, 1734, 1584, 1352, 1098, 1050 cm�1;
HRMS (ESI): m/z : calcd for C22H27NO6Na: 424.1730 [M+Na]+ ; found:
424.1750; elemental analysis calcd (%) for C22H27NO6: C 65.82, H 6.78, N
3.49; found: C 65.91, H 6.64, N 3.52.


Synthesis of hydroperoxides. General procedure : 50% H2O2 (14.4 mL)
and concentrated H2SO4 (0.24 mL) were added to a solution of methyl
glycoside (1.2 mm) in 1,4-dioxane (4.8 mL). The reaction was stirred at
room temperature until disappearance of the substrate was complete
(TLC). Subsequently, the mixture was diluted with CH2Cl2 (100 mL) and
the organic layer was separated. The water layer was extracted with
CH2Cl2 and the combined extracts were washed with water (caution must
be taken; even a small amount of hydrogen peroxide left can cause ex-
plosion during evaporation of the solvent), dried over Na2SO4, and
evaporated at room temperature. The crude product was purified on a
silica-gel column by using hexane/ethyl acetate 3:2 v/v as an eluent to
afford the corresponding hydro ACHTUNGTRENNUNGperACHTUNGTRENNUNGox ACHTUNGTRENNUNGide.


3,4-Di-O-benzyl-2-deoxy-a-d-lyxo-
hexopyranosyl hydroperoxide (9):
Yield: 0.35 g, 80%; solid; m.p. 89–
92 8C; [a]20D =++62.7 (c=0.6 in
CHCl3);


1H NMR (500 MHz, CDCl3):
d=9.84 (br s, 1H; OOH), 5.43 (d,
1H, J1,2a=4.7 Hz; H-1), 4.93, 4.62
(2d, 2H, J=11.7 Hz; PhCH2O), 4.60,
4.56 (2d, 2H, J=12.0 Hz; PhCH2O),
3.92–3.84 (m, 2H; H-6a, H-5), 3.76
(br s, 1H; H-4), 3.73 (ddd, 1H, J3,2a=


12.3, J3,2b=4.7, J3,4=2.5 Hz; H-3),
3.54–3.46 (m, 1H; H-6b), 2.32–2.03
(m, 1H; OH), 2.29 (ddd, 1H, J2a,2b=


13.4, J2a,3=12.3, J2a,1=4.7 Hz; H-2a),
2.06 (dd, 1H, J2b,2a=13.4, J2b,3=


4.7 Hz; H-2b); 13C NMR (125 MHz,
CDCl3): d =102.18 (C-1), 74.11 (C-4),
74.10 (PHCH2O), 72.81 (C-3), 72.10
(C-5), 70.61 (PHCH2O), 63.51 (C-6),
28.24 ppm (C-2); 1H NMR (500 MHz,
C6D6): d=10.88 (br s, 1H; OOH),
5.47 (d, 1H, J1,2a=4.7 Hz; H-1), 4.88,
4.43 (2d, 2H, J=11.5 Hz; PhCH2O),
4.27, 4.22 (2d, 2H, J=11.9 Hz;
PhCH2O), 4.00 (dd, 1H, J6a,6b=11.2,
J6a,5=8.3 Hz; H-6a), 3.89 (m, 1H; H-
5), 3.62 (ddd, 1H, J3,2a=12.5, J3,2b=


4.7, J3,4=2.5 Hz; H-3), 3.45 (dd, 1H,
J6b,6a=11.2, J6b,5=3.2 Hz; H-6b), 3.42
(br s, 1H; H-4), 2.24 (ddd, 1H, J2a,2b=


13.3, J2a,3=12.5, J2a,1=4.7 Hz; H-2a),
1.92 (ddd, 1H, J2b,2a=13.3, J2b,3=4.7,
J2b,1=1.2 Hz; H-2b); 13C NMR
(125 MHz, C6D6): d =102.67 (C-1),
74.73 (C-4), 74.44 (PHCH2O), 73.97
(C-3), 72.82 (C-5), 70.51 (PHCH2O),
64.04 (C-6), 28.62 ppm (C-2); IR
(film): ñ =3325, 1454, 1362, 1112,


1039, 1028, 737, 698 cm�1; HRMS (ESI): m/z : calcd for C20H24O6Na:
383.1465; found: 383.1448 [M+Na]+ ; elemental analysis calcd (%) for
C20H24O6: C 66.65, H 6.71; found: C 66.76, H 6.78.


3,4-Di-O-benzyl-2-deoxy-6-O-carbamoyl-a-d-lyxo-hexopyranosyl hydro-
peroxide (10): Yield: 0.38 g, 79%; solid; m.p. 144–146 8C; [a]20D =++59.4
(c=0.6 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=9.62 (s, 1H; OOH),
5.41 (d, 1H, J1,2a=4.4 Hz; H-1), 4.96, 4.65 (2d, 2H, J=11.5 Hz;
PhCH2O), 4.76 (br s, 2H; NH2), 4.61, 4.57 (2d, 2H, J=12.0 Hz;
PhCH2O), 4.26 (dd, 1H, J6a,6b=11.3, J6a,5=6.8 Hz; H-6a), 4.13 (dd, 1H,
J6b,6a=11.3, J6b,5=5.8 Hz; H-6b), 4.02 (m, 1H; H-5), 3.81 (br s, 1H; H-4),
3.74 (ddd, 1H, J3,2a=12.4, J3,2b=4.6, J3,4=2.4 Hz; H-3), 2.29 (ddd, 1H,
J2a,2b=13.4, J2a,3=12.4, J2a,1=4.4 Hz; H-2a), 2.04 ppm (dd, 1H, J2b,2a=


13.4, J2b,3=4.6 Hz; H-2b); 13C NMR (125 MHz, CDCl3): d=156.87 (C=


O), 101.88 (C-1), 74.26 (PHCH2O), 73.95 (C-4), 72.25 (C-3), 70.56
(PHCH2O), 69.70 (C-5), 64.31 (C-6), 28.09 ppm (C-2); 1H NMR
(500 MHz, C6D6): d=9.05 (s, 1H; OOH), 5.44 (brd, 1H, J1,2a=4.4 Hz; H-
1), 5.03 (d, 1H; PhCH2O), 4.62 (d, 1H; PhCH2O), 4.26 (dd, 1H, J6a,6b=


11.1, J6a,5=6.8 Hz; H-6a), 4.43 (dd, 1H, J6b,6a=11.1, J6b,5=5.7 Hz; H-6b),
4.33–4.26 (m, 2H; PhCH2O), 4.17 (m, 1H; H-5), 3.87 (br s, 2H; NH2),
3.70–3.63 (m, 2H; H-4, H-3), 2.33 (ddd, 1H, J2a,2b=13.3, J2a,3=12.2, J2a,1=


4.4 Hz; H-2a), 1.93 (dd, 1H, J2b,2a=13.3, J2b,3=4.6 Hz; H-2b); IR
(CH2Cl2): ñ=3532, 3423, 2990, 1735, 1425, 1356, 1111, 1053, 897 cm�1;
HRMS (ESI): m/z : calcd for C21H25NO7Na: 426.1523 [M+Na]+ ; found:
426.1537; elemental analysis calcd (%) for C21H25NO7: C 62.52, H 6.25, N
3.47; found: C 62.41, H 6.16, N 3.33.


3,4-Di-O-benzyl-2-deoxy-6-O-(N-ethylcarbamoyl)-a-d-lyxo-hexopyrano-
syl hydroperoxide (11): Yield: (0.37 g, 72%); solid; m.p. 112–114 C;
[a]20D =++54.9 (c=0.35 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d =8.95
(br s, 1H; OOH), 5.42 (d, 1H, J1,2a=4.7 Hz; H-1), 4.96, 4.66 (2d, 2H, J=


11.5 Hz; PhCH2O), 4.63 (br s, 1H; NH), 4.60, 4.57 (2d, 2H, J=12.0 Hz;


Figure 8. Schematic energetic representation [kcalmol�1] of the possible reaction pathways observed in differ-
ent potential energy surfaces for sodium and potassium complexes. The calculated relative free energies in-
clude the solvent effects.
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PhCH2O), 4.27–3.99 (m, 3H; H-6a, H-6b, H-5), 3.81 (m, 1H; H-4), 3.74
(ddd, 1H, J3,2a=12.3, J3,2b=4.7, J3,4=2.4 Hz; H-3), 3.24–3.14 (brm, 2H;
CH2CH3), 2.30 (ddd, 1H, J2a,2b=13.5, J2a,3=12.3, J2a,1=4.7 Hz; H-2a), 2.04
(dd, 1H, J2b,2a=13.5, J2b,3=4.7 Hz; H-2b), 1.12 ppm (t, 3H; CH2CH3);
13C NMR (125 MHz, CDCl3): d 101.88 (C-1), 74.26 (PHCH2O), 74.05 (C-
4), 72.30 (C-3), 70.58 (PHCH2O), 69.84 (C-5), 64.00 (C-6), 35.93
(CH2CH3), 28.08 (C-2), 15.12 ppm (CH2CH3);


1H NMR (500 MHz,
C6D6): d =9.30 (br s, 1H; OOH), 5.39 (brm, 1H; H-1), 4.96, 4.57 (2d,
2H, J=11.3 Hz; PhCH2O), 4.56–4.50 (m, 1H; H-6a), 4.40 (dd, 1H,
J6b,6a=11.2, J6b,5=6.0 Hz; H-6b), 4.23, 4.19 (2d, 2H, J=12.0 Hz;
PhCH2O), 4.18 (m, 1H; H-5), 4.10 (br s, 1H; NH), 3.65 (m, 1H; H-4),
3.58 (ddd, 1H, J3,2a=12.3, J3,2b=4.9, J3,4=2.4 Hz; H-3), 2.92–2.83 (m, 2H;
CH2CH3), 2.24 (ddd, 1H, J2a,2b=13.3, J2a,3=12.3, J2a,1=4.6 Hz; H-2a), 2.04
(dd, 1H, J2b,2a=13.3, J2b,3=4.9 Hz; H-2b), 0.73 ppm (t, 3H; CH2CH3);
13C NMR (125 MHz, C6D6): d =156.51 (C=O), 102.17 (C-1), 74.76 (C-4),
74.64 (PHCH2O), 73.42 (C-3), 70.47 (PHCH2O), 70.18 (C-5), 64.39 (C-6),
35.97 (CH2CH3), 28.45 (C-2), 15.07 ppm (CH2CH3); IR (CH2Cl2): ñ=


3446, 2930, 1723, 1517, 1454, 1360, 1112, 1028 cm�1; HRMS (ESI): m/z :
calcd for C23H30NO7: 432.2017 [M+H]+ ; found: 432.2035; elemental anal-
ysis calcd (%) for C23H29NO7: C 64.02, H 6.77, N 3.25; found: C 63.97, H
6.68, N 3.14.


Epoxidation of enones. General procedure : Freshly powdered NaOH
(0.224 mm) was added under argon to a solution of hydroperoxide
(0.224 mm) in anhydrous toluene (31 mL), and after 10 min of vigorous
stirring, a solution of enone (0.149 mm) in toluene (21 mL) was intro-
duced by syringe. The reaction was stirred at room temperature until dis-
appearance of the substrate was complete (TLC). Subsequently, the mix-
ture was diluted with CH2Cl2 (50 mL) and the organic layer was separat-
ed. The water layer was extracted once with CH2Cl2 and the combined
extracts were washed with water, dried over Na2SO4, and evaporated.
The crude product was purified on a silica-gel column by using hexane/
ethyl acetate 9:1 v/v as the eluent to afford the corresponding epoxide.


Trans-(2S,3R)-2,3-epoxy-1,3-diphenylpropane-1-one (23): Yield: 0.032 g,
97%; [a]20D =++190 (c=1.08 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d=


8.02 (m, 2H; Ph), 7.62 (m, 1H; Ph), 7.49 (m, 2H; Ph), 7.39 (m, 5H; Ph),
4.29 (d, 1H, J=1.8 Hz), 4.08 ppm (d, 1H, J=1.8 Hz); 13C NMR
(125 MHz, CDCl3): d =193.08 (C=O), 135.52, 133.97, 129.05, 128.88,
128.78, 128.37, 125.80, 61.05, 59.36 ppm; HRMS (EI): m/z : calcd for
C15H12O2: 224.0837 [M]+ ; found: 224.0830; UV (CH3CN): lmax (e)=191.0
(55627), 247.3 nm (14593 mol�1dm3cm�1); CD (CH3CN): De325=2.8,
De257=5.7, De235=�7.5, De199=11.5 mol�1dm3cm�1 (c=0.3Q10�3m,
90.5% ee); HPLC (DAICEL CHIRALPAK AD-H: flow rate=


1.0 mLmin�1, l=254 nm, hexane/iPrOH 93:7, retention time=14.1
(2S,3R), 15.1 min (2R,3S).


Trans-(2S,3R)-2,3-epoxy-1,4-diphenylbutane-1,4-one (24): Yield: 0.039 g,
98%, [a]20D =++110 (c=0.57 in CHCl3);


1H NMR (500 MHz, CDCl3): d=


8.06 (m, 4H; Ph), 7.65 (m, 2H; Ph), 7.52 (m, 4H; Ph), 4.49 ppm (s, 2H;
2QCH); 13C NMR (125 MHz, CDCl3): d=192.15 (C=O), 135.07, 134.46,
129.04, 128.64, 56.41 ppm; HRMS (ESI): m/z : calcd for C16H12O3Na:
275.0679 [M+Na]+ ; found: 275.0673; UV (CH3CN): lmax (e)=193.9
(44007), 250.6 nm (23822 mol�1 dm3cm�1); CD (CH3CN): De330=3.3,
De261=�7.7, De242=2.3, De218=� 3.7, De204=5.9 (c=0.27Q10�3m,
78% ee); HPLC (DAICEL CHIRALCEL OD-H): flow rate=


1.0 mLmin�1, l =254 nm, hexane/iPrOH 9:1, retention time=15.4 min
(2R,3R), 17.6 min (2S,3S).


Trans-(1R,2S)-1,2-epoxy-4-methyl-1-phenyl-pentane-3-one (25): Yield:
0.028 g, 98%, [a]20D =++130.5 (c=0.30 in CHCl3);


1H NMR (500 MHz,
CDCl3): d =7.36 (m, 3H; Ph), 7.29 (m, 2H; Ph), 3.92 (d, 1H, J=1.9 Hz;
CH), 3.60 (d, 1H, J=1.9 Hz; CH), 2.82 (sept, 1H; CH ACHTUNGTRENNUNG(CH3)2), 1.17 ppm
(t, 6H; CH ACHTUNGTRENNUNG(CH3)2);


13C NMR (125 MHz, CDCl3): d=208.64 (C=O),
135.37, 128.93, 128.68, 125.67, 61.86, 58.38, 36.86, 18.05, 17.29 ppm;
HRMS (EI): m/z : calcd for C12H14O2: 190.0994 [M]+ ; found: 190.1002;
UV (iPrOH): lmax (e)=224.8 (11161 mol�1dm3cm�1); CD (iPrOH):
De287=0.7, De226=4.1, De207=0.9 mol�1dm3cm�1 (c=0.98Q10�3m,
87% ee); HPLC (DAICEL CHIRALPAK AS-H): flow rate=


1.0 mLmin�1, l =225 nm, hexane/iPrOH 95:5, retention time=6.9 min
(2S,3R), 9.2 min (2R,3S).
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Addressing Association Entropy by Reconstructing Guanidinium Anchor
Groups for Anion Binding: Design, Synthesis, and Host–Guest Binding
Studies in Polar and Protic Solutions
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Introduction


Cationic guanidinium functions play prominent roles in mo-
lecular recognition of oxoanionic species in both the living
world and in abiotic applications.[1–5] In biology they are fre-
quently involved in anion binding to proteins[6] as a conse-
quence of their presence in the side chain of the ubiquitous
proteinogenic amino acid arginine. The structural definition
of the arginine–oxoanion interaction covers a broad range—


from spatially quite relaxed ion pairing (e.g., in the coiling
of DNA around the basic histone protein core of nucleo-
somes[7]) to a very dedicated geometric correspondence of
the two moieties, as sketched in Scheme 1 (e.g., in the recog-
nition of C-terminal carboxylate by carboxypeptidase A).[8])
The latter motif, in particular, inspired the use of this pat-
tern in artificial receptors,[9–22] although such a well-defined
structural relationship cannot be taken for granted. For
most instrumental methods, it is
indistinguishable from a struc-
turally relaxed and dynamically
disordered, yet time-averaged
preference for the depicted as-
sociation mode. Distinction be-
tween the two extreme binding
modes is of paramount impor-
tance for the functional utility
of the anchor group and is thus


Abstract: The bicyclic hexahydro-
ACHTUNGTRENNUNGpyrimidino ACHTUNGTRENNUNG[1,2a]pyrimidine cationic
scaffold has a well-known capacity to
bind a variety of oxoanions (phos-
phates, carboxylates, squarates, phos-
phinates). Based on this feature, the
parent host was supplemented with
sec-carboxamido substituents to gener-
ate compounds 1–3 in an effort to im-
prove the anion-binding affinity and se-
lectivity and to learn about the role
and magnitude of entropic factors. Bi-
cyclic guanidinium compounds were
prepared by a convergent strategy via
the corresponding tetraester 22 fol-
lowed by catalytic amidation. Host–
guest binding studies with isothermal
titration calorimetry in acetonitrile
probed the behavior of artificial hosts
1–3 in comparison with the tetraallyl-


guanidinium compound 4 on binding p-
nitrobenzoate, dihydrogenphosphate,
and 2,2’-bisphenolcyclophosphate
guests that showed enhanced affinities
in the 105–106m


�1 range. Contrary to
expectation, better binding emerges
from more positive association entro-
pies rather than from stronger enthalp-
ic interactions (hydrogen bonding). In
an NMR spectroscopy titration in
DMSO, o-phthalate was sufficiently
basic to abstract a proton from the gua-
nidinium function, as confirmed by an
X-ray crystal structure of the product.


The novel carboxamide-appended
anchor groups also bind carboxylates
and phosphates, but not hydrogen sul-
fate in methanol with affinities in
excess of 104m


�1. The energetic signa-
ture of the complexation in methanol is
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solvent and shows a pattern of general
ion pairing with strong positive entro-
pies overcompensating endothermic
binding enthalpies. This study provides
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decoration of a parent guanidinium
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binding functionality may provide the
desired enhancement of the host–guest
affinity, yet for a different reason than
that implemented by design as guided
by standard molecular modeling.
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Scheme 1. A sketch of the gua-
nidinium oxoanion binding
motif as it occurs in many nat-
ural and artificial receptors.
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indispensable in the rational design of artificial guanidinium
receptors.
Regrettably, there is no immediate and unambiguous ana-


lytical tool available to report on the geometrical fuzziness
of host–guest interactions in general. The diversity of bind-
ing modes, however, must be reflected in the entropy com-
ponent of the association energetics because the respective
configurational entropy contributes a substantial share to
the overall entropy output. Even though the entropy of as-
sociation is now readily accessible by modern calorimetry
techniques, unfolding of the configurational component is
less straightforward. At best, a qualitative estimate can be
deduced from a comparison of closely related host–guest
pairs measured under strictly identical environmental condi-
tions (solvent, solution composition, temperature, etc.) to
minimize interference from unspecific solvation effects.
Such a trend analysis may then reveal a qualitative picture
of the variation of static and dynamic disorder in the host–
guest complex with incremental structural modification.
The parent guanidinium receptor depicted in Scheme 1


offers the opportunity to evaluate a structure–binding mode
correlation in a popular supramolecular binding motif of
proven utility. This abiotic host–guest system features a
robust and easy-to-grasp recognition pattern that is unper-
turbed by remote influences endemic to the much more
complex natural pendants. The trend analysis of the energet-
ics in a series of rather rudimentary molecular recognition
motifs should provide an experimental probe to address the
basic role of entropy in molecular recognition and its poten-
tial for supramolecular design.
Towards this goal, appending the 6,6-membered bicyclic


guanidinium scaffold with sec-carboxamide moieties in the
a,a’ positions to give guanidinium hosts 1–3 was deemed an
optimal choice because sec-carboxamides are well-estab-
lished anchor groups in anion binding[23–27] and their geminal
placement in the immediate vicinity of the binding site was


expected to enforce its sticki-
ness towards the anionic guests
by the sheer accumulation of
hydrogen-bond donor functions
and the suboptimal solvation of
the individual groups as a result
of overcrowding.
We have already reported an


example that followed this
design outline.[28] The binding
of 6,6-gua-carboxamide 1 to a
series of oxoanions revealed the


amazing fact that guest affinity in acetonitrile was indeed
enhanced in 1 relative to an analogous guanidinium host 4
that lacked the carboxamide moieties; however, for a differ-
ent reason than originally anticipated: for all guest anions
tested, the attractive enthalpy of association was diminished
and the higher affinity was exclusively due to a much more
positive association entropy component. From a consider-
ation of the main factors contributing to this surprising ob-
servation, a rationalization was advanced that the deeper
cause of this unexpected result could be attributed the in-
crease in configurational entropy of the binding partners as
a consequence of the low structural definition in the host–
guest complex. Herein we report the design, synthesis, and
host–guest binding of two more candidates (2 and 3) of the
guanidinium carboxamide variety that stand out by their
host–guest affinity, even in polar protic solutions (Kass up to
37000m


�1 in methanol). In addition, an unprecedented
transprotonation by the o-phthalate dianion was found that
supports calls for caution voiced recently with respect to
anion binding to artificial amide receptors.[29]


Results and Discussion


Planning and synthesis : Before defining the guanidinium
carboxamides as synthetic targets, molecular modeling was
carried out to confirm their suitability. Geometric optimiza-
tion of the benzoate salt of anilide 3 in vacuo initially con-
verged on a structure (Figure 1a) that placed the guest
anion almost juxtaposed to the guanidinium unit in the fa-
miliar salt-bridge/hydrogen-bond pattern depicted in
Scheme 1. This motif was supplemented by two further hy-
drogen bonds donated from a carboxamide on either the
left- or right-hand side of the bicyclic molecule. The two re-
maining carboxamides were engaged in lateral amide–amide
interactions to form 6-membered hydrogen-bonded rings.
Subjecting this ensemble to a molecular dynamics run over
20 ps followed by simulated annealing produced a significant
structural change. Now the guest carboxylate group was
held by two hydrogen bonds to the guanidinium cation and
one carboxamide group in a slightly dissymmetric fashion,
while two amides again formed hydrogen-bonded rings;
however, one of them spans the bicyclic frame to form a
supramolecular macrocycle (Figure 1b). One carboxamide


Figure 1. Energy-minimized structure of the benzoate salt of anilide 3 by using the Amber force field a) in
vacuo, b) after a molecular dynamics run for 20 ps and simulated annealing, and c) rear view of structure b.
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was released from the network of hydrogen bonds and this
pattern remained untouched when the complex was embed-
ded and energy-minimized under periodic boundary condi-
tions in a water box containing more than 5800 water mole-
cules.
The modeling results support our initial idea that the car-


boxamido functions help in guest binding. Even though not
all potential hydrogen-bond donors were found to simulta-
neously interact with the bound anion in the minimum-
energy structure, they stitch together a network of hydrogen
bonds. This organizes the entire host and thus aids host–
guest binding by limiting the entropic loss expected on
merging the binding partners into an associated structure.
On this basis, guanidinium compounds 1–3 were judged to
be promising synthetic goals. As suggested by their symmet-
ric topology, a convergent strategy, such as that shown in
Scheme 2, appeared to be the most efficient for their synthe-
sis. Apart from the final standard conversion of an ester into
an amido group, our approach takes advantage of the com-
bination of two building blocks, 8 and 11, that are simple de-
rivatives of cheap commercial starting materials.


The synthesis of guanidinio carboxamides 1–3 followed
the route depicted in Schemes 3 and 4. The alkylative C�C
coupling of building blocks 8[28] and 11,[30] which were ob-
tained by short literature procedures, required low reaction
temperatures (<10 8C) for several days to give a yield of
>70% of key intermediate 12 and to avoid substantial loss
due to the formation of elimination product 13. A 20:1 pref-
erence for the desired product was achieved under the speci-
fied conditions, whereas raising the temperature to 50 8C
produced a 1:1 mixture of these compounds.
Originally, deprotection of the amino functions by hydro-


genation in the next step was presumed to directly furnish
the guanidinium monocycle 15, which seemed to be an at-
tractive candidate for ring closure to the bicyclic skeleton.
Instead, with the Pd/carbon catalysts tested, the product iso-
lated in almost quantitative yield was monocyclic formami-
dine 14, which undoubtedly arose from preferential hydro-
genation of the cyanamido function followed by monocycli-


zation taking one deprotected amino group as the nucleo-
phile. This outcome did not change when more drastic con-
ditions in transfer hydrogenation were employed (Pd/C,
cyclohexadiene, reflux) or by the use of trimethylsilyliodide
as a demasking agent. Strong acid solvolysis (HBr/propionic
acid), however, changed the course of the reaction and
yielded monocyclic guanidinium salt 15 as the main product.
Unfortunately, this compound resisted all attempts to pro-
duce the desired bicyclic structure by amine exchange of the
guanidinium unit.[31] We envisaged an escape from this
dead-end road to be the elaboration of the cyanamido func-
tion, which was introduced at the very start to serve as an
amino protecting group as well as a synthon for the core
guanidino carbon, into a more reactive moiety susceptible
to attack by the shielded carbinylamino atom. Treatment of
cyanoamide 12 with dilute sulfuric acid cleanly gave the cor-
responding urea 16, which in turn could be deprotected by
catalytic hydrogenation to give 18 in quantitative yield. The
putatively simple monocyclization to cyclic urea 20 present-
ed a major obstacle, again testifying to the low nucleophilici-
ty of the carbinylamino group. After some optimization,
compound 20 was obtained in a moderate yield of 27%,
which suggested that we should look for a better alternative.
A viable alternative was to subject 12 to the Pinner reac-


tion to afford isourea 17 as the initial step in a sequence
that was profitably conducted without purification of the in-


Scheme 2. Retrosynthetic approach to compounds 1–3.


Scheme 3. Cbz=carbobenzyloxy


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6098 – 61076100


F. P. Schmidtchen et al.



www.chemeurj.org





termediates. Thus, imidate 17 was hydrogenated and cau-
tiously neutralized to give bicyclic guanidinium tetraester 22
in a one-pot reaction in a yield of 72% over four steps. The
ester-to-amide transformation was initially attempted by
using the classic method of hydrolysis to give acid 23 fol-
lowed by amidation after activation to the acid chloride or a
mixed anhydride. This stage, however, proved intractable
owing to the insolubility of the starting acid. Direct transa-
midation of ester 22 with the respective amines by using
promotion by alkylaluminium reagents proved effective.[32, 33]


The acidity of the substrate and the alcohol formed required
a considerable excess of the organometallic Lewis acid, yet
target compounds 1–3 were isolated from the multistep se-
quence in a yield of 70–80% as crystalline salts. The as-


signed structures are fully supported by single-crystal X-ray
analyses of the halide salts (see the Supporting Informa-
tion), which also show the peculiar hydrogen-bonding ring
formation within the malonic amide moieties that was pre-
dicted by the modeling studies. The occurrence of this motif
in the solid state in two compounds attests to the stability of
this pattern. In conjunction with the computational results,
there is now reason to presume that this kind of host preor-
ganization will also persist in solution. All of the binding
studies used iodide as the counteranion because these salts
are readily purified and this counterion does not interfere
with oxoanion complexation.[12]


Binding studies : Initial NMR spectroscopy binding studies
of propylamido host 1 and dihydrogenphosphate in acetoni-
trile had revealed a saturation isotherm when using the
amide NH signal as a probe.[28] However, a significant non-
random swing of the experimental data points across the
fitted hyperbola describing the 1:1 stoichiometric model was
interpreted (and later confirmed by isothermal calorimetry
(ITC) measurements) as an indication of higher-order com-
plex formation. To avoid such risk and further escape any
restrictions set by insufficient solubility of the host and
guest salts, the solvent was switched to DMSO. Titration of
anilide host 3 with o-phthalate dianion (tetraethylammo-
nium salt) in this solvent, however, did not show the antici-
pated shift of the NH signals characteristic of rapid equili-
bration-averaged host–guest binding (Figure 2).
Instead, the NH signals of the amido and guanidinium


groups broadened and eventually disappeared, but both
kept their positions, indicative of a slow exchange process
on the NMR spectroscopy timescale. The aromatic resonan-
ces of either salt were unaffected at host–guest molar ratios
below 1:1, whereas the methylene signals of the 6-mem-
bered rings were gradually shifted upfield (Figure 2). Re-
grettably, this change could not be quantified because the
host signals hide behind the solvent and guest resonances
for a considerable proportion of the titration. At host–guest
molar ratios greater than 1:1, substantial redistribution of
the aromatic signals was seen (Figure 2d, e) and was decon-
voluted by means of a COSY 2D spectrum into two sets of
coupling networks. The relative proportion of these sets did
not depend on the concentration of the added guest, which
suggests that they are not derived from supramolecular asso-
ciation.
A tentative explanation was gleaned from the serendipi-


tous crystallization of such a titration mixture from metha-
nol. Contrary to expectation, the X-ray analysis of the crys-
tals did not reveal the presence of a guest anion, but corre-
sponded to the free base form of host 3, as depicted in
Figure 3. The structure shows a similar hydrogen-bonding
pattern at one geminal dicarboxamide side, as that observed
in guanidinium salt 3 (see the Supporting Information). The
other malonic amide moiety, however, is no longer fixed in
a mutual hydrogen-bond interaction, but contains the NH
vectors pointing towards the proximal nitrogen atom of the
guanidine (NH···N �2.1 N). The free base nature is clearly


Scheme 4.
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reflected by a much shorter C�N distance in the proximal
ring (�1.29 N versus 1.40 N in the other ring), indicating
double bond character, and the pronounced pyramidalized
configuration of the nitrogen atom in the distal ring. Clearly,
the basicity of the phthalate dianion in the organic solvent,
probably owing to a short and strong hydrogen bond con-
necting the carboxylate moieties in the monoanion, suffices
to deprotonate the guanidinium cation,[34] particularly if the
free base form of the host is stabilized by hydrogen bonding
to the adjacent carboxamides. Such deprotonation is impos-
sible with all of the other oxoanions used in this study (see
below) owing to their much lower basicities. The molecular
process occurring during the titration in DMSO thus ap-
pears to be a transprotonation rather than a host–guest in-
teraction. The two sets of observed aromatic proton signals
most probably refer to the respective malonic amide sub-


structures adjacent to or remote
from the C=N double bond in
the guanidine. Similar switching
between genuine supramolec-
ular association or covalent
proton transfer has frequently
been found with the fluoride
anion,[29,35] which also consti-
tutes an extremely basic species
in organic solutions.[36]


Previous investigations of the
energetics and speciation of
guanidinium phosphate host–
guest binding revealed an ad-
vantage of ITC over NMR
spectroscopy for analysis in this
peculiar case.[28] Following up
on these studies, host com-
pounds 2 and 3 were probed by
p-nitrobenzoate, phosphate, and


cyclic phosphate diester 24 in acetonitrile to assess the con-
sequences and possible generalizations for the design of gua-
nidinium anchor groups. The recurring feature in these inter-
actions is the tendency to form complexes beyond 1:1 stoi-
chiometries. An illustrative example is depicted in Figure 4
for the interaction of 3 with nitrobenzoate, which shows
strong deviations from the response expected for a 1:1 bind-
ing model in the regimes of excess host over guest (i.e. , at
molar ratios <1 at the beginning of the titration) as well as
at higher guest-to-host molar ratios. The analysis of such sys-
tems is greatly facilitated when experimental conditions are
found that allow simplification of the interaction model.
This is shown in Figure 4b as an example in which dilution
of the starting concentration largely suppressed the initial
formation of higher-order host–guest complexes. Under this
precondition, the deconvolution of the macroscopic heat re-
sponse into individual components is possible, as conveyed
by the fitted curve which represents the experimental data
quite well (Figure 4). The conditional association constants
collected in Tables 1 and 2 were derived on this basis.
In general, the pattern observed with hosts 2 and 3 greatly


resembles the results obtained earlier with propylamido host
1 binding the same guest.[28] Relative to tetraallylguanidini-
um host 4, which displays clean 1:1 binding, all carboxamido
hosts 1–3 possess a higher affinity for these guests; however,
not as a result of more attractive binding (which was the
original foundation of the design concept), but for a more
positive output in the association entropy.[28] The only excep-
tion to this rule is the binding of anilide host 3 to dihydro-
genphosphate. Although in all cases this guest shows the
most negative interaction enthalpy among the oxoanions,
which most probably reflects the greater potential for hydro-
gen bonding because of its additional hydrogen-bond donor
capabilities, anilido host 3 stands out for its special energetic
signature. Host 3 is the only anchor group in this series that
provides a negative entropy contribution that counteracts a
dramatically enhanced attractive enthalpy of binding. On


Figure 2. 1H NMR spectra ([D6]DMSO, 250 MHz) recorded for the complex formed by the anilide 3 (2 mm)
with a) 0 mm, b) 1.2 mm, c) 2.4 mm, d) 3.6 mm, and e) 4.8 mm of o-phthalate. The designated signals arise from
the guest anion (*) and methylene groups (~) of the 6-membered rings in the anilide host 3.


Figure 3. ORTEP-style plot of anilide 3 showing the free base form (dC1�


N2=1.29 N; dC1�N1=1.40 N).[37] Thermal ellipsoids are drawn at the 50%
probability level.
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the balance sheet, this leaves a smaller affinity than ob-
served in any other host–guest combination; however, for
the benefit of a better structured complex.[38,39] Undoubted-
ly, the organizing role of the phosphate guest must be syn-


ergistically supported by mutual
interactions of the phenyl rings
to explain this result.
The respectable affinity


found for these host–guest pairs
in the polar, yet non-protic ace-
tonitrile solvent fostered the ex-
pectation that association might
also persist in protic solvents.
ITC titrations performed with
anilide host 3 in methanol did
indeed corroborate this pre-
sumption (Table 2). The ener-
getic signatures are in contrast
with the results obtained in ace-
tonitrile. In methanol, all asso-
ciations are endothermic
(except for one step in the
binding of p-nitrobenzoate) and
owe their affinity to an exces-
sive positive entropy contribu-
tion. Thus, they resemble the
general ion-pairing process that
features substantial desolvation
of both ionic partners without


generating a singular host–guest complex structure. Disre-
garding hydrogen sulfate, which did not produce a sufficient
heat effect to allow analysis, the other guests showed unam-
biguous supramolecular binding behavior.


Figure 4. ITC traces of the titration of p-nitrobenzoate into the solution of host 3 in acetonitrile at 303 K a) at
4.33 mm and b) at 1.3 mm. The solid lines represent fitting curves on the basis of a 1:1 binding model (left) or
sequential 2:1 model (right).


Table 1. 1:1 Host–guest binding energetics of guanidinium anchor groups (iodide salts) with oxoanions in acetonitrile at 303 K.


TBA p-nitrobenzoate TBA H2PO4 TBA 2,2’-bisphenolcyclophosphate 24
Kass


[m�1]
�DG8
[kJmol�1]


�DH8
[kJmol�1]


TDS8
[kJmol�1]


Kass


[M�1]
�DG8
[kJmol�1]


�DH8
[kJmol�1]


TDS8
[kJmol�1]


Kass


[M�1]
�DG8
[kJmol�1]


�DH8
[kJmol�1]


TDS8
[kJmol�1]


1 2.0P10�5 30.8 17.6 +13.2 1.3P106 35.6 17.5 +18.0 4.8P104 27.2 10.3 +16.8
2 9.3P10�4 28.8 13.2 +15.6 1.6P106 36.1 12.9 +23.2 1.7P104 24.4 9.9 +14.6
3 1.2P10�6 35.5 22.1 +13.1 3.8P104 26.5 41.9 �15.4 2.7P105 31.6 12.1 +19.4
4 7.1P10�4 28.2 22.3 +5.9 2.3P104 24.6 23.4 +1.1 1.9P104 24.7 14.7 +10.0


Table 2. Energetics of oxoanion binding (tetraethylammonium/tetrabutylammonium salts) to anilide 3 (as the iodide salt) in methanol at 303 K. The stoi-
chiometry number n refers to the guest/host molar ratio as the experimentally determined fit parameter in a stepwise equilibrium system.


Entry Guest Model[a] Kass [M
�1] DG8 [kJmol�1] DH8 [kJmol�1] TDS8 [kJmol�1]


1 TBA benzoate A K1=180.3 DG1=�12.9 DH1=29.9 42.9
K2=3846 DG2=�20.5 DH2=49.4 70.1


2 TBA-p-nitrobenzoate A K1=112 DG1=�11.7 DH1=�67.5 �55.7
K2=1.7P104 DG2=�24.2 DH2=88.0 112.2


4 TBA H2PO4 A K1=96.7 DG1=�11.3 DH1=6.7 18.1
K2=5968 DG2=�21.5 DH2=4.8 26.2


4 TEA naphthalene dicarboxylate A K1=2192 DG1=�19.1 DH1=3.0 22.0
K2=1.95P104 DG2=�24.5 DH2=65.7 90.3


5 TEA phthalate B 3.3P104 �25.0 45.2 70.2
6 TEA terephthalate B, n=0.35 1.45P104 �22.1 90.3 112.4
7 TEA HSO4 insufficient heat response
8 TEA oxalate B, n=0.57 3.7P104 �25.0 60.6 85.6
9 TEA fumarate B, n=0.4 8441 �21.7 38.0 59.8
10 TEA isophthalate B, n=0.45 1.7P104 �24.1 24.5 48.6
11 TEA squarate B, n=0.5 4077 �20.1 34.2 54.2


[a] A= titration mode: guest into host solution; 2 sequential-site model; ligand-in-cell, B= titration mode: guest into host solution; one-site model.
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Except for phthalate, which adhered to a 1:1 stoichiomet-
ric model, the heat responses of the other anions required
more complicated binding models to reproduce the enthalpy
output. In some cases (Table 2 entries 6–11), the individual
steps could not be deconvoluted; however, the stoichiomet-
ric factor clearly indicated the involvement of two binding
events representing the association of one and two guanidi-
nium anchor groups onto the bis-anionic guest. Charge
matching is an important, yet not the exclusive cause for
higher complex formation. Also, in the case of monoanionic
guests the energetic profile cannot be fitted without the par-
ticipation of higher-order complexes. However, the absolute
affinities are somewhat smaller than those of the dianions.
Nevertheless, host–guest association between singly charged
partners in a protic solution reaches quite an impressive
level (Kass=104m


�1), despite the simple construction blue-
print of this anchor function. Selectivity is poor (about a
factor of 10), but may be improved by implementing restric-
tions affecting the accessibility and conformational flexibili-
ty of the binding site. A sufficient amount of binding free
energy in polar solvents, as secured in this study, is a neces-
sary prerequisite to allow tuning of the various design op-
tions.


Conclusion


With the goal of learning about the role of entropy in mo-
lecular recognition, the elaboration of the prominent bicy-
clic guanidinium anchor group for oxoanions was undertak-
en by supplementation of the parent moiety with sec-carbox-
amido groups. X-ray crystal structures confirmed the expect-
ation emerging from modeling studies that the variety of
conformations is limited by the build-up of an intramolecu-
lar hydrogen-bonded network. The resulting structural or-
ganization predisposes the guanidinium host for guest bind-
ing using only a fraction of the formally available hydrogen-
bond donors and allows rationalization of an unexpected
transprotonation occurring with the most basic phthalate
guest. Binding studies by ITC titrations reveal high affinity
in acetonitrile that exceeds ordinary ion pairing between
monoionic partners by a hundred thousand fold.[40] The af-
finities are somewhat diminished in methanol (Kass=103–
104m


�1), but more importantly show an energetic profile
that is unlikely to emerge from geometrically dedicated
complex formation. In all of the cases studied, entropy con-
tributes a substantial share to the free energy of molecular
recognition and even marks the dominant role in the protic
solvent methanol. This experimental fact calls the validity of
exclusively enthalpy-based design approaches into question.


Experimental Section


All of the experiments in organic solvents were performed under a nitro-
gen atmosphere and monitored by HPLC. The HPLC analyses were per-
formed on a Merck-Hitachi instrument L 6200A or 655 A-11 pump con-


nected to a Knauer L 4250 UV detector, a SEDEX 55 light-scattering de-
tector, and a Kipps&Zonen two-channel recorder. The columns used in
HPLC analysis were Phenomenex, Aqua C18, 250P4.60 mm, 5 m column,
and Nucleodur-100-5 C8 ec column. The solvents were purchased in pure
analytical grade and distilled before use except for DMF, which was pur-
chased in anhydrous quality from Aldrich, and acetonitrile, which was
purchased in HPLC quality from Baker. Aqueous solutions were pre-
pared from deionized, glass distilled water. The solvents (CH2Cl2,
CH3CN) were dried by passing them through a small column of activated
alumina directly into the reaction vessel. All other chemicals were pur-
chased in reagent quality from commercial sources and used as received.
1H and 13C NMR spectra were recorded on either a Brucker AC 360
(MHz) or 250 (MHz) instrument and were referenced with respect to the
residual solvent peak. All of the melting points were measured in open
capillary tubes by using a Fisher–Jones apparatus. Mass spectra were ob-
tained on a Finnigan LQC: electrospray ionization (ESI, HPLC-MS) in-
strument. HRMS spectra were obtained on a Bruker microTOF-Q instru-
ment. Elemental analyses were carried out by the microanalytical labora-
tory of the TU Munich. Calorimetric titrations were performed on the
Isothermal Titration Calorimeter MCS-ITC from Microcal (USA). Mo-
lecular modeling was performed on Pentium PCs with HyperChem 8 mo-
lecular-modeling software from Hypercube. X-ray crystal structure analy-
ses were carried out by the Inorganic Chemistry Department of TU
Munich.


Bis(2-iodoethyl)cyanamide (8): Bis(2-chloroethyl)amine hydrochloride
(6, 17.9 g,100 mmol) was dissolved in a mixture of water (50 mL) and
CH2Cl2 (100 mL). The mixture was cooled to 0 8C and 4n aqueous
NaOH (25 mL) was added. A solution of 5 (13.1 g, 125 mmol) in CH2Cl2
(to make 30 mL) and 4n aqueous NaOH (30 mL) were added alternately
portionwise with vigorous stirring while keeping the temperature below
5 8C. The reaction mixture was then stirred for another 30 min at RT. The
two phases were separated. The organic phase was washed with dilute
acetic acid and then with brine, dried over magnesium sulfate, and the
solvent was evaporated in vacuo to obtain a liquid residue that was dis-
tilled in a Kugelrohr apparatus (130 8C/0.05 torr) to afford 7 as a colorless
viscous liquid (11.65 g, 70%). This liquid (11.65 g, 70 mmol) was dis-
solved in acetone (50 mL) to which finely powdered NaI (30 g,
200 mmol) was added, and the mixture was heated at reflux for 3 d.
After complete conversion to 8, as seen from the HPLC analysis, the
mixture was evaporated in vacuo. The resulting residue was redissolved
in toluene and filtered. The filtrate was passed through a pad of alumina
and then concentrated and dried under a high vacuum to afford 8 as a
viscous colorless liquid (18.13 g, 74%). HPLC analysis: Rv=10 mL, Nu-
cleodure-100–5 C8 ec column, UV220, flow=1 mLmin�1, gradient from
10% CH3OH to 50% CH3OH in 10 min and then 50% CH3OH to 90%
CH3OH in next 10 min, 0.1% TFA; 1H NMR (360 MHz, CDCl3, 25 8C):
d=3.45 (t, J=7.0 Hz, 4H; -N-CH2), 3.29 (t, J=7.0 Hz, 4H; -CH2I);
13C NMR (90.56 MHz, CDCl3, 25 8C): d=115.1 (-CN), 53.75 (-N-CH2),
�0.7 (-CH2I).


Benzyloxycarbonylamino malonic acid diethyl ester (11): Diethyl 2-ami-
nomalonate hydrochloride (10, 21.2 g, 100 mmol) and bis(trimethylsilyl)
acetamide (BTSA; 24.8 mL, 100 mmol) were taken up in anhydrous di-
ethyl ether (200 mL) under an inert atmosphere. The reaction mixture
was cooled to 0 8C in an ice bath and 9 (14.4 mL, 100 mmol) was rapidly
added. After addition was complete, another batch of BTSA (24.8 mL,
100 mmol) was added. The resulting cloudy reaction mixture was then al-
lowed to warm slowly to RT and stirred for 30 min. On completion of the
reaction, as monitored by HPLC analysis, the reaction mixture was
washed with 0.1n aqueous HCl (100 mL), dried over magnesium sulfate,
and then evaporated in a rotary evaporator to give a gummy residue that
was recrystallized from hexane/ether (1:1) to afford 11 as a white solid
(26.5 g, 85%). HPLC analysis: Rv=13 mL, Phenomenex, Aqua C18, 250P
4.6 mm, 5 m column, UV220, flow=1 mLmin�1, gradient from 50%
CH3OH to 90% CH3OH in 10 min and then 90% CH3OH for a further
5 min, 0.1% TFA; m.p. 30–32 8C (hexane/ether), (lit.[41] m.p. 32–33 8C);
1H NMR (360 MHz, CDCl3): d=7.36 (s, 5H; aromatic-H), 5.85 (d, J=


6.8 Hz, 1H; -NH), 5.14 (s, 2H; PhCH2O-), 5.03 (d, J=7.4 Hz, 1H; -CH-
N), 4.29 (q, J=6.5 Hz, 4H; -OCH2CH3), 1.32 (t, J=7.0 Hz, 6H;
-OCH2CH3);


13C NMR (90.56 MHz; CDCl3): d=166.3 (-CO, ester), 155.4
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(-NCO-), 135.9, 128.5, 128.2, 128.1 (aromatic carbons), 67.3 (PhCH2O-),
62.6 (-OCH2CH3), 57.7 (-CH-), 13.9 (-OCH2CH3); MS: m/z (%): 310.2
(100) [M+H]+ .


N,N-Bis(3-benzyloxycarbonylamino-3,3-diethoxycarbonyl)propyl-1-cyan-
ACHTUNGTRENNUNGamide (12): Carbamate 11 (26.48 g, 85.7 mmol) in dry DMF (60 mL) was
added to a suspension of NaH (3.59 g, 90 mmol) (60% dispersion in min-
eral oil) in dry DMF (20 mL) cooled to 5 8C. The rate of addition was
such that the temperature of the reaction mixture was maintained below
12 8C (increase in temperature results in self-condensation of the ester).
When the evolution of H2 ceased and the reaction mixture became clear,
a solution of 8 (10 g, 28.5 mmol) in DMF (30 mL) was added in two por-
tions, half of the solution was added by syringe pump over a period of
6 h and the remaining half was added after stirring for 24 h (it is impor-
tant to maintain the temperature of the reaction mixture below 20 8C
throughout the reaction time to avoid formation of the unwanted elimi-
nation product 13). After complete addition of 8, stirring was continued
for 3 d, then the reaction mixture was poured into cold water containing
1 mL of acetic acid. The aqueous layer was extracted with CH2Cl2. The
organic phase was washed several times with water, dried over magnesi-
um sulfate, and concentrated in vacuo to give gummy substance that was
further dried in a high vacuum to remove residual DMF. Recrystalliza-
tion from ether/hexane (2:1) afforded 12 as a white crystalline compound
(14.2 g, 72%). HPLC analysis: Rv=16.4 mL, Phenomenex, Aqua C18,
250P4.60 mm, 5 m column, UV220, flow=1 mLmin�1, gradient from 50%
CH3OH to 90% CH3OH in 10 min and then 90% CH3OH for a further
5 min, 0.1% TFA; m.p. 72–73 8C (ether/hexane); 1H NMR (360 MHz,
CDCl3, 25 8C): d =7.34 (s, 10H; aromatic), 6.18 (s, 2H; -NH), 5.09 (s,
4H; PhCH2O-), 4.24 (m, 8H; -OCH2CH3), 2.93 (t, J=6.5 Hz, 4H; -N-
CH2-), 2.63 (t, J=7.2 Hz, 4H; -CCH2-), 1.24 (t, J=7.0 Hz, 12H;
-OCH2CH3);


13C NMR (90.56 MHz, CDCl3, 25 8C): d=167.2 (-CO,
esters), 154.5 (-NCO-), 135.9, 128.5, 128.3, 128.1 (aromatic carbons),
116.2 (-CN), 67.2 (PhCH2O-), 64.7 (quaternary carbons), 63.0
ACHTUNGTRENNUNG(-OCH2CH3), 47.4 (-N-CH2), 30.8 (-CCH2-), 13.8 (-OCH2CH3); MS: m/z
(%): 735 (100) [M+Na]+ .


Benzyl 1,1-di(ethoxycarbonyl)-3-(N-cyano-N-vinylamino)propylcarba-
mate (13): HPLC analysis Rv=14 mL, Phenomenex, Aqua C18, 250P
4.60 mm, 5 m column, UV220, flow=1 mLmin�1, gradient from 50%
CH3OH to 90% CH3OH in 10 min and then 90% CH3OH over the next
5 min, 0.1% TFA; 1H NMR (360 MHz; CDCl3): d=7.34 (s, 5H; aromat-
ic-H), 6.24 (s, 1H; -NH), 5.88 (dd, 1H; CH2=CH-), 5.10 (s, 2H;
PhCH2O-), 4.63 (dd, 1H; CH2=CH-), 4.44 (dd, 1H; CH2=CH-), 4.21 (m,
4H; -OCH2CH3), 3.32 (t, J=6.8 Hz, 4H; -N-CH2), 2.72 (t, J=7.2 Hz,
4H; -CCH2-); 1.23 (t, J=7.02 Hz, 12H; -OCH2CH3);


13C NMR
(90.56 MHz; CDCl3): d =168.6 (-CO, esters), 156.1 (-NCO-), 137.4 (CH2=


CH-), 135.4, 130.0, 129.7, 129.6 (aromatic carbons), 114.1 (-CN), 96.7
(CH2=CH-), 68.8 (PhCH2O-), 66.2 (quaternary carbons), 64.7
ACHTUNGTRENNUNG(-OCH2CH3), 47.8 (-N-CH2), 32.7 (-CCH2-), 15.3 (-OCH2CH3); MS: m/z
(%): 404.3 (25) [M+H]+ .


2,2,8,8-Tetraethoxycarbonyl-3,4,6,7,8,9-hexahydro-2H-pyrimido ACHTUNGTRENNUNG[1,2-a]pyr-
imidine hydrobromide (22): A saturated solution of HCl in ethanol
(10 mL) was added to a solution of 12 (10 g, 14 mmol) in absolute etha-
nol (250 mL). The reaction mixture was stirred overnight at 45 8C under
a nitrogen atmosphere to give 17 (confirmed by ESIMS). After cooling
to RT, 15% Pd/C (500 mg) was added and the reaction mixture was
stirred for 2–3 h under an H2 atmosphere. The mixture was then filtered
through a pad of Celite and concentrated to give 19 as a solid residue
(confirmed by ESIMS).


Compound 17 was redissolved in absolute ethanol (250 mL) and triethyl-
amine (2.5 mL, 18.2 mmol) was added (Caution : Do not use excess base
because it leads to the formation of monocyclic guanidinium compound
15), and the reaction mixture was stirred at 50 8C for 2 h. After cooling to
RT, the solvent was evaporated in vacuo, and the residue was taken up in
CH2Cl2, washed with aqueous ammonium bromide solution (3P). The or-
ganic layer was dried and concentrated to give slightly brownish solid 22,
which was recrystallized from ethyl acetate/CH2Cl2 (9:1) to afford 22
(5.1 g, 74% in four successive steps). HPLC analysis: Rv=20 mL, Phe-
nomenex, Aqua C18, 250P4.60 mm, 5 m column, UV220, flow=1 mLmin�1,
gradient from 10% CH3OH to 50% CH3OH in 10 min and then to 90%


CH3OH, over the next 10 min, 0.1% TFA; m.p. 136 8C (ethyl acetate/
CH2Cl2);


1H NMR (360 MHz, CD3CN): d=9.64 (s, 2H; guanidinium-H),
4.26 (q, J=7.05 Hz, 8H; -OCH2CH3), 3.38 (t, J=6.1 Hz, 4H; -N-CH2),
2.41 (t, J=6.1 Hz, 4H; -CCH2-), 1.28 (t, J=7.02 Hz, 12H; -OCH2CH3);
13C NMR (90.56 MHz, CD3CN): d=167.7 (-CO, esters), 151.1 (guanidi-
nium carbon), 64.1 (-OCH2CH3), 63.1 (quaternary carbons), 44.4 (-N-
CH2), 26.1 (-CCH2-), 14.2 (-OCH2CH3); MS: m/z (%): 428 (100)
ACHTUNGTRENNUNG[M+H]+ ; anal. calcd. (%) for C19H29N3O8·HBr: C 44.89, H 5.95, N 8.27,
Br 15.72; found: C 45.03, H 5.77, N 8.23, Br 15.87.


Compound 17: HPLC analysis : Rv=15 mL, Phenomenex, Aqua C18,
250P4.60 mm, 5 m column, UV220, flow=1 mLmin�1, gradient from 50%
CH3OH to 90% CH3OH in 10 min and then 90% CH3OH for a further
5 min, 0.1% TFA; MS: m/z (%): 759.5 (100) [M+H]+ .


Compound 19 : HPLC analysis : Rv=17 mL, Phenomenex, Aqua C18,
250P4.60 mm, 5 m column, UV detection at 220 nm, flow=1 mLmin�1,
gradient from 10% CH3OH to 50% CH3OH in 10 min and then to 90%
CH3OH over the next 10 min, 0.1% TFA; MS: m/z (%): 491.2 (100)
[M+H]+ .


2,2,8,8-Tetra(propylcarbamoyl)-3,4,6,7,8,9-hexahydro-2H-pyrimido ACHTUNGTRENNUNG[1,2-
a] ACHTUNGTRENNUNGpyrimidine hydrobromide (1): A solution of trimethylaluminium
(3.5 mL, 7 mmol, 2m solution in toluene) was added dropwise to a solu-
tion of n-propylamine (0.493 mL, 6 mmol) in dry CH2Cl2 (8 mL) under a
nitrogen atmosphere. After stirring at RT for 40 min, a solution of 22
(508 mg, 1 mmol) in CH2Cl2 (7 mL) was added dropwise, and the reaction
mixture was heated at reflux for 12 h. After cooling, the reaction mixture
was quenched by addition of an aqueous HBr solution (47%) and ex-
tracted with CH2Cl2. The CH2Cl2 layer was washed with water, and the
aqueous layer was reextracted with CH2Cl2. The combined organic layers
were dried over magnesium sulfate and concentrated in vacuo to give a
white solid that was recrystallized from acetonitrile/ether to afford 1 as
white micro crystals (475 mg, 85%). HPLC analysis: Rv=16 mL, Nucleo-
dur-100–5 C8 ec column, UV220, flow=1 mLmin�1, gradient from 10%
CH3OH to 50% CH3OH in 10 min and then 50% CH3OH to 90%
CH3OH over the next 10 min, 0.1% TFA; m.p. 222 8C (ether/acetoni-
trile); 1H NMR (360 MHz, CD3OD, 25 8C): d=8.41 (br s, guanidinium-
H), 8.27 (t, J=5.67 Hz, amide protons), 3.38 (t, J=5.6 Hz, 4H; -N-CH2),
3.21 (t, J=7.03 Hz, 8H; -NCH2CH2CH3), 2.47 (t, J=6.1 Hz, 4H;
-CCH2-), 1.55 (h, J=7.2 Hz, 8H; -NCH2CH2CH3), 0.88 (t, J=7.49 Hz,
12H; -NCH2CH2CH3);


13C NMR (90.56 MHz, CD3OD, 25 8C): d=169.2
(-CO, amides), 150.8 (guanidinium carbon), 64.9 (-CCH2-), 45.5 (-N-
CH2), 43.0 (-NCH2CH2CH3), 28.6 (-CCH2-), 23.5 (-NCH2CH2CH3), 11.6
(-NCH2CH2CH3); MS: m/z (%): 480.5 (100) [M+H]+ ; anal. calcd. (%)
for C23H41N7O4·HI (as an iodide salt): C 45.47, H 6.97, N 16.14, I 20.89;
found: C 45.47, H 6.53, N 15.83, I 19.94; HRMS (microTOF-Q) calcd for
C23H42N7O4


+ : 480.3293; found: 480.3289.


2,2,8,8-Tetra(2-methoxyethylcarbamoyl)-3,4,6,7,8,9-hexahydro-2H-
pyrimidoACHTUNGTRENNUNG[1,2-a]pyrimidine hydrochloride (2): A solution of trimethylalu-
minium (3.5 mL, 7 mmol, 2m solution in toluene) was added dropwise to
a solution of 2-methoxyethylamine (0.522 mL, 6 mmol) in dry CH2Cl2
(8 mL) under a nitrogen atmosphere. After stirring at RT for 40 min, a
solution of 22 (508 mg, 1 mmol) in CH2Cl2 (7 mL) was added slowly, and
the mixture was heated at reflux for 12 h. After cooling, the reaction was
cautiously quenched by adding 6n aqueous HCl. The CH2Cl2 layer was
washed with water, and the aqueous layer was reextracted with CH2Cl2.
The combined organic layers were washed with water, brine, and dried
with magnesium sulfate. Evaporation of the organic layer left a crude
solid that was recrystallized from acetonitrile/ether to yield 2 as a white
crystalline solid (435 mg, 75%). HPLC analysis: Rv=10.8 mL, Nucleo-
dur-100–5 C8 ec column, UV220, flow=1 mLmin�1, gradient from 10%
CH3OH to 50% CH3OH in 10 min and then 50% CH3OH to 90%
CH3OH over the next 10 min, 0.1% TFA; m.p.: 178–179 8C (acetonitrile/
ether); 1H NMR (360 MHz, CD3OD, 25 8C): d=3.35–3.44 (m, 28H), 3.29
(s, 12H; -CH2OCH3), 2.41 (t, J=5.01 Hz, 4H; -CCH2-);


13C NMR
(90.56 MHz, CD3OD, 25 8C): d =169.3 (-CO, amide), 151.1 (guanidinium
carbon), 71.5 (-CH2CH2OCH3), 64.8 (-CCH2-), 58.9 (-CH2CH2OCH3),
45.4 (-NCH2-), 40.9 (-CH2CH2OCH3), 29.2 (-CCH2-); MS: m/z (%): 544.5
(100) [M++H]; anal. calcd. (%) for C23H41N7O8·HI (as an iodide salt): C
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41.14, H 6.30, N 14.60, I 18.90; found: C 41.26, H 6.23, N 14.62, I 18.51;
HRMS (microTOF-Q) calcd for C23H42N7O8


+ : 544.3089; found: 544.3095.


2,2,8,8-Tetra(phenylcarbamoyl)-3,4,6,7,8,9-hexahydro-2H-pyrimido ACHTUNGTRENNUNG[1,2-
a] ACHTUNGTRENNUNGpyrimidine hydroiodide (3): A solution of trimethylaluminium
(3.5 mL,7 mmol, 2m solution in toluene) was added dropwise to a solu-
tion of aniline (0.546 mL, 6 mmol) in dry CH2Cl2 (8 mL) under an inert
atmosphere. After stirring at RT for 40 min, a solution of 22 (508 mg,
1 mmol) in CH2Cl2 (7 mL) was added dropwise. Then the resulting mix-
ture was heated at reflux for 5 h. After cooling, the reaction was cau-
tiously quenched by addition of aqueous HBr solution (47%). The
CH2Cl2 layer was washed with water, and the aqueous layer was reex-
tracted with CH2Cl2. The combined organic layers were washed with
aqueous sodium iodide solution (3P10 mL), dried over magnesium sul-
fate, and concentrated in vacuo to give a white solid. Recrystallization
from acetonitrile/ether afforded 3 as a white crystalline solid (572 mg,
77%). HPLC analysis: Rv=20.2 mL, Nucleodur-100–5 C8 ec column,
UV220, flow=1 mLmin�1, gradient from 10% CH3OH to 50% CH3OH in
10 min and then 50% CH3OH to 90% CH3OH over the next 10 min,
0.1% TFA; m.p. 178–180 8C (acetonitrile/ether); 1H NMR (360 MHz;
CD3CN, 25 8C): d=9.19 (s, 4H; amide protons), 8.43 (br s, 2H; guanidini-
um-H), 7.66 (d, J=8.1 Hz, 8H; aromatic), 7.32 (t, J=7.9 Hz, 8H; aro-
matic), 7.15 (t, J=7.37 Hz, 4H; aromatic), 3.42 (t, J=5.90 Hz, 4H; N-
CH2-), 2.67 (t, J=6.1 Hz, 4H; -CH2-);


13C NMR (90.56 MHz; CD3CN,
25 8C): d=166.5 (-CO, amide), 149.8 (guanidinium carbon), 138.2, 129.7,
126.1, 122.0 (aromatic carbons), 65.4 (-CCH2-), 45.5 (-N-CH2), 27.9
ACHTUNGTRENNUNG(-CCH2-); MS: m/z (%): 616.4 (100) [M+H]+ ; HRMS (micrOTOF-Q)
calcd for C35H34N7O4


+ : 616.2667; found: 616.2676.


3-(3-Amino-3,3-diethoxycarbonyl)propyl-6,6-diethoxycarbonyl-3,4,5,6-tet-
rahydropyrimidine (14): 15% Pd/C (150 mg) was added to a solution of
12 (1 g, 1.4 mmol) in absolute ethanol (25 mL). The suspension was
stirred in an atmosphere of H2 for 2 h. The reaction mixture was then fil-
tered through a pad of Celite. The filtrate was evaporated in a vacuum to
give a gummy substance that was recrystallized from ether/hexane to
afford 14 as a colorless crystalline solid (600 mg, 99%). HPLC analysis:
Rv=17 mL, Phenomenex, Aqua C18, 250P4.60 mm, 5 m column, UV220,
flow=1 mLmin�1, gradient from 10% CH3OH to 50% CH3OH in
10 min and then to 90% CH3OH over the next 10 min, 0.1% TFA;
1H NMR (250 MHz, CDCl3): d =7.06 (s, 1H, -CH=N-), 4.04–4.15 (m,
8H, -OCH2CH3), 3.18 (t, J=7.3 Hz, 2H, -NCH2), 3.08 (t, J=5.7 Hz, 2H,
-NCH2), 2.09 (t, J=6.1 Hz, 2H, -CCH2-), 1.99 (t, J=7.1 Hz, 2H,
-CCH2-), 1.13 (t, J=7.0 Hz, 12H, -OCH2CH3);


13C NMR (62.9 MHz,
CDCl3): d=170.50, 169.93 (-CO, ester), 150.53 (-CH=N-), 64.60, 63.96
(quaternary carbons), 61.86, 61.41 (-OCH2CH3), 47.92, 39.66 (-NCH2-),
33.70, 25.39 (-CCH2-), 13.73, 13.66 (-OCH2CH3); MS: m/z (%): 430.4
(100) [M+H]+ .


1-[(3-Amino-3,3-diethoxycarbonyl)propyl]-2-amino-4,4-diethoxycarbonyl-
1,4,5,6-tetrahydropyrimidine bishydrobromide (15): A solution of 33%
HBr in propionic acid (1 mL) was added to a solution of 12 (40 mg,
0.056 mmol) dissolved in dry CH2Cl2 (10 mL), and the mixture was
stirred at RT for 1 h. The excess HBr was removed by a jet of nitrogen,
and the residue was redissolved in acetonitrile (5 mL). The solvent was
again removed by a stream of nitrogen to remove residual HBr. The resi-
due was dried under a high vacuum to give 15 as a yellow powder
(32 mg, 95%). HPLC analysis: Rv=16 mL, Phenomenex, Aqua C18, 250P
4.60 mm, 5 m column, UV220, flow=1 mLmin�1, gradient from 10%
CH3OH to 50% CH3OH in 10 min and then to 90% CH3OH over the
next 10 min, 0.1% TFA; 1H NMR (250 MHz, CD3CN): d=7.96 (s, 1H,
guanidinium-H); 7.49 (s, 2H, guanidinium-H); 4.21–4.38 (m, 8H,
-OCH2CH3); 3.63–3.70 (m, 2H, -NCH2); 3.42–3.51 (m, 2H, -NCH2);
2.40–2.51 (m, 4H, -CCH2-); 1.22–1.31 (m, 12H, -OCH2CH3);


13C NMR
(62.9 MHz, CD3CN): d =167.64, 165.20 (-CO, ester); 153.82 (guanidinium
carbon); 65.62 (-OCH2CH3), 65.52, (quaternary carbon); 64.85
ACHTUNGTRENNUNG(-OCH2CH3); 63.17 (quaternary carbon); 46.80, 44.14 (-NCH2-); 29.58,
26.24 (-CCH2-); 14.18, 14.09 (-OCH2CH3); MS: m/z (%): 445.3 (100)
[M+H]+ .


N,N-Bis[(3-benzyloxycarbonylamino-3,3-diethoxycarbonyl)propyl]urea
(16): A 6n aqueous solution of H2SO4 (9 mL) was added to a solution of
12 (2.29 g, 3.21 mmol) in CH3CN (20 mL), and the resulting mixture was


stirred in an oil bath at 80 8C. After stirring for 30 min, the reaction mix-
ture was cooled to RT, neutralized with 6n aqueous NaOH, concentrated
to half its volume, and freeze-dried to give a colorless solid. The solid
was taken up in acetonitrile (10 mL), and the insoluble fraction was re-
moved by filtration. The filtrate was then evaporated under vacuo to give
urea 16 as a gummy substance (2.3 g, 98%). HPLC analysis: Rv=14 mL,
Phenomenex, Aqua C18, 250P4.60 mm, 5 m column, UV220, flow=


1 mLmin�1, gradient from 50% CH3OH to 90% CH3OH in 10 min and
then 90% CH3OH extended for a further 5 min, 0.1% TFA; 1H NMR
(360 MHz, CDCl3): d=7.25–7.34 (m, 10H, aromatic), 6.29 (s, 2H, -NH),
5.74 (br s, 2H, -CONH2), 5.07 (s, 4H, PhCH2O-), 4.15-4.23 (m, 8H,
-OCH2CH3), 3.13 (t, J=7.2 Hz, 4H, -NCH2), 2.46 (t, J=7.9 Hz, 4H,
-CCH2-), 1.19 (t, J=7.1 Hz, 12H, -OCH2CH3);


13C NMR (62.9 MHz,
CDCl3): d=167.54 (-CO, ester), 158.39 (-CO-, urethane), 154.73
ACHTUNGTRENNUNG(-CONH2


�), 135.99, 128.42 128.15, 128.99 (aromatic carbons), 66.99
(PhCH2-), 64.9 (quaternary carbons), 62.83 (-OCH2CH3), 42.55 (-NCH2-),
31.84 (-CCH2-), 13.76 (-OCH2CH3); MS: m/z (%): 731.3 (100) [M+H]+ .


N,N-Bis[(3-amino-3,3-diethoxycarbonyl)propyl]urea (18): 15% Pd/C
(250 mg) was added to a solution of 16 (3.27 g, 4.47 mmol) in absolute
ethanol (35 mL). The obtained suspension was stirred under an atmos-
phere of H2 for 3 h. Then the reaction mixture was filtered through a pad
of Celite, and the evaporation of the filtrate under vacuo gave 18 as a
gummy substance (2.04 g, 99%). HPLC analysis Rv=16 mL, Phenomen-
ex, Aqua C18, 250P4.60 mm, 5 m column, UV220, flow=1 mLmin�1, gradi-
ent from 10% CH3OH to 50% CH3OH in 10 min and then to 90%
CH3OH over the next 10 min, 0.1% TFA; 1H NMR (250 MHz, CD3CN):
d=5.35 (br s, 2H, -CONH2), 4.14 (q, J=7.0 Hz, 8H, -OCH2CH3), 3.20 (t,
J=7.3 Hz, 4H, -NCH2-), 2.3 (br s, 4H, -NH2), 2.08 (t, J=7.3 Hz, 4H,
-CCH2-), 1.20 (t, J=6.9 Hz, 12H, -OCH2CH3);


13C NMR (90.56 MHz,
CD3CN): d=172.24 (-CO, ester), 159.99 (-CONH2), 65.23 (quaternary
carbons), 62.78 (-OCH2CH3), 42.50 (-NCH2-), 33.96 (-CCH2-), 14.29
ACHTUNGTRENNUNG(-OCH2CH3); MS: m/z (%): 463.2 (100) [M+H]+ .


1-[(3-Amino-3,3-diethoxycarbonyl)propyl]-2-oxo-4,4-diethoxycarbonyl-
1,4,5,6-tetrahydropyrimidine (20): A solution of 18 (80 mg, 0.17 mmol) in
nitropropane (2 mL) was heated in an oil bath at 135 8C for 2 h. After
cooling the reaction mixture to RT, the solvent was removed under re-
duced pressure, and the residue was purified by column chromatography
over silica gel (50% ethyl acetate/hexane) to give 20 as a gummy sub-
stance (20 mg, 27%). HPLC analysis: Rv=16 mL, Phenomenex, Aqua
C18, 250P4.60 mm, 5 m column, UV220, flow=1 mLmin�1, gradient from
10% CH3OH to 50% CH3OH in 10 min and then to 90% CH3OH over
the next 10 min, 0.1% TFA; 1H NMR (250 MHz, CDCl3): d =6.4 (s, 1H,
-NH-), 5.1 (s, 2H, -NH2), 4.2–4.3 (m, 8H, -OCH2CH3), 3.7–3.9 (m, 4H,
-NCH2-), 2.1–2.6 (m, 4H, -CCH2-), 1.2–1.3 (m, 12H, -OCH2CH3);
13C NMR (62.9 MHz, CDCl3): d=169.86, (-CO, ester), 169.69 (ring -CO),
65.29, (quaternary carbons), 62.54 (-OCH2CH3), 62.50 (-OCH2CH3),
45.14, 39.30 (-NCH2-), 31.8, 31.16 (-CCH2-), 13.9 (-OCH2CH3); MS: m/z
(%): 446.2 (100) [M+H]+


2,2,8,8-Tetracarboxy-3,4,6,7,8,9-hexahydro-2H-pyrimido ACHTUNGTRENNUNG[1,2-a]pyrimidine
hydrobromide (23): A 4n aqueous solution of NaOH (16 mL) was added
to a solution of 22 (1 g, 2 mmol) in ethanol (16 mL) and cooled to 0 8C.
The resulting mixture was stirred at RT for 24 h. The reaction mixture
was acidified to pH 1 with 47% HBr solution. Evaporation of the solvent
in vacuo left a colorless solid residue that was then taken up in isopropa-
nol (15 mL) and stirred vigorously for 15 min. The insoluble salt residue
was removed by filtration, and the filtrate was evaporated in vacuo to
give a colorless residue that was recrystallized from acetonitrile/H2O to
afford 23 as a colorless crystalline solid (700 mg, 88%). HPLC analysis:
Rv=2 mL, Phenomenex, Aqua C18, 250P4.60 mm, 5 m column, UV220,
flow=1 mLmin�1, gradient from 10% CH3OH to 50% CH3OH in
10 min and then to 90% CH3OH over the next 10 min, 0.1% TFA;
1H NMR (250 MHz, D2O): d=3.5 (t, J=5.5 Hz, 4H, -NCH2-), 2.51 (t, J=


5.4 Hz, 4H, -CCH2-);
13C NMR (62.9 MHz, D2O): d=176.01 (CO, acid),


152.10 (guanidinium carbon), 67.23 (quaternary carbons), 47.46
ACHTUNGTRENNUNG(-NCH2-), 29.56 (-CCH2-); MS: m/z (%): 228.3 (100) [(M�2PCO2)]


+ ,
316.2 (100) [M+H]+ .
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Introduction


The concept of vicarious nucleophilic substitution (VNS) of
hydrogen in electron-deficient arenes was developed three
decades ago.[1,2] Since then this method has been thoroughly
studied and has become a versatile tool for the introduction
of a variety of substituents into aromatic or heteroaromatic
nitro compounds.[3–6]


In general, the reaction proceeds by fast and reversible
addition of a carbanion, bearing a leaving group X (e.g. hal-
ogen) at the carbanion center, to a nitroarene, followed by
base-induced b-elimination of H�X from the resultant sH-
adduct. At least two equivalents of base are necessary for
the reaction to proceed, one for the deprotonation of the
CH-acid to form the carbanion and the second for inducing
the b-elimination of H�X. After final protonation, the sub-
stituted nitroarene or -heteroarene is obtained
(Scheme 1).[7–10]


It has been reported that the solvent, the nature and con-
centration of the base, and the steric demand of the carban-
ion have a considerable influence on the ratio of isomeric
products.[11] When there is a high excess of the base, H�X
elimination is faster than the retroaddition of the sH-adduct,
and the formation of the sH-adducts becomes irreversible.
Nitro-substituted heteroarenes, similar to their carbocyclic
analogues, readily enter the VNS reaction giving products
that are important building blocks in organic synthesis.[12]


Therefore, it is of interest to determine their electrophilic
activities and compare them with those of typical aliphatic
electrophiles.


Abstract: The relative rate constants
for the vicarious nucleophilic substitu-
tion (VNS) of the anion of chlorometh-
yl phenyl sulfone (1�) with a variety of
nitroheteroarenes, for example, nitro-
pyridines, nitropyrroles, nitroimida-
zoles, 2-nitrothiophene, and 4-nitropyr-
azole, have been determined by com-
petition experiments. It was shown that
nitropyridines are approximately four
orders of magnitude more reactive
than nitrobenzene. Among the five-
membered heterocycles 2-nitrothio-
phene is the most active followed by


nitroimidazoles and 4-nitropyrazole.
Nitropyrroles are the least electrophilic
nitroheteroarenes with reactivities
comparable to nitrobenzene. Quantum
chemically calculated methyl anion af-
finities (B3LYP/6–311GACHTUNGTRENNUNG(d,p)//B3LYP/
6–31G(d)) of the nitroarenes correlated


only moderately with the partial rela-
tive rate constants. The correlation of
these activities with the LUMO ener-
gies of nitroarenes is even worse. By
measuring the second-order rate con-
stants of the addition of 1� to nitroar-
enes and to diethyl arylidenemalonates
10, it was possible to link the electro-
philic reactivities of nitroheteroarenes
with the comprehensive electrophilicity
scale based on the linear-free-energy-
relationship log kACHTUNGTRENNUNG(20 8C)= sACHTUNGTRENNUNG(N + E).


Keywords: aromatic vicarious nu-
cleophilic substitution · density
functional calculations · heterocy-
cles · kinetics · linear free energy
relationships
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Understanding and predicting the influence of substitu-
ents will help to control regioselectivity in nucleophilic aro-
matic displacement reactions. Analogous substituent effects
on the electrophilic activities of nitro-substituted benzenoid
arenes have already been studied earlier.[13,14]


Results and Discussion


Product studies : As shown previously, the anion of chloro-
methyl phenyl sulfone (1�) undergoes VNS reactions with a
broad variety of electron-deficient arenes[15,16] and was used
as a substrate in earlier mechanistic studies.[7–10,13,14] Accord-
ingly, it was chosen as the reference nucleophile also in this
work. For the determination of relative electrophilic reactiv-
ities of various heteroarenes toward 1� by competition ex-
periments, it was necessary to have samples of all VNS
products, which were synthesized as described in Schemes 2
and 3. Some of these products were described earlier, as
specified in the schemes.


The ratios of isomeric products obtained by VNS reac-
tions of 3-nitropyridine (4a),[18] 2-chloro-3-nitropyridine
(4b),[18] and 2-methoxy-5-nitropyridine (4d)[20] with the sul-
fonyl carbanion 1� agree with those reported in the litera-
ture (Scheme 2). Compound 4c is predominately attacked
by 1� at position 6 to yield 4cp as the major product
(Scheme 2) in accordance with the quantitative competition
experiments discussed below. In contrast, the reaction of 1�


with 4-methoxy-3-nitropyridine was reported to yield only
the corresponding 2-substitution product.[20]


In the presence of strong bases, 1-unsubstituted nitropyr-
roles, nitroimidazoles, and nitropyrazoles are converted into
the corresponding anions, which do not react with nucleo-
philes. Therefore we used the non-acidic 1-methylated deriv-
atives 5–7 for our competition experiments.


The VNS reactions of 1� with N-methyl-2-nitropyrrole
(5a) and N-methyl-3-nitropyrrole (5b) gave only single re-
gioisomers (Scheme 3).[21,22]


While Crozet and co-workers[24–26] reported the exclusive
formation of 6ao, when 6a was treated with 1 and potassium
hydroxide in DMSO at room temperature, we isolated a
mixture of 4-benzenesulfonylmethyl-1-methyl-5-nitroimida-
zole (6ao, 42%) and 15% of the corresponding 2-isomer
(6ap, Scheme 3) in accordance with earlier reports.[23] Only
one regioisomer was obtained in the reaction of 1-methyl-4-
nitroimidazole (6b, Scheme 3) with 1�.


1-Methyl-4-nitropyrazole (7) was exclusively attacked at
position 5 to give 5-benzenesulfonylmethyl)-1-methyl-4-
nitro-1H-pyrazole (7o) in 86% yield (Scheme 3), in analogy
to previously reported reactions of 7 with other carban-
ions.[27,28] In contrast to the regioselectivity of the reaction of
5a with 1� (see above), 2-nitrothiophene (8) is selectively at-
tacked at the 3-position by 1� (Scheme 3).[22,29]


Competition experiments: For the determination of the rela-
tive electrophilic reactivities of the electron-deficient arenes
3–8, a mixture of two nitroheteroarenes was treated with
chloromethyl phenyl sulfone (1) and KOtBu. The products,
obtained after treatment of the reaction mixtures with dilut-


Scheme 1. Mechanism of the vicarious nucleophilic substitution in nitro-
arenes with the anion of chloromethyl phenyl sulfone (1�).


Scheme 2. VNS reactions of 3-nitropyridines 4a–d with the anion of
chloromethyl phenyl sulfone (1�).[17] i) 1. DMF, KOtBu, �40 8C, 5 min; 2.
HCl(aq). [a] Ref. [18]. [b] Ref. [19,20]
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ed hydrochloric acid, were extracted with chloroform and
analyzed by GC and/or HPLC (Scheme 4).


A low reaction temperature (�40 8C) and a high concen-
tration of potassium tert-butoxide (four equivalents) guaran-
teed the reaction to proceed under kinetic control with irre-
versible formation of the sH-adduct (Scheme 1). Because b-
elimination of HCl from the sH-adducts is much faster than
the reverse reaction (k2[B]@k�1),


[13,14] the ratio of the isolat-
ed products reflects the ratio of the addition rate constants
k1. As competitors for the nitroheteroarenes we used the
para-substituted nitrobenzenes 3b–d (formula see Figure 1)
and 1-nitronaphthalene (3e), which allowed us to combine
the relative reactivities of this work with those of earlier
studies.[13,14] A summary of all relative reactivities deter-
mined in this investigation is shown in Table 1. If there is


more than one reaction center in the nitroheteroarenes, also
the chromatographically determined product ratios are
given. The results obtained by HPLC analysis are in good
agreement with those from GC measurements. Whereas the
results of the two methods differ by 25% for the first entry
of Table 1, the deviation for all other systems is less than
10%. For further evaluation only the results obtained by
GC are considered.


Equation (1) represents the logarithm of the competition
constants kA/kB=k. By expressing all available competition
constants (GC) in this way, an overdetermined set of linear
equations [Eq. (1)] was obtained, which is solved by least
squares minimization[30] to give the krel values listed in
Figure 1. The activity of one ortho-position in nitrobenzene


Scheme 3. VNS reactions of five-membered heterocycles 5–8 with the
anion of chloromethyl phenyl sulfone (1�). i) 1. DMF, KOtBu, �40 8C,
5 min; 2. HCl(aq). [a] Ref. [21]. [b] Ref. [22]. [c] Ref. [23].


Scheme 4. Competition experiment for determining the relative electro-
philic reactivities of two nitroarenes A and B.


Table 1. Reactivity ratios derived from competition experiments.


A B Analysis k[a,b] Regioselectivity


4a 3e GC 17�1 ACHTUNGTRENNUNG[4ao]: ACHTUNGTRENNUNG[4ap]=12�2
HPLC[c] 13�1 ACHTUNGTRENNUNG[4ao]: ACHTUNGTRENNUNG[4ap]=12�2


4b 3e GC 19�1
HPLC[c] 21�0.1


4c 3d GC 4.5�0.4 ACHTUNGTRENNUNG[4cp]: ACHTUNGTRENNUNG[4co]=2.0�0.1
HPLC[c] 4.2�0.3 ACHTUNGTRENNUNG[4cp]: ACHTUNGTRENNUNG[4co]=2.6�0.1


3e 4c GC[d] 4.8�0.1
4d 3e GC 3.7�0.2


HPLC[c] 3.7�0.5
3b 5a GC 2.2�0.1
5b 5a GC 5.0�0.3
5b 3b GC 2.8�0.3


HPLC[c] 3.1�0.4
6a 3b GC 11�1 ACHTUNGTRENNUNG[6ao]: ACHTUNGTRENNUNG[6ap]=1.00�0.03


HPLC[e] 9.9�1.4 ACHTUNGTRENNUNG[6ao]: ACHTUNGTRENNUNG[6ap]=0.87�0.11
3c 6a GC 7.0�0.3 ACHTUNGTRENNUNG[6ao]: ACHTUNGTRENNUNG[6ap]=0.90�0.04
6b 3c GC 5.7�0.4


HPLC[c] 6.2� 0.5
6b 3d GC 1.8�0.1
7 3c GC 1.0�0.1


HPLC[c] 1.1�0.02
3d 7 GC 2.7�0.3
8 3e GC 3.9�0.5


HPLC[c] 4.1�0.7


[a] k=kA/kB (ratio of the overall reactivity of A and B). [b] The indicated
errors refer to the reproducibility of the chromatographic analysis, devia-
tions between the results obtained by different methods show that the ab-
solute errors are bigger. [c] Analysis at 264 nm. [d] Amount of ortho
product of 4c is estimated on the basis of [4cp]: ACHTUNGTRENNUNG[4co]=2.0�0.04.
[e] Analysis at 280 nm.
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(3a) was defined as 1.0,[13] and the previously reported over-
all activities of 4-chloronitrobenzene (3d, krel=250),[13] 4-
methoxynitrobenzene (3b, krel=1.8),[14] 4-fluoronitrobenzene
(3c, krel=100),[14] and 1-nitronaphthalene (3e, krel=4600)[14]


were treated as invariable.


log kA � log kB ¼ log k ð1Þ


The reactions of 5-nitrofuran-2-carbonitrile, 2-bromo-5-ni-
trothiophene, and 5-nitrothiazole with 1� gave complex mix-
tures of products, which could not be analyzed quantitative-
ly by GC and HPLC. Their electrophilic reactivities could,
therefore, not be determined by analogous competition ex-
periments. In line with these observations, nitrothiazoles
have previously been reported to decompose in the presence
of alkoxides.[31–33]


Direct rate measurements: In 2003, Lemek et al. showed
that the reactions of a-halocarbanions with 4-methoxynitro-
benzene (3b) yield persistent sH-adducts in DMF at
�40 8C.[8] The second-order rate constants for these addi-
tions were determined by UV/Vis spectroscopy. Analogous-
ly, we determined the rate constants for the additions of 1�


to 3b, 3d, and 2,4-dichloronitrobenzene (3 f, studied in refs.
[13] and [14]) by following the absorbance of the sH-adduct
at 425 nm (Table 2). To inhibit the elimination of HCl from


the sH-adducts, chloromethyl phenyl sulfone (1) was used in
slight excess over KOtBu. Entries 1/2 and 3/4 of Table 2
show that the second-order rate constants determined for
these additions do not depend on the reaction conditions,
that is, which of the two reagents is used as the major com-


Figure 1. Overall relative reactivities krel (�40 8C) of nitroheteroarenes
toward the anion of chloromethyl phenyl sulfone (1�) based on k values
(Table 1) in relation to nitrobenzene (3a, krel=2.7).[13] The numbers in
the formula give the relative reactivities of the corresponding positions
with respect to one ortho-position of nitrobenzene. The numbers in pa-
rentheses indicate HPLC results, all other numbers result from GC analy-
sis. [a] Ref. [13]. [b] Ref. [14].


Table 2. Second-order rate constants k2 of the reactions of carbanion 1�


with vinylic and aromatic electrophiles in DMF at �40 8C.
Entry A[a] B k2 (�40 8C) [m�1 s�1][b]


1[c] 1� 3b (2.26�0.12)@10�1
2[c] 3b 1� (2.34�0.17)Q10�1
3[c] 1� 3d (2.95�0.11)Q101
4[c] 3d 1� (2.77�0.08)@101
5[c] 3 f[d] 1� (1.95�0.11)Q102
6[e] 1� 10a (1.01�0.03)Q101
7[e] 1� 10b 4.65�0.31[f]


8[e] 1� 10c 2.64�0.12


[a] Compound used in excess to ensure pseudo-first-order kinetics.
[b] Bold values are considered to be more reliable and are used for fur-
ther calculations. [c] Exponential increase of the sH-adduct (425 nm) is
followed. [d] 3 f : 2,4-dichloro-nitrobenzene. [e] Exponential decrease of
the electrophile band is followed. [f] DH� = (28.3�1.1) kJmol�1 and
DS� = (�111�5) Jmol�1K�1.
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ponent under pseudo-first-order conditions. The ratio of the
directly measured rate constants (k3d/k3b=123, from Table 2)
is in good agreement with the relative reactivities deter-
mined by competition experiments (k3d/k3b=139, from
Figure 1). Thus, the consistency of the two independent
methods of reactivity studies is confirmed.


To compare the reactivities of aliphatic and aromatic elec-
trophiles, the kinetics of the additions of 1� to diethyl benzy-
lidenemalonates 10a–c (Scheme 5) were studied analogously


(Table 2, entries 6–8). The electrophiles 10a–c show strong
absorption bands in the UV/Vis spectra at lmax=400–
420 nm. When treated with an excess of 1�, complete decol-
orization of the solutions was observed, indicating quantita-
tive reactions. From the exponential decay of the absorban-
ces of 10a–c, the pseudo-first-order rate constants were de-
rived and plotted against the variable concentrations of 1�


to give the second-order rate constants listed in Table 2 (en-
tries 6–8).[34]


The reaction course proposed in Scheme 5 was confirmed
by the isolation of 11a, which was obtained by protonation
of the adduct of 1� and benzylidenemalonate 10a.


Kinetic studies of the reaction of 1� with diethyl benzyli-
denemalonate 10b at various temperatures yielded the
Eyring activation parameters DH� = (28.3�1.1) kJmol�1


and DS� = (�111�5) Jmol�1K�1.
To link the kinetic data in Figure 1 and Table 2 to our


comprehensive reactivity scales,[35] we also studied the kinet-
ics of the additions of nitroethyl anion (9�) to 10a–c and the
quinone methides 12a–c in DMF (Scheme 6) at various tem-
peratures. From the second-order rate constants, the Eyring
activation parameters and the second-order rate constants at
�40 8C were derived (Table 3).


Relative reactivities of heteroarenes : As pyridine is well
known to be p-electron deficient compared to benzene, it is
not surprising that the nitropyridines 4a–d are more electro-
philic than analogously substituted nitrobenzenes.[36–38] The
introduction of a ring nitrogen into nitrobenzene (3a) and
4-methoxynitrobenzene (3b) increases the electrophilic re-
activity by four orders of magnitude: 3-Nitropyridine (4a) is


about 29000 times more reactive than nitrobenzene (3a,
Figure 1) and the 2-position of 4d is 19000 times more reac-
tive than one of the corresponding positions of 3b.


The overall reactivity of 4-ethoxy-3-nitropyridine (4c,
krel=1000) towards 1� is approximately 17 times lower than
the activity of 2-methoxy-5-nitropyridine (4d). With the as-
sumption that the electronic effects of methoxy and ethoxy
are similar (Hammett s), the comparison of compounds 4c
and 4d shows that the activating effect of a nitro group is
more reduced by alkoxy groups in the ortho-position than
by alkoxy groups in the para-position. Similar effects were
observed for 2- and 4-methoxynitrobenzenes.[14]


2-Chloro-3-nitropyridine (4b, krel=87000) is only 1.1
times more reactive than 3-nitropyridine (4a), indicating a
neglible activating effect by chlorine. On the other hand,
chlorine has a noticeable activating effect in the benzene
series, and 2-chloro-nitrobenzene is 6.4 times more reactive
towards 1� than nitrobenzene (3a).[13,14] The preferred
attack of 1� at position 4 in 3-nitropyridine (4a) is in good
agreement with the relative reactivities of different chloro-
substituted 3-nitropyridines in nucleophilic aromatic substi-
tutions of chloride.[39] 4-Chloro-3-nitropyridine reacts 16
times faster with pyridine than 2-chloro-5-nitropyridine and
31 times faster than 2-chloro-3-nitropyridine.


Pyrrole is around 1010 times more nucleophilic than ben-
zene,[40] due to its higher p-electron density and lower aro-
maticity. Remarkably, in the case of vicarious nucleophilic
substitution the electrophilicities of the nitropyrroles 5a and


Scheme 5. Reactions of carbanion 1� with Michael acceptors 10a–c.


Scheme 6. Reaction of the nitroethyl anion (9�) with the quinone me-
thides 12a–c.


Table 3. Second-order rate constants k2 and Eyring activation parameters
of the reactions of the nitroethyl anion (9�) with quinone methides 12a–c
and diethyl benzylidenemalonates 10a–c in DMF. The exponential de-
crease of UV/Vis absorbances of the electrophile was followed.


k2 (20 8C)
ACHTUNGTRENNUNG[m�1 s�1]


DH�


ACHTUNGTRENNUNG[kJmol�1]
DS�


[Jmol�1K�1]
k2 (�40 8C) [m�1 s�1][a]


10a (4.52�0.18)Q10�1 44.4�1.7 �101�6 (3.01�0.57)Q10�3
10b (2.46�0.02)Q10�1 45.4�0.8 �102�3 (1.56�0.15)Q10�3
10c 1.76Q10�1 46.1�0.4 �102�1 (1.01�0.05)Q10�3
12a (1.15�0.04)Q103 33.3�0.5 �73�2 (2.55�0.23)Q101
12b (1.94�0.10)Q102 30.2�1.9 �98�6 6.15�1.52
12c (8.97�0.46)Q101 31.1�1.5 �101�5 2.62�0.53


[a] Calculated from Eyring parameters.
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5b are comparable to that of nitrobenzene (3a), indicating
that the increased electron density in pyrroles is compensat-
ed by the reduced aromaticity. Thereby, 1-methyl-3-nitropyr-
role (5b, krel=5.0) is five times more reactive than its 2-
nitro isomer 5a (krel=1.0).


The same ranking of reactivity was found for the two iso-
mers of 1-methyl-nitroimidazole (6a and 6b, Scheme 1).
The 4-nitro compound 6b, which is structurally related to
5b, reacts 31 times faster with 1� than 1-methyl-5-nitroimi-
dazole (6a, krel=18).


Figure 2 illustrates that replacement of a CH group by ni-
trogen generally increases the electrophilicity of the aromat-
ic ring towards 1�. This effect is much larger in the six-mem-


bered than in the five-membered rings. Whereas 3-nitropyri-
dine (4a) is 29000 times more active than nitrobenzene
(3a), nitroimidazole 6a is only activated by a factor of 18 in
relation to nitropyrrole 5a. Important is also the position at
which the additional nitrogen atom is located in the ring: 1-
Methyl-4-nitroimidazole (6b) is activated by a factor of 110,
whereas the isomeric nitropyrazole 7 is only 19 times more
reactive than 5b.


Although thiophene is considerably more nucleophilic
than benzene, acceptor-substituted thiophene derivatives are
also known to be more active in SNAr reactions than analo-
gously substituted benzene derivatives.[41–43] The activity of
2-nitrothiophene (8) in the VNS reaction with 1� follows
this pattern. With krel=18000, compound 8 is the most
active five-membered heterocycle of Figure 1, comparable
to the nitropyridines 4a–d. Possibly the low aromaticity of
thiophene and the ability of sulfur to expand its electron
octet facilitates the accommodation of the negative charge
in the sH-adduct and therefore enhances the activity in nu-
cleophilic addition reactions.


Quantum chemical calculations: The nitroheteroarenes 3–8
and the corresponding methyl anion adducts have been cal-
culated with Gaussian03.[44] Structures were optimized at the
B3LYP level using the 6–31G(d) basis set. Single-point ener-


gies have then been calculated at the B3LYP/6–311+G ACHTUNGTRENNUNG(d,p)
level. Combination of these energies with thermochemical
corrections derived from a harmonic vibrational frequency
analysis at the B3LYP/6–31G(d) level yield the enthalpies
H298 at 298 K. For detailed information, see the Supporting
Information.


A plot of the logarithms of the partial rate constants
versus the calculated methyl anion affinities shows a moder-
ate correlation (Figure 3). Multiplication of log krel with


2.303 RT converts the y axis of Figure 3 into relative activa-
tion free energies DDG�. The resulting slope DDG�/DDHrxn-
ACHTUNGTRENNUNG(CH3


�)=0.29 indicates that approximately 30% of the cal-
culated differences in gas-phase methyl anion affinities are
reflected by the relative activation energies in solution. A
quantitative interpretation of this ratio is problematic, be-
cause it is well-known that the differences of ion stabiliza-
tion in the gas phase are generally attenuated in solution.[45]


From the small size of this ratio and the significant scatter
shown in Figure 3 one can conclude, however, that the elec-
trophilicities of the nitroarenes depend on the relative sta-
bilities of the s-adducts but that other, transition-state spe-
cific, properties contribute.


The correlation between the relative reactivities and the
LUMO energies of the nitroarenes is even worse (R2=0.31,
Figure 4). Nitrobenzene (3a), one of the least reactive elec-
trophiles, and 2-methoxy-5-nitropyridine (4d), one of the
most reactive electrophiles, have almost the same LUMO
energies. Thus, LUMO energies by themselves are also not
suitable for predicting the relative reactivities of nitrohetero-


Figure 2. Effect of an additional nitrogen atom in the ring on the overall
activity towards 1�.


Figure 3. Correlation of logarithmic relative partial reactivities (�40 8C)
of nitroheteroarenes versus their methyl anion affinities (B3LYP/6–311+


G ACHTUNGTRENNUNG(d,p)//B3LYP/6–31G(d)).
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arenes. Despite the poor correlations, one observation might
be significant: Systems, which strongly deviate in a positive
or negative direction from the correlation in Figure 3 usually
deviate in the same direction in the (log krel)/ELUMO correla-
tion (Figure 4). One, therefore, might argue that systems
where the DG8 and frontier orbital term enforce each other,
give rise to the deviations in one or the other direction. We
hesitate to interpret these data more quantitatively, because
neither the relative stabilities of the adducts (Figure 3) nor
the relative magnitudes of the LUMO coefficients (see Sup-
porting Information) can correctly predict the regioselectivi-
ty of the nucleophilic attack at compounds 3a, 4a, 4b, and
6a. A special effect directing into the ortho-position of the
nitro group seems to be operating. Though one might con-
sider the positive counter ions being responsible for this
orientation, the independence of the rate constants of the
nature of the counter ion argues against this interpreta-
tion.


Comparison of aromatic and aliphatic electrophiles : From
the second-order rate constants k2 of the reactions of 1�


with 10a–c and 3b,d at �40 8C in DMF (Table 2), one can
derive that the electrophilicities of the benzylidenemalo-
nates 10a–c are in between those of 3b and 3d (Figure 5).


Because electrophilicity parameters E for compounds
10a–c have recently been determined,[46] we can now include
the nitroarenes 3–8 (Figure 1) into the comprehensive elec-
trophilicity scale based on the correlation Equation (2):[35]


log k2 ð20 �CÞ ¼ s ðN þ EÞ ð2Þ


where s=nucleophile-specific slope parameter, N=nucleo-
philicity parameter, E=electrophilicity parameter.


For that purpose, the relative rate constants at �40 8C
given in Figure 1 have to be converted into second-order
rate constants (Lmol�1 s�1) at 20 8C. From the ratio k2


(Table 2)/krel (Figure 1) for the reaction of 1� with 3b
(0.126) and 3d (0.111) one can derive that multiplication of
krel from Figure 1 with the average value 0.119 yields the
second-order rate constants (�40 8C, DMF) for the reactions
of 1� with the nitroarenes 3–8.


From the temperature dependence of the reaction of 1�


with 10b in DMF an activation entropy of DS� =


�111 Jmol�1 K�1 was determined (see footnote [f] of
Table 2). As expected, this value is of the same order of
magnitude as those for other combinations of carbanions
with neutral electrophiles in DMF (Table 3) and was, there-
fore, used to transform the second-order rate constants at
�40 8C into values at 20 8C (for details see the Supporting
Information p. S76).


Figure 6 shows a linear correlation between the rate con-
stants (log k2) of the reactions of 1� with 10a–c at 20 8C
(from Table 4, last column) versus the E parameters of these
electrophiles. According to Equation (2), the slope yields s=


0.64, and the intercept on the abscissa gives N=26.64 for
the carbanion 1� in DMF.


Substitution of N and s for 1� and the value of log k2, calcd


(20 8C) from Table 4 into Equation (2) allows one to calcu-
late the electrophilicity parameters E for the nitroheteroar-
enes 3–8, which are depicted in Figure 7 along with several
previously characterized electrophiles.


It should be noted that the slope parameter s for the carb-
anion 1� was derived from only three rate constants with
electrophiles in a relatively narrow range of reactivity. For


Figure 4. Correlation of logarithmic relative partial reactivities (�40 8C)
of nitroheteroarenes versus the corresponding LUMO energy (B3LYP/6–
31G(d)).


Figure 5. Second-order rate constants (Lmol�1 s�1) for the additions of 1�


to aromatic and vinylic electrophiles (DMF, �40 8C).
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that reason, the E values for electrophiles, which differ by
several orders of magnitude from those of compounds 10a–
c, should be treated with caution.


Conclusion


The UV/Vis spectroscopically determined second-order rate
constants for the reactions of the sulfonyl-stabilized carban-
ion 1� with the aromatic (3b, 3d) and nonaromatic electro-
philes (10a–c) can be used to link the manifold of relative


electrophilic reactivities of nitroheteroarenes in VNS reac-
tions, which were determined by competition experiments,
with the comprehensive electrophilicity scale based on
Equation (2). Because of the uncertainty in the nucleophilic-
ity parameters N and s for carbanion 1� in DMF, the E pa-
rameters given in Figure 7 should be considered preliminary.
However, the comparison of aromatic and nonaromatic
electrophiles shown in Figure 7 provides a reliable orienta-
tion, which can be used to guide synthetic studies until more
reliable electrophilicity parameters E for these compounds
become available.


Experimental Section


General : 1H and 13C NMR chemical shifts are expressed in ppm and
refer to TMS. DEPT and HSQC experiments were employed to assign


Figure 6. Plot of log k2 for the reactions of 1� with 10a–c (20 8C, DMF,
Table 4) versus the electrophilicity parameters E of the benzylidenemalo-
nates 10a–c.


Table 4. Calculation of second-order rate constants k2 (DMF, 20 8C) for
the reactions of the carbanion 1� with the nitroarenes 3–8 and benzylide-
nemalonattes 10 from the corresponding relative rate constants at
�40 8C.


krel


(�40 8C)[a]
k2


(�40 8C)[b]
ACHTUNGTRENNUNG[m�1 s�1]


k2, calcd


(�40 8C)[c]
ACHTUNGTRENNUNG[m�1 s�1]


k2, calcd (20 8C)
[d]


[m�1 s�1]


4b 8.7Q104 – 1.0Q104 5Q104


4a 7.8Q104 – 9.3Q103 5Q104


8 1.8Q104 – 2.1Q103 1Q104


4d 1.7Q104 – 2.0Q103 1Q104


3e 4.6Q103 – 5.5Q102 5Q103


3 f – 1.95Q102 2.0Q102 2Q103


4c 1.0Q103 – 1.2Q102 2Q103


6b 5.5Q102 – 6.6Q101 9Q102


3d 2.5Q102 2.77Q101 3.0Q101 5Q102


3c 1.0Q102 – 1.2Q101 2Q102


7 9.3Q101 – 1.1Q101 2Q102


10a – 10.1 1.0Q101 2Q102


10b – 4.65 4.7 1Q102


10c – 2.64 2.6 7Q101


6a 1.8Q101 – 2.1 6Q101


5b 5.0 – 6.0Q10�1 2Q101


3a 2.7 – 3.2Q10�1 1Q101


3b 1.8 2.26Q10�1 2.1Q10�1 1Q101


5a 1.0 – 1.2Q10�1 6


[a] From competition experiments (Figure 1). [b] From direct rate meas-
urements (Table 2). [c] Calculated by multiplication of krel with the aver-
age factor 0.119. [d] Calculated with DS� =�111 Jmol�1K�1 (for details
see the Supporting Information).


Figure 7. Electrophilicity scale according to Equation (2). [a] Ref. [47].
[b] Ref. [40]. [c] Ref. [34a]. [d] Ref. [48]. [e] Ref. [34b]. [f] Ref. [49].
[g] Ref. [50]. [h] Ref. [46].
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the signals. Syringes used to transfer reagents were purged with dry nitro-
gen prior to use. All competitive and preparative VNS reactions were
carried out with magnetic stirring in flame-dried glassware under an at-
mosphere of dry nitrogen. Dry DMF was purchased (< 50 ppm H2O).
Cooling of the reaction vessels was performed by the use of a cryostat
unit. The yields of the products in competitive experiments were deter-
mined either by gas chromatography or HPLC using diphenyl sulfone as
an internal standard. GC was performed with nitrogen as mobile phase
and FID detector on a Thermo Electron Focus apparatus equipped with
an MN 25 mQ0.25 mm stainless column packed with fused-silica and an
automatic injection unit (temperature gradient: 150 8C [2 min]–8 8C/min–
280 8C [10 min]). For HPLC a CC 250/4 Nucleosil 120–3 normal-phase
column and n-heptane and ethyl acetate as mobile phase (gradient: 0–
100% ethyl acetate or 0–50% ethyl acetate in 45 min, detector: UV/Vis)
were used. The following starting materials were prepared according to
the published procedures: Chloromethyl phenyl sulfone (1),[15] 1-methyl-
2-nitropyrrole (4a),[51] 1-methyl-3-nitropyrrole (4b),[51] 1-methyl-5-nitroi-
midazole (6a),[52] 1-methyl-4-nitroimidazole (6b),[53] 1-methyl-4-nitropyr-
azole (7),[54] 2-nitrothiophene (8),[55] 2-bromo-5-nitrothiophene,[56] 5-nitro-
thiazole.[57,58]


The product mixtures were analyzed by gas chromatography and high-
performance liquid chromatography. The product ratios were determined
relative to diphenyl sulfone (2) as an internal standard. To guarantee the
reproducibility of the obtained results, all examined VNS products were
first isolated on a preparative scale and characterized. Figure 8 and
Figure 9 show typical GC and HPLC chromatograms obtained for a VNS
experiment, in which 1-methoxy-4-nitrobenzene (3b) was competing with
N-methyl-3-nitropyrrole (5b) for 1�.


The relative activities determined for particular pairs of nitroheteroar-
enes were calculated from the observed product ratios with Equation (3).


kA


kB
¼


ln
�
½A	0�


P
½PA 	


½A	0


�


ln
�
½B	0�


P
½PB 	


½B	0


� ð3Þ


[A]0 and [B]0 are starting concentrations of the nitroheteroarenes; [PA]
and [PB] are the concentrations of reaction products of nitroarenes A
and B, respectively.


General procedure for preparative VNS reactions: A solution of KOtBu
(452 mg, 2.50 mmol) in DMF (6 mL) was added to a solution of 1
(307 mg, 1.61 mmol) in DMF (5 mL) cooled to �40 8C and the mixture
was stirred for 30 s. A solution of the appropriate arene or heteroarene
in DMF (2 mL) was added and the mixture was stirred for a further
5 min at �40 8C, then 1m HCl (15 mL) was added. The mixture was then
extracted with CH2Cl2 (3Q40 mL). The combined organic layers were
dried over MgSO4, and the solvent was evaporated. The pure products
were isolated by column chromatography over silica gel or recrystalliza-
tion from EtOH.


General procedure for competitive VNS reactions: Chloromethyl phenyl
sulfone (95.3 mg, 0.500 mmol), diphenyl sulfone (43.7 mg, 0.200 mmol),
and the appropriate competing arenes/heteroarenes were dissolved in
DMF (4 mL) in a 10 mL round-bottomed Schlenk flask. A 1 mL portion
of this mixture was transferred to another 10 mL round-bottomed
Schlenk flask and cooled to �40 8C. Then a 0.6m KOtBu solution in THF
(0.84 mL, 0.50 mmol) was added and the mixture was stirred for 15 s at
�40 8C. 1m HCl (5 mL) and water (5 mL) were added and the mixture
was extracted with CH2Cl2 (4 mL). The organic layer was dried over
MgSO4 and then subjected to GC (injection volume: 1 mL) or HPLC (in-
jection volume: 10 mL). The reaction was repeated three times for every
pair.


2-Benzenesulfonylmethyl-4-ethoxy-3-nitropyridine (4co): Colorless crys-
tals, 23% yield, m.p. 146–147 8C (EtOH); 1H NMR (400 MHz, CDCl3):
d=1.45 (t, 3J=7.2 Hz, 3H; CH2CH3), 4.21 (q, 3J=7.2 Hz, 2H; CH2CH3),
4.73 (s, 2H; CH2), 6.96 (d, 3J=5.7 Hz, 1H; 5-H), 7.52–7.80 (m, 5H;
C6H5), 8.42 ppm (d, 3J=5.9 Hz, 1H; 6-H); 13C NMR (100.6 MHz,
CDCl3): d=14.1 (CH3), 60.2 (CH2-S), 66.0 (CH2CH3), 108.9 (C-5), 128.4
(CAr-H), 129.2 (CAr-H), 134.1 (CAr-H), 138.5 (CAr), 139.5 (CAr), 142.5
(CAr), 151.9 (C-6), 157.5 ppm (CAr); MS (ESI): 667.4 [2M+Na]+ , 345.3
[M+Na]+ , 323.3 [MH]+ ; MS (EI): m/z (%): 323 (3) [MH]+ , 257 (11), 241
(23), 213 (21), 171 (10), 165 (30), 154 (12), 153 (32), 141 (11), 125 (12),
110 (17), 107 (11), 95 (32), 83 (20), 77 (100), 55 (18), 54 (11), 52 (18), 51
(37); elemental analysis calcd (%) for C14H14N2O5S (322.3): C 52.17, H
4.38, N 8.69, S 9.95; found: C 52.08, H 4.40, N 8.68, S 10.14.


2-Benzenesulfonylmethyl-4-ethoxy-5-nitropyridine (4cp): Pale yellow
crystals, 57% yield, m.p. 150–151 8C (EtOH); 1H NMR (400 MHz,
CDCl3): d=1.53 (t, 3J=7.2 Hz, 3H; CH2CH3), 4.30 (q, 3J=7.0 Hz, 2H;
CH2CH3), 4.57 (s, 2H; CH2-S), 7.23 (s, 1H; 6-H), 7.53–7.74 (m, 5H;
C6H5), 8.74 (s, 1H; 3-H); 13C NMR (100.6 MHz, CDCl3): d =14.1 (CH3),
64.3 (CH2-S), 66.2 (CH2CH3), 111.1 (C-3), 128.3 (CAr-H), 129.3 (CAr-H),
134.2 (CAr-H), 136.1 (CAr), 137.9 (CAr), 146.5 (C-6), 154.6 (CAr),
158.5 ppm (CAr); MS (ESI): 667.4 [2M+Na]+ , 345.3 [M+Na]+ , 323.4
[MH]+ ; MS (EI): m/z (%): 258 (52), 257 (100), 230 (11), 229 (63), 183


Figure 8. GC analysis of the product mixture obtained in an experiment
in which 1-methoxy-4-nitrobenzene (3b) and 1-methyl-3-nitropyrrole
(5b) competed for 1� (diphenyl sulfone (2) as internal standard).


Figure 9. HPLC analysis of the product mixture obtained in an experi-
ment in which 1-methoxy-4-nitrobenzene (3b) and 1-methyl-3-nitropyr-
role (5b) competed for 1� (diphenyl sulfone (2) as internal standard).
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(16), 107 (17), 78 (11), 77 (66), 51 (29), 39 (14); elemental analysis calcd
(%) for C14H14N2O5S (322.3): C 52.17, H 4.38, N 8.69, S 9.95; found: C
52.04, H 4.41, N 8.79, S 10.03.


5-Benzenesulfonylmethyl-1-methyl-4-nitro-1H-pyrazole (7o): Pale green
crystals, 86% yield, m.p. 193–195 8C (EtOH); 1H NMR (300 MHz,
CDCl3): d=4.10 (s, 3H; CH3), 4.95 (s, 2H; CH2), 7.49–7.72 (m, 5H; CAr-
H), 8.01 ppm (s, 1H; 3-H); 13C NMR (75.5 MHz, CDCl3): d =38.8 (CH3),
51.4 (CH2), 128.5 (2 CAr-H), 129.4 (2 CAr-H), 129.7 (2 CAr), 134.9 (CAr-H),
136.0 (CAr-H), 136.9 ppm (CAr); elemental analysis (%) calcd for
C11H11N3O4S: C 46.97, H 3.94, N 14.94, S 11.40; found: C 47.04, H 3.95,
N 14.92, S 11.76.


2-[2-Benzenesulfonyl-2-chloro-1-(4-dimethylaminophenyl)ethyl]malonic
acid diethyl ester (11a): A 0.52m solution of KOtBu in DMF (0.96 mL,
0.50 mmol) was added slowly to a solution of 1 (0.50 mmol) in DMF
(5 mL) at �40 8C. The mixture was stirred for 2 min before a solution of
10a (0.50 mmol) in DMF (2.5 mL) was added dropwise within 1 min.
After 20 min the mixture was allowed to warm up to 0 8C, poured into
cooled 3% aqueous HCl (100 mL), and then extracted with ethyl acetate
(3Q20 mL). After drying over MgSO4 and removal of the solvent in
vacuo at room temperature, purification of the residue by column chro-
matography (SiO2, hexane/ethyl acetate 3:1) gave a yellow oil in 69%
yield. 1H NMR (300 MHz, CDCl3): d =1.04 (t, 3J=7.2 Hz, 3H; CH2CH3),
1.24 (t, 3J=7.2 Hz, 3H; CH2CH3), 2.91 (s, 6H; N ACHTUNGTRENNUNG(CH3)2), 3.97 (q, 3J=


7.2 Hz, 2H; CH2CH3), 4.18 (q, 3J=7.2 Hz, 2H; CH2CH3), 4.20 (dd, 3J=


9.2 Hz, 3J=6.2 Hz, 1H; CH), 4.53 (d, 3J=9.0 Hz, 1H; CH), 5.59 (d, 3J=


6.3 Hz, 1H; CH), 6.56 (d, 3J=8.7 Hz, 2H; CArH), 7.24 (d, 3J=9.0 Hz,
2H; CArH), 7.43–7.60 (m, 3H; CAr-H), 7.74–7.77 ppm (m, 2H; CArH);
13C NMR (75.5 MHz, CDCl3): d =13.9 (CH2CH3), 14.1 (CH2CH3), 40.5
(N ACHTUNGTRENNUNG(CH3)2), 47.3 (CH), 55.4 (CH ACHTUNGTRENNUNG(CO2Et)2), 61.6 (CH2), 62.0 (CH2), 76.0
(CHCl), 112.0 (2QCAr-H), 121.9 (CAr), 129.1 ACHTUNGTRENNUNG(CAr-H), 129.3 (CAr-H), 131.0
(2QCAr-H), 134.1 (CAr-H), 137.9 (CAr-S), 150.4 (CAr-N), 167.6 (CO2Et),
168.2 ppm (CO2Et); MS (EI): m/z (%): 481.1 (22) [M+], 341.1 (21), 340.1
(17), 339.1 (77), 293.2 (16), 292.2 (100), 219.1 (28), 183.1 (25), 182.1 (14),
181.1 (97), 180.1 (20), 174.1 (31), 158.1 (25), 146.1 (12), 145.1 (18), 144.1
(15), 77.0 (15): HR-MS (EI): calcd for C23H28ClNO6S: 481.1326, found:
481.1313.
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Introduction


The activation of the nitrogen molecule in the laboratory re-
mains an important and popular problem in science due to
the intellectual challenge and the significant industrial bene-
fits that would flow from a mild low-cost process.[1,2] One
promising avenue is the use of three-coordinate molybde-
num complexes, and the mechanism of the MoIII-promoted
N2 bond cleavage reaction has been extensively studied by
experimentalists[3–5] and theoreticians[6–8] during the past
decade. As shown in Figure 1, the proposed mechanism of
the reaction includes the initiation step via the end-on coor-
dination of N2 to a quartet molybdenum reactant followed
by an intersystem crossing process from the quartet to the
doublet surface. The system then involves the coupling of
the doublet encounter Mo complex with a second molybde-
num reactant, giving rise to the triplet dinuclear intermedi-
ate [(m-N2)ACHTUNGTRENNUNG(MoL3)2]. Finally, the N2 bond cleaves via the sin-
glet transition state shown in Figure 1 preceded by a spin


flip from the triplet to the singlet state. The calculations
showed that the stability of the singlet (m-N2) ACHTUNGTRENNUNG(MoL3)2 rela-
tive to the triplet analogue mainly depends on the nature of
the ancillary ligands L. In general, the stronger the p-donat-
ing capability of L, the smaller the triplet–singlet energy gap
of [(m-N2) ACHTUNGTRENNUNG(MoL3)2], and consequently, the smaller the rate-
determining barrier.[6,8,9]


The theoretical studies on the [(m-N2){Mo ACHTUNGTRENNUNG(NH2)3}2] inter-
mediate were also applied to investigate the dependence of
the energy of the intermediate on the NH2 ligand orienta-
tion around the Mo metal centers. Two different structures
with D3d and C2h symmetries were found for the triplet inter-
mediate. The D3d form having trigonal symmetry around
each metal was calculated to be approximately 4 kJmol�1


higher in energy than the C2h form having one NH2 ligand at
each Mo metal center rotated by 908. In comparison, the
energy difference between the D3d and C2h forms is much
more pronounced for the singlet intermediate [(m-N2){Mo-
ACHTUNGTRENNUNG(NH2)3}2]. The singlet C2h form was found to be 56 kJmol


�1


more stable than the singlet D3d form. The calculations at
the BP86 level revealed that the ligand rotation brings the
singlet C2h form 13 kJmol


�1 below the triplet D3d form.
[10]


In addition, the replacement of one of the d3 Mo metal
centers with the d2 Nb metal center yielded some interesting
results. Contrary to the very small singlet–triplet energy gap
reported for the MoIIIMoIII intermediate, the corresponding
doublet–quartet energy gap for the MoIIINbIII intermediate
was calculated to be substantially large. Christian and Stang-
er calculated a value of 132 kJmol�1 in favor of the dou-
blet.[11] The NH2 ligand rotation also plays a crucial role in
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stabilizing the doublet MoIIINbIII intermediate. The calcula-
tions showed that the doublet intermediate bearing the ro-
tated NH2 ligands is 47 kJmol


�1 more stable than the corre-
sponding non-rotated intermediate.[10]


The main purpose of the present study is to theoretically
rationalize why the NH2 rotation is an important process for
the stabilization of the singlet MoIIIMoIII intermediate and
not the triplet analogue. The dependence of the triplet–sin-
glet energy gap on the d-electron configuration of the metal
center has been examined by performing additional calcula-
tions on the model intermediates [(m-N2){MACHTUNGTRENNUNG(NH2)3}2] for
M=Ta, W, and Re. The effect of the ancillary ligand L on
the triplet–singlet energy gap of [(m-N2) ACHTUNGTRENNUNG(ML3)2] has also
been investigated. Overall this paper addresses the depend-
ence of the structure and multiplicity on the transition metal
and its ligands and allows rational predictions to be made.


Results and Discussion


p-Donor ability of L : Calculations[12] were carried out start-
ing with the triplet and singlet states of [(m-N2)ACHTUNGTRENNUNG(MoL3)2],
where L=NH2, PH2, AsH2, SbH2, and N ACHTUNGTRENNUNG(BH2)2.


[13] The p-
donor ability of L decreases from N to Sb. In each case, we
have used non-rotated species as the starting points of the
geometry optimizations. N_X is the nomenclature used for
the studied species where X=S stands for singlet, X=D for
doublet, X=T for triplet, and X=Q for quartet spin states.
The results given in Figure 2 show that the singlet form for
L=NH2 and PH2 is more stable than the corresponding trip-
let, whereas for L=AsH2, SbH2, and N ACHTUNGTRENNUNG(BH2)2 the triplet
form is more stable. It follows from this result that, as ex-
pected, the triplet–singlet energy gap is mainly reliant on


the p-donating capability of L.
Apparently the strong p-donor
ligands enhance the stability of
the singlet form relative to the
triplet form. A comparison of
the frontier molecular orbi-
tals[4,6,14, 15] for the singlet and
triplet forms provides insight
into the origin of this issue.
Figure 3 shows an MO diagram
for interactions between va-
lence orbitals of N2 and in- and
out-of-phase combinations of
d-valence orbitals of two Mo-
ACHTUNGTRENNUNG(NH2)3 units. Note that the
lowest energy valence orbital
of N2 is not shown. In addition,
p1 and p2 have a weak stabi-
lizing interaction with the
metal d orbitals, but they
remain essentially as p orbitals
on N2 and are omitted from
the central part of the diagram


for clarity. The occupied MO1 and MO2 orbitals are primar-
ily derived from interaction of the out-of-phase combination
of dz2 orbitals with s2 on N2, and of in-phase combinations
of dz


2 orbitals with s3 on N2, respectively. The dxz�dxz and
dyz�dyz orbitals combine with the unoccupied p1* and p2*
orbitals, respectively, forming the degenerate MO3 and
MO4 orbitals. The in-phase combinations of dxz (dxz + dxz)
and dyz (dyz + dyz) orbitals are slightly destabilized due to
the repulsive interaction with the low-lying occupied p1 and
p2 orbitals on N2. In the triplet dinuclear intermediate [(m-
N2) ACHTUNGTRENNUNG(MoL3)2], the MO5 and MO6 orbitals are degenerate
and singly occupied (Figure 3). This indicates that, without
taking into account the ancillary ligand L, the triplet form
should be electronically far more favorable than the singlet.
Therefore, we can say that the singlet species 3_S, 4_S, and
5_S are higher in energy than their triplet counterparts as a
result of the violation of HundLs rule.


Rotation of L—singlet case : The most important question
now is why the dinuclear intermediates [(m-N2) ACHTUNGTRENNUNG(MoL3)2]


Figure 1. Potential energy surface for reaction of N2 with 2 MoL3.


Figure 2. Singlet–triplet energies for a variety of ligands L.
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with the strong p-donor ligands can violate HundLs rule and
yet be more stable than their triplet counterpart. An analy-
sis of the interaction between the Mo metal centers and the
L ligands provides an excellent probe for understanding of
this issue. As mentioned above, the NH2 ligand rotation at
each Mo metal center by 908 plays a crucial role in stabiliz-
ing the singlet intermediate [(m-N2){Mo ACHTUNGTRENNUNG(NH2)3}]. Indeed, the
ligand rotation provides the best orientation for the nitrogen
lone pair electrons to interact with the Mo dxz orbitals. The
in-phase combination of the lone pair orbitals (n1) pushes
up MO3 in energy (Figure 4), enhancing metal-to-N2 charge
transfer and leading to an increase in N2 activation. This
pull–push interaction builds up the electron density in the
N2 px orbitals more than in the N2 py orbitals, yielding a
zigzag arrangement for the singlet state of [(m-N2){Mo-


ACHTUNGTRENNUNG(NH2)3}] (1_S in Figure 5). A
NBO analysis shows that the
N2 px orbital populations
(2.434 e) is 0.102 larger than
the N2 py orbital populations
(2.332 e). The out-of-phase
combination of the lone pair
orbitals (n2) in the singlet in-
termediate is stabilized by in-
teraction with the unoccupied
MO5 orbital (Figure 4). This
interaction is accompanied by
a slight shortening of the Mo�
N3 and Mo�N6 bond lengths,
due to an increase in the
strengths of the Mo�N3 and
Mo�N6 bonds (Figure 5). It
can also be clearly seen from
Figure 5 that the rotation also
leads to a shortening of the
Mo�N1, Mo�N2, Mo�N4, and
Mo�N5 bonds, indicating a sta-
bilization of all the Mo�N
bonds. The orbital interaction
diagram shown in Figure 6 ex-
plains why the rotation
strengthens the four Mo�N
bonds. In the non-rotated in-
termediate, there is a competi-
tion between the lone pair
electrons of the three nitrogen
atoms at each Mo metal center
to interact with the empty
dx2�y2 and dxy orbitals of Mo.
This feature leads to a dilution
of the Mo�N bonding interac-
tions. The relevant rotation
turns off the competition and
facilitates charge transfer from
the remaining two nitrogen
atoms to Mo, making the Mo�
N bonds stronger. Therefore


the stronger Mo�N bonds in 1_S can compensate for the de-
stabilization effect of the Columbic repulsion between the
two electrons in orbital MO6, giving rise to higher stability
of 1_S relative to 1_T.
To support the argument that the rotated NH2 ligand en-


hances the charge transfer from the lone pair electrons of
NH2 moieties to the Mo metal centers, we performed partial
geometry optimizations on the singlet intermediate by fixing
the dihedral angles listed in Table 1. The results of the calcu-
lations show that the NH2 rotation from q=90 to 108 brings
about a significant destabilization (43.9 kJmol�1). The at-
tempts to locate a structure with q=08 were unsuccessful.
The lone pair orbital population of NH2 (obtained from
NBO analysis) gradually increases as the dihedral angle q


decreases. There exists a very good correlation between the


Figure 3. a) Schematic orbital correlation diagram showing the s and p interactions between the valence orbi-
tals of 2MoL3 and N2 for [(m-N2)ACHTUNGTRENNUNG{ML3}2]. b) Spatial plots of the molecular orbitals MO1–MO6 for the model
complex [(m-N2){M ACHTUNGTRENNUNG(NH2)3}2].
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relative energy of partially optimized structures and the
averaged population of the lone pair orbital of the NH2 moi-


eties. The largest HOMO–LUMO gap is calculated for the
structure with q=908, whereas the smallest is calculated for
the structure with q=108. On the basis of the molecular or-
bital diagram given in Figure 4, one can expect that the NH2
rotation is able to further destabilize the LUMO, giving the
larger HOMO–LUMO gap. The larger the HOMO–LUMO
gap, the greater the stability of the singlet intermediate rela-
tive to the triplet. The stronger push–pull p-interactions in
the structures with larger dihedral angle q (Figure 4) are
also capable of enhancing the metal-to-N2 charge transfer as
evidenced by the smaller N2 partial charges as well as the
longer N�N distances (Table 1).


Rotation of L—triplet case : Consistent with the previously
detailed theoretical studies,[16] the rotation of a NH2 ligand
at each metal center of 1_T results in a structure (1r_T,
Figure 5) lying 13.8 kJmol�1 below 1_T. This result reflects
the much lower sensitivity of the triplet non-rotated inter-
mediate to the ligand rotation as compared to its singlet an-
alogue. The Mo1�N1, Mo1�N2, Mo2�N4, and Mo2�N5
bond lengths in 1r_T are 0.014 M shorter than those in 1_T,
whereas the Mo1�N3, and Mo2�N6 bond lengths in 1r_T
are 0.010 M longer (Figure 5) (although these changes in
bond length are probably within the error margin of the cal-
culations). The averaged population of the lone pair orbitals
of N1, N2, N4, and N5 in 1r_T (1.578) is 0.043 less than that
in 1_T (1.621), whereas the average for N3 and N6 in 1r_T
(1.653) is 0.031 more. These results imply that the ligand ro-
tation causes an increase in the charge transfer from N1,
N2, N4, and N5 to Mo, whereas it causes a decrease in the
charge transfer from N3 and N6 to Mo. Therefore, the
Mo1�N1, Mo1�N2, Mo2�N4, and Mo2�N5 bonds in 1r_T
become stronger than those in 1_T, whereas the Mo1�N3,
and Mo2�N6 bonds in 1r_T become weaker. From this
comparison, one may conclude that the strengthening of the
Mo1�N1, Mo1�N2, Mo2�N4, and Mo2�N5 bonds in 1r_T is


Figure 4. Schematic orbital correlation diagram showing the p interac-
tions between the valence orbitals of the MoN2Mo fragment and the in-
phase and out-of-phase combinations of the rotated NH2 fragments.


Figure 5. Selected structural parameters [M] calculated for the species
1_S, 1_T, 1r_T.


Figure 6. Interaction of ligand and metal orbitals in rotated and non-ro-
tated intermediates.
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able to counterbalance the weakening of the Mo1�N3, and
Mo2�N6 bonds, giving rise to a comparable stability for 1_T
and 1r_T. A crucial reason for the weakening of the Mo1�
N3, and Mo2�N6 bonds in 1r_T can be attributed to the
single occupation of orbital MO5_a having a Mo�N p-anti-
bonding character (Figure 4).


Metal electronic configuration (d4 vs. d3 vs. d2 vs. d1): We
also considered model systems [(m-N2) ACHTUNGTRENNUNG{ML3}2] with M=Ta,
W, and Re (L=NH2, AsH2) to elucidate the effect of metal
electron configuration on the triplet–singlet energy gap
(Figure 7). As with the Mo systems, the stability of the sin-
glet form of [(m-N2)ACHTUNGTRENNUNG{WL3}2] relative to its triplet is primarily
ligand-dependent. For example, the 8_S structure is
31.1 kJmol�1 more stable than 8_T, while 9_S is
24.0 kJmol�1 less stable than 9_T. Interestingly, for the d2d2


TaIIITaIII and d4d4 ReIIIReIII systems, irrespective of whether
the L ligand is a strong or weak p-donor, the singlet struc-
ture is lower in energy than the corresponding triplet ana-
logue. The MO diagram given in Figure 3 explains the large


drop of the singlet energy in
the TaIIITaIII and ReIIIReIII sys-
tems. For the singlet TaIIITaIII


systems, the MO3 and MO4 p-
bonding orbitals correspond to
the HOMO. In the case of the
triplet, one of these electrons
is forced into one of the high
lying unoccupied orbitals with
an antibonding character, re-
sulting in the much higher in-
stability of 6_T (195.1 kJmol�1)
and 7_T (158.7 kJmol�1). For
the singlet ReIIIReIII systems,
the doubly occupied MO5 and
MO6 orbitals correspond to
the HOMO. The lower stability
of the triplet ReIIIReIII systems
relative to their singlet coun-
terparts is likely due to moving
one electron from a weakly an-
tibonding orbital to a signifi-


cantly antibonding orbital, but as expected this has a lesser
effect on the relative energy than moving an electron from a
bonding to antibonding orbital as in the TaIIITaIII case.
Since both the MO5 and MO6 orbitals are unfilled in the


singlet form of [(m-N2){Ta ACHTUNGTRENNUNG(NH2)3}2], it was found that only
the rotated form (6_S) corresponds to a minimum on the
potential energy surface (PES) (Figure 8). On the contrary,
the results of our calculations show that the singlet non-ro-
tated form of [(m-N2){Re ACHTUNGTRENNUNG(NH2)3}2] (10n_S) forms a stable
minimum on the PES. This conformer lies only 7.8 kJmol�1


above the rotated singlet form of [(m-N2){Re ACHTUNGTRENNUNG(NH2)3}2]
(10 S). The formation of 10_S is relatively disfavored by the
repulsive interaction derived from the double occupancy of
MO5_a (Figure 4). The effect of the repulsive interaction in
10_S is clearly evidenced by the calculated N3-Mo1-N7 and
N6-Mo2-N8 bond angles, which are significantly larger by
18.1–43.78 than in 10n_S and 6_S (Figure 8). In other words,
the N3-Mo1-N7 and N6-Mo2-N8 angles in 10_S are widened
to avoid the four-electron repulsion.
For completeness, we also calculated the triplet-singlet


energy gap in a d1d1 model system with N2 bridging end-on
between two HfL3 (L=AsH2 and NH2). Our calculations on
[(m-N2) ACHTUNGTRENNUNG{HfL3}2] predict a triplet ground state for these sys-
tems, with triplet–singlet energy gaps of 44.2 kJmol�1 for
L=NH2 and 40.5 for L=AsH2. In [(m-N2)ACHTUNGTRENNUNG{HfL3}2], the high-
est occupied molecular orbitals MO3 and MO4 are degener-
ate and singly occupied. This degeneracy means that there is
a strong preference for the triplet form to be the ground
state for [(m-N2) ACHTUNGTRENNUNG{HfL3}2].


Some comments about the d3d2 MoIIINbIII system : As men-
tioned in the Introduction, the doublet form of
[(NH2)3MoN2NbACHTUNGTRENNUNG(NH2)3] is 132 kJmol


�1 more stable than its
quartet counterpart.[11] The lower stability of the quartet
state in the d3d2 MoIIINbIII system is conveniently related to


Table 1. Relative energy, HOMO–LUMO gap, the averaged population of the lone pair orbitals of N3 and N6
(Pop 1), the averaged population of the lone pair orbitals of N1, N2, N4, and N5 (Pop 2), N2 NBO charge, and
N�N bond length with a variety of dihedral angles q.


q [8] Relative
energy
ACHTUNGTRENNUNG[kJmol�1]


HOMO–LUMO
gap [eV]


Pop 1 Pop 2 N2 NBO
charge


N�N bond
length [M]


90 0.0 1.776 1.585 1.579 +0.326 1.198
80 1.6 1.774 1.588 1.580 +0.332 1.198
70 6.2 1.771 1.591 1.582 +0.346 1.197
60 12.9 1.769 1.596 1.585 +0.370 1.196
50 20.3 1.729 1.602 1.590 +0.408 1.194
40 26.9 1.654 1.607 1.595 +0.448 1.193
30 32.3 1.570 1.609 1.600 +0.475 1.192
20 37.6 1.455 1.611 1.604 +0.500 1.192
10 43.9 1.330 1.616 1.607 +0.562 1.192


Figure 7. Singlet–triplet energies for a series of transition metals.
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the depopulation of the p-bonding orbitals shown in
Figure 5. The previous experimental[17] and theoretical[10]


studies showed that the rotation of one amide ligand at the
Nb moiety is much more important than at the Mo moiety.
This behavior is understandable if one inspects the frontier
orbitals of [(NH2)3MoN2NbACHTUNGTRENNUNG(NH2)3]. It should be noted that
the orbitals shown in Figure 3 for the case of
[(NH2)3MoN2NbACHTUNGTRENNUNG(NH2)3] are somewhat different from
[(NH2)3MoN2Mo ACHTUNGTRENNUNG(NH2)3]. The MO5 and MO6 orbitals in the
MoIIINbIII system are unsymmetrical in that the d orbitals of
Nb contribute more to these molecular orbitals than the d
orbitals of Mo. On the basis of Mulliken population analy-
ses,[18] the percentage contributions of Nb and Mo in MO5
are calculated as 41% and 36%, respectively, and in MO6
42% and 35%, respectively. A reverse order is found for
MO3 and MO4 ; 17% for Nb versus 40% for Mo in MO3
and 12% for Nb versus 31% for Mo in MO4. This can be


explained in terms of the different energy levels of the fron-
tier orbitals in NbACHTUNGTRENNUNG(NH2)3 and Mo ACHTUNGTRENNUNG(NH2)3. Because the d orbi-
tals of NbACHTUNGTRENNUNG(NH2)3 are higher in energy than those of Mo-
ACHTUNGTRENNUNG(NH2)3, the Nb dxz and dyz orbitals contribute much more to
MO5 and MO6 but much less to MO3 and MO4. A greater
contribution of Nb to MO5 leads to a better interaction be-
tween the rotated amide ligand and Nb, making the rotation
more pronounced at the Nb moiety.
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Introduction


Since the pioneering and systematic studies by Gutsche, ca-
ACHTUNGTRENNUNGlixarenes have been playing a significant role in supramolec-
ular chemistry together with crown ethers and cyclodex-
trins.[1–3] As typified by thiacalixarenes, a variety of calixar-
ene analogues with heteroatoms as the bridging units have
thus far been reported.[3–7] Interest in these analogues comes
from the fact that replacement of the carbon bridges with


heteroatoms can impart novel properties and functions to
the molecules. In recent years, nitrogen-bridged calixarene
analogues have emerged as a new calixarene family.[7] While
the diversity is still limited relative to those of carbon- and
sulfur-bridged calixarenes, intriguing complexation proper-
ties based on the introduction of nitrogen atoms as the
bridging units have thus far been disclosed.[8–10]


For instance, Wang reported that azacalix[m]arene[n]pyri-
dines exhibited much greater complexation ability for ful-
lerenes C60 and C70, relative to those of other mono-macro-
cyclic receptors reported to date.[8a,b,d] Wang further revealed
that azacalix[4]pyridine was able to self-regulate its confor-
mation to finely tune the cavity, in which guest species, such
as a diol and a zinc ion, were incorporated.[8c,e] Yamamoto
and Kanbara demonstrated that azacalix[n]pyridines be-
haved not only as a ligand for heavy-metal ions but also as
an organic superbase far superior to proton sponge.[9] Very
recently, we reported that azacalix[4]arene 1 exhibited selec-


Abstract: To investigate dynamic solid-
state complexation hitherto unexplored
in nitrogen-bridged calixarene ana-
logues, azacalix[6]arene hexamethyl
ether has been prepared in three steps
by applying a 5+1 fragment-coupling
approach by using a Buchwald–
Hartwig aryl amination reaction with
the aid of our previously devised tem-
poral N-silylation protocol. X-ray crys-
tallographic analysis and NMR spectro-
scopic measurements have revealed
that the azacalix[6]arene is well endow-
ed with hydrogen-bonding ability, by
which both the molecular and crystal
structures are controlled. The azaca-
lix[6]arene is conformationally flexible
in solution on the NMR time scale,


whereas it adopts a definite 1,2,3-alter-
nate conformation with S2 symmetry in
the solid state as a result of intramolec-
ular bifurcated hydrogen-bonding inter-
actions. In the crystal, molecules of the
azacalix[6]arene are mutually interact-
ed by intermolecular hydrogen bonds
to establish one-dimensional hexane-
filled nanochannel crystal architecture.
Although the single crystal was broken
after desolvation, the resultant poly-
crystalline powder material was capa-


ble of selectively adsorbing CO2 among
the four main gaseous components of
the atmosphere. In contrast, carbocy-
clic p-tert-butylcalix[6]arene hexameth-
yl ether, the crystal structure of which
was also elucidated for the first time in
the present study, gave rise to almost
no uptake of CO2. Additional solid–gas
adsorption experiments for another
three gases, such as N2, O2, and Ar,
suggested that quadrupole/induced-
dipole interactions and/or hydrogen-
bonding interactions played an impor-
tant role in permitting the observed se-
lective uptake of CO2 by this new aza-
calix[6]arene in the solid state.
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tive complexation with the potassium ion due to its frozen
1,3-alternate conformation.[10] However, complexation be-
haviors of nitrogen-bridged calixarene analogues had been
studied principally in solution, despite the fact that X-ray
crystallographic analyses were performed to examine the
static structures of the complexes. To the best of our knowl-
edge, there is no precedent for the dynamic complexation
studies of nitrogen-bridged calixarene analogues in the solid
state, though Atwood and Barbour recently published their
significant findings that carbocyclic p-tert-butylcalix[n]arenes
(n=4 and 5) were capable of efficiently adsorbing gaseous
molecules even on the nonporous crystals under ambient
conditions,[11] in which the carbon-bridged calixarenes exhib-
ited a greater adsorption ability relative to those of other
new materials, such as metal-organic frameworks (MOF)
and carbon nanotubes.[11i]


Solid-state complexation by nitrogen-bridged calixarene
analogues is of great interest because the bridging nitrogen
atoms can act not merely as additional binding sites, but
also as conjugation sites with aromatic p-systems to increase
the electron density of the p-cloud, thereby boosting inter-
molecular interactions with guest species from a molecular
level, as verified by the above-mentioned complexation
studies in solution. To explore whether solid-state complexa-
tion by nitrogen-bridged calixarene analogues would be fea-
sible or not, we have synthesized azacalix[6]arene hexa-
ACHTUNGTRENNUNGmethyl ether 2 in the present study, because a larger macro-
cycle than our previously reported azacalix[4]arene 1[12] is
essential for gaining a deeper insight into the host-guest
chemistry of this molecular system. Among a variety of
solid-state complexation phenomena, solid–gas adsorption
behavior of 2 has been investigated in this study because it
is an old, but yet forefront research area for selective gas
recognition, storage, and separation, coupled with the envi-
ronmental and industrial demands. As an eventual outcome,
selective and rapid adsorption of CO2 among the four main
gaseous components of the atmosphere was observed on the
desolvated polycrystalline powder of 2, which was obtained
from the single crystals of the hexane clathrate of 2 with a
1:1 host/guest ratio. In contrast, azacalix[4]arene 1 and car-
bocyclic calix[6]arene 3 exhibited almost no uptake of gas-
eous molecules examined herein. More interestingly, adsorp-
tion capacity of the polycrystalline powder of 2 for CO2 was
comparable to, or somewhat poorer than, those of MOFs[13]


and zeolites,[14] which similarly exhibited the selective ad-
sorption of CO2. It has also been found from the X-ray crys-
tallographic analysis and NMR spectroscopic measurements
that azacalix[6]arene 2 with NH bridges is well endowed
with hydrogen-bonding ability, by which both the molecular
and crystal structures of 2 are controlled. In this paper, we


report the synthesis, molecular and crystal structures, and
solid–gas adsorption behavior of azacalix[6]arene 2.


Results and Discussion


Synthesis : For the preparation of azacalix[6]arene 2, three
typical synthetic strategies are applicable that are substan-
tially identical to those established in the carbocyclic calixar-
ene chemistry, that is, 1) single-step synthesis, 2) nonconver-
gent synthesis, and 3) convergent fragment-coupling synthe-
sis.[7] After our numerous attempts to prepare azacalix[6]ar-
ene 2, a convergent 5+1 fragment-coupling approach, as
shown in Scheme 1, was finally devised. The 5-fragment 5


was prepared in 92% yield by the full N-benzylation of liner
pentamer 4.[15] To a ring-closing reaction of 5-fragment 5
with 1-fragment 6,[16] a Buchwald–Hartwig aryl amination
reaction[17] with a temporal N-silylation protocol[18] was ap-
plied, which was demonstrated to be expedient for prepar-
ing the azacalixarene with no substituent on the bridging ni-
trogen atoms. From this macrocyclization reaction, regiose-
lectively tetrabenzylated azacalix[6]arene 7 was successfully
obtained in 32% yield through the in-situ N,N’-bissilylation
of 1-fragment 6 with tert-butyldimethylsilyl chloride
(TBDMSCl) in the presence of tBuONa, followed by the
one-pot Pd0-catalyzed aryl amination reaction with the 5-
fragment 5 and by the subsequent cleavage of the N�Si
bond in the workup process. Final hydrogenolysis of the N-


Scheme 1. Convergent 5+1 fragment-coupling synthesis of azacalix[6]ar-
ene 2. dba=E,E-dibenzylideneacetone.


www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6125 – 61346126



www.chemeurj.org





benzyl groups of 7 smoothly proceeded by using 10%
Pd(OH)2/C as a catalyst to give azacalix[6]arene 2 in 88%
yield. FDMS, 1H and 13C NMR spectroscopy, FTIR spectros-
copy, elemental analysis, and X-ray crystallographic analysis
fully characterized the structure of this new azacalix[6]arene
2.


Molecular structure in solution : In the 1H NMR spectrum of
azacalix[6]arene 2 (Figure 1a), only four sharp singlet signals
were observed at d=1.27, 3.26, 6.20, and 6.87 ppm for the


tert-butyl, methoxy, amino, and aromatic hydrogen atoms,
respectively. NH hydrogen atoms of 2 at d=6.20 ppm expe-
rience a downfield shift relative to that of diphenylamine at
d=5.6 ppm, which indicates that the NH hydrogen atoms
form hydrogen bonds with spatially adjacent methoxy
groups, as revealed by the X-ray crystallographic analysis
mentioned in the following section. The NMR spectroscopic
signals of 2 became broad when the temperature was de-
creased to �20 8C (Figure 1b), but no signal splitting was ob-
served even at �50 8C (Figure 1c), which indicates that aza-
calix[6]arene 2 was conformationally flexible in solution.
The larger ring size of 2 is responsible for its flexibility, in
contrast to azacalix[4]arene 1, which is demonstrated to be
conformationally inflexible in solution in the range of �80
to 80 8C.[10]


Crystal structure : A single crystal suitable for X-ray crystal-
lographic analysis was obtained by slow crystallization from
hexane with a few drops of CH2Cl2. Azacalix[6]arene 2 crys-
tallizes with one molecule of hexane into a monoclinic form,
space group P21/a (Z=2); the fundamental crystal data and
experimental parameters for the structure determination are
summarized in Table 1. Contrary to the flexible conforma-
tion in solution, azacalix[6]arene 2 adopts a definite 1,2,3-al-


ternate conformation in the solid state, as shown in Figure 2.
Its ellipsoidal shape with S2 symmetry is in a striking con-
trast to the parallelogram-shaped 1,2,3-alternate conforma-


tion of the carbocyclic analogue 3 (Figure 3), of which the
crystal structure has also been elucidated for the first time
in the present study. Interestingly, the centrosymmetric
1,2,3-alternate conformation of 2 differs greatly from the
highly distorted 1,3-alternate conformation of the fully N-
methylated derivative of 2 (see Figure S2 in the Supporting
Information).[19]


The asymmetric unit of azacalix[6]arene 2 involves half
the molecule, and thus the aromatic units can be classified
into three types, designated as A, B, and C (Figure 2). These


Figure 1. Temperature-dependent 1H NMR spectra of azacalix[6]arene 2
in CDCl3 at a) 25, b) �20, and c) �50 8C. Peaks marked with an asterisk
are due to water.


Table 1. X-ray analytical data for azacalix[6]arene 2, calix[6]arene 3, and
linear trimer 8.


Compound 2·hexane 3 8


formula C72H104N6O6 C72H96O6 C33H44Br2N2O3


Mr 1149.65 1057.55 676.53
crystal system monoclinic triclinic monoclinic
space group P21/a (#14) P1̄ (#2) C2/c (#15)
a [M] 13.7437(5) 10.6734(5) 26.027(9)
b [M] 18.6121(8) 11.9422(7) 9.851(3)
c [M] 15.4552(8) 14.1011(7) 25.329(9)
a [8] – 82.442(2) –
b [8] 111.850(1) 73.837(1) 92.05(3)
g [8] – 70.986(2) –
V [M3] 3669.4(3) 1630.5(2) 6490(3)
Z 2 1 8
1 [g cm�3] 1.040 1.077 1.385
m [cm�1] 0.656 0.663 25.40
T [8C] -140 -140 -100
no. of unique reflns 8346 6892 7424
no. of variables 488 380 362
R1[a] 0.080 0.067 0.045
wR2[b] 0.275 0.240 0.130
S 1.134 1.090 1.044


[a] R1=S j jFo j� jFc j j /S jFo j for I>2s(I) data. [b] wR2= [S[w ACHTUNGTRENNUNG(Fo
2�Fc


2)2]/
Sw ACHTUNGTRENNUNG(Fo


2)2]1/2.


Figure 2. ORTEP drawing[20] of the hexane clathrate of azacalix[6]arene
2. The displacement ellipsoids are drawn at the 50% probability level.
Solvent molecules and all hydrogen atoms, except for the bridging NH
groups are omitted for clarity. Numbers indicate O···H distances [M] of
intramolecular NH···OMe hydrogen bonds.
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three aromatic rings point to almost the same direction due
to the presence of the two sets of intramolecular bifurcated
MeO···NH···OMe hydrogen bonds formed between the aro-
matic rings A and B, and between the rings B and C. As
shown in Figure 4, the same type of intramolecular bifurcat-


ed MeO···NH···OMe hydrogen bonds were observed for
linear trimer 8,[12] which adopted the almost coplanar ar-
rangement of the three aromatic rings. Accordingly, azaca-


lix[6]arene 2 can be viewed as a N(3)-bridged head-to-tail
dimer of two planar trimer units 8. NH hydrogen atoms of
the N(3) atoms of 2 are directed outward from the cavity
and take part in the formation of intermolecular hydrogen
bonds.


Another interesting point to note is the crystal packing
characterized by an infinite one-dimensional (1D) solvent-
filled nanochannel structure, as shown in Figure 5 and
Figure S3 in the Supporting Information. In the crystal, each


azacalix[6]arene 2 interacts with adjacent molecules by in-
termolecular NH/O hydrogen bonds (NH···O, 2.07 M and
1738 ; N···O, 3.04 M; see Figure 6 and Figure S4 in the Sup-
porting Information) formed between the bridging nitrogen
atoms N(3) and the methoxy groups of the aromatic ring B
belonging to the neighboring molecule. Propagation of the
intermolecular NH/O hydrogen-bonding interactions along
the crystallographic [1 1 0] and [1̄ 1 0] directions results in
the formation of a two-dimensional (2D) herringbone ar-
rangement of 2 on the ab plane, as shown in Figure 6 and
Figure S4 in the Supporting Information. In the 2D sheet
structure, each hydrogen-bonded assembly comprising of
four molecules of azacalix[6]arene 2 creates an interstitial
pore (ca. 200 M3), in which one molecule of hexane with an
all-anti conformation is embedded by weak intermolecular
CH/O interactions (CH···O, 2.98 M and 1498 ; C···O, 3.85 M;
Figure 7) between the methylene group of hexane and the
methoxy group of the ring B. As a result, the hexane-filled
2D sheet structure is stacked along the c axis to form the
1D nanochannel crystal architecture of the hexane clathrate
of 2 with a 1:1 host-guest ratio, as shown in Figure 5 and
Figure S3 in the Supporting Information.


Preparation of desolvated crystal : Prior to the preparation
of desolvated crystal, thermogravimetric analysis was carried
out to examine the thermal stability of the hexane clathrate
of 2. As shown in Figure 8, upon heating the single crystals
of the hexane clathrate, the weight of the crystals was gradu-
ally decreased to reach a constant value above 140 8C. The
observed overall weight change of 7.4% was equivalent to
the loss of one molecule of hexane, which indicated the
complete escape of the molecules of hexane from the single
crystals of 2. Desolvation was also feasible by heating the
single crystals of the hexane clathrate of 2 at 60 8C for 13 h
under reduced pressure. After desolvation, however, the
hexane clathrate lost the single crystallinity and turned to
colorless polycrystalline powder 2P. The letter P is used
below to represent the solvent-free polycrystalline powder


Figure 3. ORTEP drawing[20] of calix[6]arene 3 with 50% displacement
ellipsoids. Hydrogen atoms are omitted for clarity.


Figure 4. ORTEP drawing[20] of linear trimer 8 with 50% displacement el-
lipsoids. All hydrogen atoms, except for the bridging NH groups are
omitted for clarity. Numbers indicate O···H distances [M] of intramolecu-
lar NH···OMe hydrogen bonds.


Figure 5. Crystal structure of the hexane clathrate of azacalix[6]arene 2
viewed along the c axis. Molecules of azacalix[6]arene 2 and hexane are
represented by stick and space-filling models, respectively.
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material obtained from the single crystals of the hexane
clathrates of 2.


The powder XRD pattern of 2P (Figure 9a and Figure S1
in the Supporting Information) displays a similarity to the
XRD patterns simulated from the X-ray crystallographic


data of the hexane clathrate of 2 (Figure 9b) and also from
the imaginary crystal structure simply created by deleting
the atomic coordinates of hexane from the crystallographic
data of the hexane clathrate (Figure 9c). Although the crys-
tal structure of the polycrystalline powder 2P could not be
solved from the XRD pattern at this moment, FTIR mea-
surement of 2P revealed no appreciable change in the NH-
stretching, NH-bending, and CN-stretching bands, even after
the loss of single crystallinity (Figure 10), which suggested
that the hydrogen bonding network observed in the single
crystal (Figure 6 and Figure S4 in the Supporting Informa-
tion) remained almost unchanged in polycrystalline powder
2P. From these experimental facts, it is conceivable that,
upon heating the single crystals of the hexane clathrate of 2,
molecules of hexane escape through the 1D nanochannel
almost keeping the inter- and intramolecular hydrogen-
bonding interactions, though azacalix[6]arene 2 should alter
its 1,2,3-alternate conformation to some extent and/or un-
dergo slight translations in the solid state.


Figure 6. a) Ball-and-stick and b) schematic representations of the two-di-
mensional sheet structure of the hexane clathrate of azacalix[6]arene 2
on the ab plane. In panel (a), the carbon atoms are depicted by light-gray
circles, and gray circles stand for the nitrogen and oxygen atoms. In pan-
els (a) and (b), intermolecular NH···OMe hydrogen bonds are illustrated
by dotted lines.


Figure 7. ORTEP drawing[20] of the hexane clathrate of azacalix[6]arene 2
with 50% displacement ellipsoids. All hydrogen atoms, except for hexane
and the bridging NH groups are omitted for clarity. Number indicates the
distance of the CH/O interaction between hexane and the methoxy
group of the ring B.


Figure 8. Thermogravimetric analysis of the hexane clathrate of azaca-
lix[6]arene 2 recorded at 5 8C min�1.
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Solid–gas adsorption behavior: To gain an insight into the
ability of polycrystalline powder 2P to function as a nano-
porous material, adsorption experiments for gaseous mole-
cules were carried out. According to the described proce-
ACHTUNGTRENNUNGdure,[11c] adsorption isotherms for the four main atmospheric
components, such as N2, O2, Ar, and CO2 were recorded at
room temperature and 195 K on desolvated colorless poly-
crystalline powder 2P, which was prepared by heating the
single crystals of the hexane clathrate of 2 at 60 8C for 13 h
under reduced pressure. The initial pressure was set to ca.
100 kPa in all adsorption experiments. At room temperature
(Figure 11a and Figure S5a in the Supporting Information),
no uptake was observed for all of the examined gases except
for CO2, which was slightly adsorbed on polycrystalline


Figure 9. a) Powder XRD pattern of polycrystalline powder 2P. b) XRD
pattern simulated from the X-ray crystallographic data of the hexane
clathrates of 2. c) XRD pattern simulated from the imaginary crystal
structure simply created by deleting the atomic coordinates of hexane
from the crystallographic data of the hexane clathrate of 2.


Figure 10. FTIR spectra of a) polycrystalline powder 2P and b) the single
crystals of the hexane clathrate of azacalix[6]arene 2.


Figure 11. Gas adsorption isotherms recorded at a) room temperature
and b) 195 K for CO2, N2, O2, and Ar by using polycrystalline powder 2P
as an adsorbent. Isotherms for N2, O2, Ar, and CO2 are shown by g,
a, d, and c, respectively.
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powder 2P. In contrast, CO2 was rapidly and selectively ad-
sorbed on 2P at 195 K (Figure 11b and Figure S5b in the
Supporting Information), and the initial pressure of ca.
100 kPa was decreased within 10 min to reach equilibrium at
65 kPa, which corresponded to the uptake of ca. 1.8 mol of
CO2 per mol of 2 (i.e. 37 cm3g�1 at standard temperature
and pressure). It is interesting to note that the observed ad-
sorption capacity of 2P for CO2 is comparable to, or some-
what poorer than, those of MOFs[13] and zeolites[14] similarly
capable of selectively adsorbing CO2. On the whole, the ob-
served gas adsorption behavior of 2P at 195 K was correlat-
ed fairly well with the molecular sieve effect[21] based on the
difference in the kinetic diameters of the examined gases,
such as N2 (3.64 M), O2 (3.46 M), Ar (3.40 M), and CO2


(3.3 M).
As a control, adsorption experiments were performed for


azacalix[4]arene 1 and carbocyclic calix[6]arene 3, the
former of which was densely packed in the crystal solely by
intermolecular CH/p interactions to form a nonporous crys-
tal structure with no solvent molecule in the lattice.[12] As
shown in Figure 12 and Figure S6 in the Supporting Infor-
mation, carbocyclic calix[6]arene 3 also retains a nonporous
and nonsolvated crystal structure, which is characterized by
a 1D chain structure established by intermolecular CH/O in-
teractions (CH···O, 2.61 M and 1268 ; C···O, 3.28 M) between
the methoxy group of the aromatic ring C and that of ring B
belonging to the nearest molecules. As anticipated from
their densely-packed nonporous crystal structures, both aza-
calix[4]arene 1 and calix[6]arene 3 gave rise to almost no
uptake of CO2 even at 195 K, as shown in Figure 13 and
Figure S7 in the Supporting Information. Although gas sorp-
tion was reported to happen even by nonporous materi-
als,[11, 22] the absence of interstitial void space enough to ac-
commodate gaseous molecules in the crystal lattices of 1
and 3 would be responsible for the observed non-uptake of
CO2 by these crystalline powder materials. In other words,
an infinite 1D nanochannel crystal structure observed in the
single crystal of the hexane clathrate of 2 would be retained,
though presumably imperfectly, in the desolvated polycrys-
talline powder 2P, as suggested by the XRD and FTIR
measurements (Figures 9 and 10).


Selective and rapid uptake of CO2 by polycrystalline
powder 2P at 195 K can be explained by considering 1) hy-
drogen-bonding interactions and/or 2) quadrupole/induced-
dipole interactions between 2 and CO2, in addition to the
molecular sieve effects mentioned above. The desolvation-
induced disintegration of the single crystals of the hexane
clathrate of 2 into polycrystalline powder 2P would break a
portion of the NH hydrogen bonds and change them into
dangling bonds, thereby leading to the formation of hydro-
gen bonds with CO2 molecules diffused into the 1D nano-
channel of 2P. This is parallel to the experimental fact that
azacalix[4]arene 1 and calix[6]arene 3 lead to almost no
uptake of CO2 (Figure 13 and Figure S7 in the Supporting
Information) because of the lack of hydrogen bonding sites,
together with their densely-packed crystal structures. As an
additional factor, quadrupole/induced-dipole interactions


between CO2 and the surrounding aromatic “walls” built
along the 1D nanochannel of 2P would also be involved in
the selective adsorption of CO2, judging from the greater
quadrupole moment (absolute value)[23] of CO2 (13.4Q
1040 Cm2) than the other examined gases, such as N2 (4.7Q
1040), O2 (1.3Q1040), and Ar (0). This intermolecular interac-
tion must also contribute to the gas adsorption behavior of
carbocyclic calix[6]arene 3, which exhibits the slight uptake
of CO2 at 195 K (Figure 13b and Figure S7b in the Support-
ing Information). As a result, it is conceivable that hydro-
gen-bonding interactions and/or quadrupole/induced-dipole
interactions are responsible for the observed selective and
rapid uptake of CO2 by 2P. Nevertheless, these intermolecu-
lar interactions are insufficient to efficiently entrap and hold
CO2 molecules in the nanochannel space of 2P at ambient


Figure 12. a) Ball-and-stick and b) schematic representations of the one-
dimensional chain structure of calix[6]arene 3 along the b axis. In
panel (a), the carbon atoms are depicted by light-gray circles, and gray
circles stand for the oxygen atoms. In panels (a) and (b), intermolecular
CH/O interactions are illustrated by dottted lines.
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temperature, as can be seen from the experimental results
shown in Figure 11 and Figure S5 in the Supporting Infor-
mation.


Conclusions


The present study has demonstrated that azacalix[6]arene 2
can be prepared in a simple and efficient manner by apply-
ing a Pd0-catalyzed aryl amination reaction by using our pre-
viously devised temporal N-silylation protocol. X-ray crys-
tallographic analysis and NMR spectroscopic measurements
have clearly revealed that azacalix[6]arene 2 with NH
bridges is well endowed with hydrogen-bonding ability,
which controls both the molecular and crystal structures of
2. In fact, NH hydrogen atoms of 2 experience a downfield
shift in the 1H NMR spectrum because of the presence of
the intramolecular hydrogen-bonding interaction, by which
azacalix[6]arene 2 adopts a 1,2,3-alternate conformation
with S2 symmetry in the solid state. In the crystal, molecules
of 2 are mutually interacted by intermolecular hydrogen
bonds to establish the infinite 1D nanochannel crystal archi-
tecture of the hexane clathrate with a 1:1 host/guest ratio.
After desolvation, the resultant polycrystalline powder ma-
terial 2P was capable of selectively and rapidly adsorbing
CO2 among the four main components of the atmosphere,
as a result of hydrogen-bonding interactions and/or quadru-


pole/induced-dipole interactions between 2 and CO2 in the
1D nanochannel of 2P. As an eventual outcome, the present
study has clearly demonstrated that the selective solid-state
complexation of gaseous CO2 by a nitrogen-bridged calixar-
ene analogue is feasible.


Because azacalix[6]arene 2 possesses electron-rich p-sys-
tems and the striking hydrogen-bonding ability to act as
both donor and acceptor, there appears a fair prospect that
azacalix[6]arene 2 may exhibit a greater gas adsorption ca-
pacity with the aid of crystal engineering. This legitimate an-
ticipation strongly compels us to further study the solid–gas
adsorption behavior of 2 and its homologues with smaller
and larger ring sizes. Investigations along this line are cur-
rently under progress to gain a deeper insight into the dy-
namic solid-state complexation of this molecular system.


Experimental Section


General : Melting points were determined on a Yanaco MP-J3 apparatus
and are uncorrected. NMR spectra were recorded on a JEOL JNM-A500
instrument by using tetramethylsilane (1H NMR spectra) and solvent res-
onance (13C NMR spectra) as internal standards. IR spectra were ob-
tained on a Shimadzu IRPrestige-21 spectrometer. Mass spectra were re-
corded at the GCMS and NMR Laboratory, Faculty of Agriculture, Hok-
kaido University (Japan). Elemental analyses were conducted at the Mi-
croanalytical Center, Kyoto University (Japan). Thermogravimetric anal-
ysis was performed with a Shimadzu TGA-50 instrument at the scanning
rate of 5 8Cmin�1. Powder XRD patterns were recorded by a Rigaku
RINT 2200 diffractometer by using CuKa radiation (l =1.54056 M, 40 kV,
40 mA) with a graphite monochrometor at a step width of 0.018 2q and a
counting time of 2 s step�1. Flash column chromatography was performed
with Kanto Silica Gel 60N (40–50 mm). Toluene, CH2Cl2, and DMF were
refluxed over and then distilled from CaH2 under Ar before use. Palladi-
um bis(benzylideneacetone) ([Pd ACHTUNGTRENNUNG(dba)2]),


[24] calix[6]arene 3,[25] and com-
pounds 4[15] , 6[16] , and 8[12] were prepared according to the described pro-
cedure. Other chemicals were purchased from commercial suppliers and
used as received.


N,N’-Bis[3-(N’’-benzyl-3-bromo-5-tert-butyl-2-methoxyanilino)-5-tert-
butyl-2-methoxyphenyl]-N,N’-dibenzyl-5-tert-butyl-2-methoxy-1,3-phenyl-
enediamine (5): 60% NaH (481 mg, 12.0 mmol) was added to a solution
of 4[15] (2.06 g, 2.00 mmol) in anhydrous DMF (40 mL) at 0 8C under Ar.
After the reaction mixture had been stirred for 5 min, BnBr (1.1 mL,
9.0 mmol) was added. Stirring was continued at room temperature over-
night, and then Et2O was added to the reaction mixture. The organic
layer was washed with brine, dried over Na2SO4, filtered, and evaporated.
Flash column chromatography on silica gel (hexane/CH2Cl2 3:1) and sub-
sequent precipitation from Et2O/MeOH gave 5 (2.56 g, 92%) as a pale-
pink solid. M.p. 103–105 8C; 1H NMR (500 MHz, CDCl3): d=7.28–7.08
(m, 20H; ArH), 7.06 (d, 4J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 2H; ArH), 6.86 (d, 4J ACHTUNGTRENNUNG(H,H)=


2.3 Hz, 2H; ArH), 6.70 (d, 4J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 2H; ArH), 6.62 (s, 2H;
ArH), 6.59 (d, 4J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 2H; ArH), 4.81 (s, 4H; NCH2Ph), 4.80
(s, 4H; NCH2Ph), 3.461 (s, 3H; OMe), 3.457 (s, 6H; OMe), 3.41 (s, 6H;
OMe), 1.11 (s, 18H; tBu), 1.03 (s, 18H; tBu), 1.02 ppm (s, 9H; tBu);
13C NMR (125 MHz, CDCl3): d=148.1, 147.4, 145.7, 145.23, 145.21, 145.0,
143.2, 142.7, 142.6, 139.4, 128.04, 127.99, 127.97, 127.9, 126.5, 126.2, 123.2,
119.9, 117.5, 117.1, 117.0, 116.3, 59.9, 59.13, 59.10, 56.9, 56.7, 34.4, 34.28,
34.27, 31.14, 31.13, 31.08 ppm; elemental analysis calcd (%) for
C83H98Br2N4O5: C 71.64, H 7.10, N 4.03; found: C 71.72, H 7.09, N 3.99.


N,N’,N’’,N’’’-Tetrabenzyl-5,11,17,23,29,35-hexa-tert-butyl-
37,38,39,40,41,42-hexamethoxy-2,8,14,20,26,32-hexaazacalix[6]arene (7):
A solution of 5 (696 mg, 500 mmol), 6[16] (97.2 mg, 500 mmol), tBuONa
(240 mg, 2.50 mmol), and TBDMSCl (151 mg, 1.00 mmol) in anhydrous
toluene (100 mL) was stirred at 80 8C under Ar. After the reaction mix-


Figure 13. Gas adsorption isotherms recorded at 195 K for CO2, N2, O2,
and Ar by using crystalline powder materials of a) azacalix[4]arene 1 and
b) carbocyclic calix[6]arene 3 as adsorbents. Isotherms for N2, O2, Ar,
and CO2 are shown by g, a, d, and c, respectively.
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ture had been stirred for 30 min, [Pd ACHTUNGTRENNUNG(dba)2] (57.4 mg, 100 mmol) and
10 wt% tBu3P in hexane (240 mL, 80 mmol) were added. The solution was
refluxed for 22 h and then cooled to room temperature. The reaction
mixture was passed through Celite and evaporated. Flash column chro-
matography on silica gel (hexane/CH2Cl2 1:1) and subsequent washing
with Et2O/MeOH gave 7 (227 mg, 32%) as a colorless solid. M.p. 256–
257 8C (dec.); 1H NMR (500 MHz, CDCl3): d=7.36 (d, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz,
4H; ArH), 7.29 (d, 3J ACHTUNGTRENNUNG(H,H)=7.3 Hz, 4H; ArH), 7.24–7.21 (m, 6H;
ArH), 7.16–7.15 (m, 6H; ArH), 7.11 (br s, 2H; ArH), 7.07 (br s, 2H;
ArH), 6.97 (br s, 2H; ArH), 6.79 (br s, 2H; ArH), 6.54 (br s, 2H; ArH),
6.35 (br s, 2H; NH), 5.19–4.77 (m, 8H; NCH2Ph), 3.70 (br s, 3H; OMe),
3.28 (br s, 6H; OMe), 2.60 (br s, 6H; OMe), 2.24 (br s, 3H; OMe), 1.32
(br s, 9H; tBu), 1.30 (br s, 18H; tBu), 1.15 (s, 18H; tBu), 1.12 ppm (s, 9H;
tBu); 13C NMR (125 MHz, CDCl3): d=149.6, 146.5, 145.7, 145.5, 145.0,
142.0, 140.0, 139.6, 138.9, 138.2, 137.9, 136.5, 130.0, 128.4, 127.8, 127.6,
126.8, 126.5, 121.2, 117.2, 113.7, 112.5, 109.5, 100.9, 60.3, 60.0, 59.6, 59.5,
59.2, 58.9, 34.58, 34.56, 34.52, 34.4, 31.5, 31.40, 31.36, 31.1 ppm; IR (KBr):
3361 cm�1 (nNH); elemental analysis calcd (%) for C94H114N6O6: C 79.29,
H 8.07, N 5.90; found: C 79.54, H 8.23, N 5.80.


5,11,17,23,29,35-Hexa-tert-butyl-37,38,39,40,41,42-hexamethoxy-2,8,14,20,
6]arene (2): A solution of 7 (427 mg, 300 mmol) and 10% Pd(OH)2/C
(204 mg) in cyclohexane (50 mL) was stirred at room temperature under
H2 (3.9 atm). After the reaction mixture had been stirred for 31 h, addi-
tional 10% Pd(OH)2/C (200 mg) was added, and then stirring was contin-
ued for another 14 h under H2 (4.0 atm). The reaction mixture was
passed through Celite and evaporated. Flash column chromatography on
silica gel (hexane/CH2Cl2 1:1 then 1:2) and recrystallization from CH2Cl2/
hexane gave 2 (280 mg, 88%) as a colorless solid. M.p. 295–296 8C (dec.);
1H NMR (500 MHz, CDCl3): d=6.87 (s, 12H; ArH), 6.20 (s, 6H; NH),
3.26 (s, 18H; OMe), 1.27 ppm (s, 54H; tBu); 13C NMR (125 MHz,
CDCl3): d =146.5, 139.5, 137.6, 110.4, 59.6, 34.5, 31.4 ppm; IR (KBr)
3358, 3406 cm�1 (nNH); MS (FD): m/z (%): 1063 (100) [M+], 531 (9) [M2+


], 354 (2) [M3+]; elemental analysis calcd (%) for C66H90N6O6: C 74.54,
H 8.53, N 7.90; found: C 74.33, H 8.58, N 7.83.


Gas adsorption experiments : By reference to the literature of Atwood
and Barbour,[11c] essentially the same devise was constructed to record
solid–gas absorption isotherms of 1 (10.4 mg), 2P (19.7 mg), and 3
(19.4 mg) at room temperature and 195 K. The powder material was
placed in a sample chamber, and then both sample and reference cham-
bers (each volume=2.0 cm3) were evacuated at 1 kPa for 1 h. After the
chambers were pressurized to ca. 100 kPa by the desired gas, their inter-
nal pressures were monitored by using two pressure transducers (Swage-
lok PTI-S-MC.15–15AQ-A) attached to each chamber. Adsorption equi-
librium was reached within 20 min, and the gas adsorption capacity was
estimated from the changes in pressure.


X-ray crystallographic analyses : The X-ray data were collected on a
Rigaku RAXIS RAPID diffractometer with graphite-monochromated
MoKa radiation (l=0.71075 M) to 2qmax of 54.98 for 2·hexane and of 55.08
for 3 and 8. All the crystallographic calculations were performed by
using a crystallographic software package, CrystalStructure, Version
3.8.2.[26] The crystal structure was solved by direct methods and refined
by full-matrix least-squares. All non-hydrogen atoms were refined aniso-
tropically, and hydrogen atoms were refined by using the riding model.
The fundamental crystal data and experimental parameters for the struc-
ture determination are given in Table 1. CCDC-681115, 681116, and
681117 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Confinement in Nanopores at the Oxide/Water Interface: Modification of
Alumina Adsorption Properties


Manuel Baca,[a, b] Xavier Carrier,[a, b] and Juliette Blanchard*[a, b]


Introduction


The confinement of water in nanoporous materials is the
subject of intense research due to its potential impact in var-
ious fields, including soil science, heterogeneous catalysis,
materials science and biological processes.[1] The terminolo-
gy “confinement” is used when the porosity induces a modi-
fication of the physicochemical properties (phase behaviour,
molecular mobility, etc.) of molecules or solutes present
(confined) in the pores. For example, it is well known that
the water solidification transition is always lower in nano-
pores than in bulk solution. Experimental evidence has been
given by using mesoporous silica-based materials,[2,3] such as
MCM-41 with pore diameters ranging from 20 to 40 , and


it was shown that water solidifies 50 K below its bulk value.
The dielectric constant (e) of water (and thus its dissociation
properties) can also be drastically modified in a confined
space as demonstrated by using molecular dynamics simula-
tions, which showed that e decreases by 50% when water is
confined in a pore of 12 ,.[4] Extending these results to the
oxide/water interface, one may therefore expect that adsorp-
tion of molecules/ions on oxide surfaces, which is largely
dictated by the properties of interfacial water, will be depen-
dent on the porosity of the oxide adsorbent. Surprisingly,
very little data is available to confirm this hypothesis, de-
spite practical implications for the transport of contaminants
in the environment or heterogeneous catalyst preparation,
for example.[5,6] Only recently, Wang et al. published two
papers that provided new insights into the modifications of
the ion adsorption properties of alumina supports caused by
space confinement.[7,8] They showed first that the surface
charge density of a commercial mesoporous alumina (Ø=


6.5 nm) was 45 times higher than a commercial alumina
(crushed extrudates) and explained this effect by a signifi-
cant reduction in the separation of surface OH acidic con-
stants (DpK=pKa2


�pKa1
) in a mesopore. As a matter of


fact, a narrowing of DpK results in a higher concentration of
charged surface groups for a given pH. The authors pro-
posed that variations in DpK were due to the overlap of the
electric double layer (EDL) in mesopores because a pore
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radius in the nm range is comparable to the EDL thickness.
However, it was noted by the authors that the effect of
EDL overlap cannot be fully integrated in existing surface
complexation models.[7] In accordance with the modification
of the surface charge, it was also shown by the same authors
that the zinc(II) sorption coefficient was approximately 10-
fold higher on mesoporous alumina than on conventional
alumina extrudates.[7] This drastic increase is obviously the
result of the enhanced surface charge on the mesoporous
support. But it was also proposed by the authors that the in-
crease may result from a reduction of the activity of water
inside a nanopore when considering that reduced activity
will decrease the ion hydration and in turn increase the ten-
dency for inner-sphere complexation.[8]


Unfortunately, the work of Wang et al.[7,8] was limited to
one type of commercial mesoporous alumina with only one
pore size and limited knowledge of the structure of the ma-
terial. Furthermore, another recent work by Goyne et al.[9]


challenged the main conclusions of Wang et al.[7,8] since they
showed that silica and alumina materials with variable po-
rosity exhibit identical surface charge behaviour when nor-
malised to the surface area. Hence, the present work aimed
at broadening the study of nanopore confinement to a varie-
ty of porous commercial transition aluminas with average
pore sizes ranging from 20 to 200 , and a non-porous alu-
mina (pore diameter>500 ,). To study the impact of pore
space confinement, the surface acidobasic properties and
the adsorption capacity for a Ni cationic complex were stud-
ied for the various alumina materials.


Results


Surface charge and pKa values : The evolution of the surface
charge (Q) as a function of pH deduced from the potentio-
metric titration of the Puralox g-alumina is presented in Fig-
ure 1A along with the point of zero charge (PZC) obtained
at Q=0. A linear extrapolation of the pK versus Q curve to
Q=0 gives values of the intrinsic acidity constants (pKa1


and
pKa2


, Figure 1B). The PZC and intrinsic acidity constants
obtained by the same procedure for 6 different transition
alumina with pore sizes from 20 to more than 500 , are
given in Table 1. First of all note that the PZC does not
change by more than 0.7 pH units for all of the alumina
samples studied with only a slight increase with the average
pore diameter. This result is in good agreement with those
already published and confirms
that the PZC is not affected by
the pore size to a large
extent.[7,9] Examination of
Table 1 also reveals that DpK
(i.e., pKa2


�pKa1
) also marginal-


ly increases (less than 0.9 pK
units) with the average pore
size. These results are in dis-
ACHTUNGTRENNUNGagreement with the work of
Wang et al. in which a clear en-


hancement of the surface charge was observed on a mesopo-
rous alumina relative to commercial alumina particles.[7,8] To
highlight the difference with the work of Wang et al.,[7,8] the
surface charge as a function of pH�PZC is plotted in
Figure 2 for three different alumina samples. It is shown
that, for a given pH, the surface charge per m2 does not
change significantly from one alumina to another, which
therefore confirms that the surface charge is almost inde-
pendent of the average pore size for a given material.


Adsorption capacity : The adsorption isotherm at room tem-
perature of [Ni(en)3]


2+ on Puralox g-alumina is given in Fig-


Figure 1. A) Surface charge density calculated from the titration curve.
PZC=point of zero charge. B) Acidity constants calculated from the Q
versus pH curve for Puralox g-alumina. Extrapolation of the pK curve to
Q=0 gives intrinsic acidity constants: pKa1


and pKa2
reported in Table 1.


Table 1. Textural properties (specific surface area (SBET) and average pore diameter (Øpores)) and surface
charge behaviour (PZC and intrinsic acidity constants (pKai)) of the aluminas used in this work.


Sample Supplier SBET [m2g�1] Øpores (W1/2)
[a] [,] PZC pKa2


pKa1
DpKa


h ETA Sasol 270 26–18 7.4 9.65 5.25 4.40
h Versal B UOP 220 27–18 7.4 9.50 5.30 4.20
g Puralox Sasol 192 55–38 7.9 9.60 5.85 3.75
g Ec1520 Axens-IFP 223 67–39 7.6 9.45 5.70 3.75
d Baikalox Baikowski 106 200–156 8.1 9.85 6.25 3.60
d AluC Degussa 105 >500[b] 8.0 9.75 6.20 3.55


[a] W1/2 = full width at half maximum of the pore size distribution (BJH calculation on the adsorption curve).
[b] No maximum in the adsorption curve was found for this sample.
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ure 3A. The surface density of adsorbed complexes (Niads ; in
mmolm�2) is plotted as a function of Ni concentration in so-
lution at equilibrium (Nieq; in mmolL�1). The shape of the
adsorption isotherm suggests Langmuir-type behaviour, with
adsorption on a limited number of equivalent adsorption
sites.[10] The adsorption isotherms obtained for all the alumi-


nas studied are similar. To confirm the site-adsorption hy-
pothesis, Langmuir transforms of the isotherms were plotted
(Figure 3B) and the adsorption constant (Kads in m


�1) and Ni
saturation coverage ([S]tot in atoms per nm2) were obtained
from b/a and 1/b, respectively, in which a is the slope and b
is the y intercept of the linear regression (Table 2).[10]


The evolution of the adsorption constant and the Ni satu-
ration coverage as a function of the average pore size is
plotted in Figure 4. The Ni saturation coverage is approxi-
mately identical for each alumina sample at about 0.5 atoms
per nm2. This similarity confirms that the surface chemistry
(structure and composition) of the various aluminas used in
this work is comparable (in agreement with the fact that
their crystallographic structures are closely related). The
main distinction between the different oxide supports lies,
therefore, only in their pore diameters. Moreover, if one as-
sumes that the adsorption of [Ni(en)3]


2+ is purely electro-
static (surface–complex ions pairs) due to the thermodynam-


Figure 2. Surface charge density (Q) as a function of pH�PZC for Pura-
lox (c), AluC (a) and VersalB (g) aluminas.


Figure 3. A) Adsorption isotherm of [Ni(en)3]
2+ on the Puralox g-alumi-


na and B) the corresponding linear transform.


Table 2. Adsorption constants (Kads) and Ni saturation coverage ([S]tot)
determined by linear transform of the adsorption isotherms of
[Ni(en)3]


2+ on aluminas with various average pore size.[a]


Sample Øpores [,] Kads [m�1] [S]tot [atoms per nm2]


h ETA 26�9 64�9 0.50�0.05
h Versal B 27�9 124�16 0.51�0.04
g Puralox 55�19 191�23 0.49�0.03
g Ec1520 67�19 244�33 0.46�0.04
d Baikalox 186�78 484�74 0.48�0.03
d-AluC >500 389�53 0.50�0.03


[a] The uncertainty on the pore diameter was taken as �W1/2 in which
W1/2 is the full width at half maximum of the pore size distribution (ad-
sorption curve). The uncertainty on [S]tot was taken as �sb/b


2 and the un-
certainty on Kads was taken as DKads =� asbþbsa


a2 , in which a and b are the
slope and the y intercept of the linear regression, respectively, and sa and
sb are their standard deviations.


Figure 4. Evolution of the adsorption constant (Kads ; &) and the satura-
tion coverage ([S]tot ; ~) versus the average pore diameter.
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ic stability and kinetic inertness of chelate complexes,[11, 12]


the identical saturation coverages obtained clearly confirms
the results obtained by acid–base titrations, that is, the sur-
face charge, and thus, the ion adsorption capacity does not
depend on the average pore size.


Conversely, with regards to the evolution of the adsorp-
tion constant (Kads), Figure 4 clearly demonstrates that the
pore size has a drastic effect. One can observe a regular in-
crease in Kads with the pore size for pore diameters up to
100 ,. From a quantitative point of view, the adsorption
constant estimated for the Baikalox d-alumina (average
pore size of 186 ,) and for the AluC d-alumina (pore size
>500 ,) is six to seven times higher than that calculated for
the h-alumina from Sasol (average pore size of 26 ,). This
result implies that the ion adsorption constant is greatly re-
duced when the pore size decreases.


Discussion


Surface charge and pKa values : The similarity in PZC and
surface charge observed for the different alumina used in
this work is in agreement with the work of Lyklema and co-
workers.[13] It was shown by these authors that a “universal”
curve for surface charge can be obtained for different oxides
(i.e., hematite and rutile in their case) when the surface
charge is plotted as a function of pH�PZC, that is, when
the x coordinate is corrected for differences in the PZC,
which depends only on intrinsic acidity constants. As a
matter of fact, the determination of a surface OH group
acidity constant (pKa), and thus of a PZC value, is based
solely on OH coordination in most existing surface ionisa-
tion models, such as the MUSIC model from Hiemstra and
co-workers.[14] In this model, the pKa value depends on the
degree of undersaturation of the oxygen charge, which is de-
fined by the number of cations coordinating the oxygen
atom, the cation–oxygen bond length and the existence of
hydrogen bonds. Hence, this model is surface dependent
(composition and structure), but it is unaffected by the pore
size. Therefore, according to the MUSIC model, the pKa


(and thus the PZC) of different alumina with the same sur-
face structure should be similar regardless of the pore size,
which is in agreement with our results (Table 1) and those
of Goyne et al.[9] The slight differences observed among the
various transition aluminas (d, g, h) are probably related to
small variations in the fraction of exposed faces. As a matter
of fact, all of the transition aluminas used in this work have
a similar crystallographic structure based on face-centred
cubic compact oxygen packing, but h-Al2O3 is obtained by
dehydration of bayerite, whereas g-Al2O3 and d-Al2O3 are
obtained from boehmite at different temperatures.[15] Hence,
the last two alumina should have surface properties closer
to each other than the first one. Accordingly, the PZC of
g-Al2O3 and d-Al2O3 are very close (7.6 to 7.9 for the g-alu-
minas, 8.0 to 8.1 for the d-aluminas) and slightly higher than
that of h-Al2O3 (7.4). As a matter of fact, the similar surface
properties of the different alumina are also revealed by a


comparable number of total adsorption sites as shown above
(Table 2).


Nevertheless, one can still anticipate that materials with
identical surface properties (PZC and intrinsic pKa), but
with different porosities may well develop different surface
charges. Lyklema and co-workers, claimed that the surface
charge has generic behaviour (as opposed to PZC, which is
oxide specific) that is only governed by the solution side of
the double layer.[13] This assertion can be translated into
thermodynamic terms by breaking down the free energy
[Eq. (1)], or the acidity constants [Eq. (2)], of protonation/
deprotonation of surface OH groups into oxide-specific (in-
trinsic) and coulombic (generic) terms:[10]


DG0
app ¼ DG0


intrþDG0
coul ð1Þ


Kaapp
¼ Kaintr


Kacoul ð2Þ


DG0
app (or Kaapp


) is the apparent (microscopic) free energy
of protonation/deprotonation that is actually measured at
each point on the titration curve (Figure 1B). DG0


intr is the
intrinsic free energy of protonation/deprotonation, which is
an oxide-specific property (i.e. , intrinsic Ka) measured at
Q=0 that does not depend on the surface charge, whereas
DG0


coul is a generic electrostatic term for all oxides and de-
pends on the solution properties (the solution side of the
EDL). DG0


coul reflects the electrostatic work in transporting
ions through the interfacial potential gradient (Y). In other
words, it means that it is more and more difficult to proton-
ate a positively charged surface as the charge increases. The
coulombic term (related to the surface potential through
DG0


coul =ZFY, in which F is the Faraday constant and Z is
the change in the charge of the surface species) should be
roughly identical for different oxides at a given pH�PZC
value and ionic strength.[10] These considerations easily ex-
plain why Lyklema and co-workers obtained a “universal”
curve for surface charge versus pH�PZC for different
oxides.[13]


However, the preceding considerations neglect the possi-
bility that porosity could also play a role. As a matter of
fact, as mentioned earlier by Wang et al. ,[7] for ionic
strengths between 0.01 and 0.1m, the EDL thickness is in
the mesoporosity range (3 and 1 nm, respectively) and a sig-
nificant overlap of the EDL can occur in nanopores. Such
an overlap, will in turn lead to an enhanced interfacial po-
tential gradient in the porosity and consequently an in-
creased contribution of DG0


coul when compared with a planar
surface. Qualitatively speaking, a proton will have to over-
come a higher surface potential to be adsorbed on a partial-
ly protonated surface. Hence, on a qualitative basis, one can
suppose that the apparent acidic constants for deprotonation
(Ka1


) of a confined pore will be higher (i.e. , lower pKa1)
than that of a planar surface and result in a lower surface
charge for mesoporous materials. Note that Zhmud
et al.[16, 17] also postulated that the surface charge of mesopo-
rous materials should decrease with the pore size based on a
different approach.
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This hypothesis differs from the work performed by Wang
et al.[7] in which it is shown that the surface charge is en-
hanced for a mesoporous material with respect to commer-
cial alumina particles. However, this conclusion is drawn
from the comparison of only two aluminas of unknown pore
size distribution and, for one of them, of poor crystallinity.


As mentioned above, the absence of a clear confinement
effect on the surface charge for the various aluminas used in
this work is not definite proof that the surface charge is un-
affected by the porosity. The results obtained herein are re-
stricted to the conditions and materials used. For example,
we postulated above that one of the possible effects of a
confined pore is to lead to the overlap of the EDL. The
thickness of the EDL is extremely dependent on the ionic
strength: the higher the ionic strength, the shorter the EDL.
Hence, we can suggest that a clear effect of confinement
would only be observed for very low ionic strength (i.e. ,
large EDL thickness), whereas for higher ionic strength
(i.e., 0.1m) the EDL thickness is too low (ca. 1 nm[10]) to
lead to a significant overlap in the mesopores of the alumi-
nas we have investigated. Hence, we believe that, to con-
clude unambiguously, the present work should be extended
to titrations with variable ionic strength and/or to mesopo-
rous alumina with smaller pore sizes.


Ion adsorption constants Kads : The increase in the ion ad-
sorption constant by a factor of six to seven between the
smaller (26 ,) and the larger (200 , and >500 ,) pores
cannot be assigned to minor modifications of the crystallo-
graphic structure of the different transition alumina because
within a given crystallographic structure (h, g) a clear effect
of the pore diameter is always observed. Another possible
explanation for the low adsorption constant for small pore
diameters may lie in the slow diffusion of Ni complexes in
the smaller pores. However, this hypothesis is very unlikely
considering the equilibration time (15 h) used in this series
of experiments. As a matter of fact, it was shown by van de
Water et al.[18] by means of UV/Vis microspectroscopy that
5 min were enough for detecting Ni ions at the core of 3 mm
g-Al2O3 pellets initially impregnated with an acidified solu-
tion of Ni–ethylenediamine and Wang et al.[7] reported that
the ion uptake in a mesoporous alumina, although longer
than in conventional alumina, occurred within a few mi-
nutes. Moreover, an equilibration time higher than 15 h
would result in a profound modification of the surface prop-
erties of the alumina used in this work because it was shown
previously that Al(OH)3 precipitation could be observed in
as little as 24 h.[19] Hence, the contact time used in this work
results from the trade-off between the necessary diffusion of
Ni complexes and the unwanted alumina alteration in aque-
ous solution.


The reduction in the adsorption constant with the pore
size could only be explained by a modification of the solvent
properties in the porosity, since the surface charge is compa-
rable for different pore sizes (see above). As a matter of
fact, it was reported by Zhmud et al. that a charged surface
may influence the association constant (Kas) of an ion pair,


that is, the adsorption of a cation on a negatively charged
surface group, by modifying the permittivity of the solution
close to the surface.[16] Indeed the permittivity (i.e., the die-
lectric constant) of a solvent is lower near a charged surface
than in the bulk. In turn, the dehydration energy is lower
and the formation of an ion pair, which requires dehydra-
tion of both ions, involves less energy and the association
constant should be higher. Without the need to consider a
charged interface, this effect can even be enhanced when
the solvent is confined in a nanopore. Senapati and Chandra
have shown, with the help of molecular dynamics simula-
tions, that the confinement of water in an uncharged nano-
pore 12 , in diameter resulted in a 50% decrease in the di-
electric constant with respect to bulk water.[4] Hence, one
may expect that the formation of an ion pair is even more
favourable in small pores. A similar proposition for inner-
sphere adsorption was made by Wang et al. considering the
water activity in a confined pore.[8] The authors noted that
the activity of water can be much lower in a nanopore (fol-
lowing KelvinRs equation, the activity is proportional to r�1),
which results in a lower hydration of aqueous species, and
hence, a stronger tendency for inner-sphere surface
ACHTUNGTRENNUNGcomplexation.


However, our experimental results are opposed to the
preceding hypotheses because the adsorption constant mea-
sured for the adsorption of [Ni(en)3]


2+ on various alumina
samples is disfavoured for decreasing pore sizes. This dis-
crepancy may indicate that the adsorption of [Ni(en)3]


2+ is
more complicated than a simple ion pair formation. In fact,
Boujday et al. have shown that a complete description of ad-
sorption sites for Ni–ethylenediamine complexes on silica
requires that the cooperative formation of hydrogen bonds
between the NiII complex and the surface (interactional
complementarity) through the interaction of NH groups
from ethylenediamine (hydrogen donors) and surface
oxygen atoms (hydrogen acceptors) is taken into account.[20]


Moreover, it is recognised that the solvent may perturb the
intermolecular hydrogen-bonding interactions by competing
for hydrogen bonds, depending on the solvent properties,[21]


and Monte Carlo simulations are in agreement with a per-
turbation of the hydrogen-bond network in a confined envi-
ronment.[22] Hence, one can speculate that the reduced ad-
sorption constants observed in this work for confined pores
may result from a reduced tendency for hydrogen bonding
caused by a modification of the solvent properties in small
pores. However, these notions remain hypotheses at this
time and much theoretical and experimental work needs to
be done to be able to fully rationalise the influence of con-
finement at the oxide/water interface.


Conclusion


For the first time, several aluminas with various pore diame-
ters were used to study the modification of the oxide ad-
sorption properties at the oxide/water interface in a con-
fined environment. The pKa values and the surface charge
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densities are not significantly modified by the pore diame-
ter, in agreement with the work of Goyne et al.[9] and the
MUSIC model,[14] which considers that the pKa values (and
thus the PZC) depend only on the structure and composi-
tion of the oxides. This result is confirmed by [Ni(en)3]


2+ ad-
sorption isotherms, which reveal a constant coverage at satu-
ration regardless of the pore size of the alumina. On the
other hand, the adsorption constant was increased by a
factor of six to seven when the average pore diameter in-
creases from 26 to 200 , or more. A reverse effect would be
expected by considering a reduction in the dielectric con-
stant of water inside the mesopores. One possible explana-
tion is a reduced tendency for hydrogen bonding in meso-
pores because it is known that the adsorption of [Ni(en)3]


2+


is more complicated than simple ion pair formation.[20]


The decrease in the adsorption constant with decreasing
pore size could have major consequences for controlling the
transport of environmental contaminants and for the prepa-
ration of heterogeneous catalysts, and therefore, deserve fur-
ther investigations. Because the alumina samples used for
this study have three different crystallographic structures (h,
g, d) and relatively broad pore size distributions, it would be
interesting to confirm these results and to use model alumi-
na with controlled pore sizes, such as those recently devel-
oped by grafting aluminium alkoxides on ordered silica
ACHTUNGTRENNUNGmesoporous supports.[23–25]


Moreover, the work reported herein deals with the ad-
sorption of a cationic metal complex. It would also be of
utmost importance to broaden this work to the adsorption
of oxoanions (such as molybdates, that is, MoO4


2�) because
these species are precursors for alumina-based heterogene-
ous catalysts in the petroleum industry.


Experimental Section


The transition alumina (h, d, g) used in this work were obtained from
several suppliers with the aim of obtaining a large range of pore sizes
while retaining the same chemical composition. All of these samples
were calcined at 500 8C for 3 h before use except for the Versal B alumi-
na, which was calcined at 450 8C for 6 h. The source and textural proper-
ties of the alumina are summarised in Table 1. The structure of the differ-
ent materials was confirmed by XRD.[15] BET surface areas and pore di-
ameters were obtained by N2 adsorption–desorption isotherms with an
ASAP 2010 analyzer (Micromeritics). Prior to analysis, the samples were
degassed (p<1 Pa) at 250 8C for 5 h. The contribution of micro- and
meso-porosity to the overall surface area was estimated from a t-plot
(Harkin–Jura) analysis of the adsorption curve (0.3 nm< t<0.5 nm, in
which t is the statistical thickness). For the calculation of the pore size
distribution and the average pore diameter, the BJH calculation was per-
formed on the adsorption branch due to ink-bottle-shaped pores. For the
d-AluC sample no maximum in the adsorption curve was observed,
which indicated that this sample is essentially non-porous.


Potentiometric titrations were conducted by using a TIM 856 titration
workstation (Radiometer Analytical) to determine the surface charge,
PZC and the pKai values (i=1 or 2) of the different alumina. Suspensions
were prepared by placing the alumina (250 mg) in contact with a 0.1m so-
lution of NaNO3 (60 mL). A 0.1m solution of NaOH (1 mL) was then
added and the suspension was stirred under N2 atmosphere for 15 min.
The titration was finally performed with a 0.05m solution of HNO3 until
a pH of 3 was reached. The values for Q [molm�2], PZC and pKai were


calculated from the titration curve with a one-site-two-pK model,[10] (see
the Supporting Information).


The ion adsorption properties were studied by means of [Ni(en)3]
2+ ad-


sorption. This complex was used because it has several advantages:[26]


Firstly, it can be easily prepared stoichiometrically in aqueous solution by
adding three equivalent of ethylenediamine to the solution of NiNO3 due
to its high formation constant. Secondly, this complex is kinetically inert
due to chelate effects, which favour an electrostatic-type adsorption (no
modification of the coordination sphere)[11,12] at the expense of surface
grafting observed for mono- and bis-ethylenediamine complexes[27] or
complex surface reactions (polymerisation, dissolution-precipitation,
etc.). Finally, this complex has three well-defined and characteristic
bands in the UV/Vis region (343, 540 and 881 nm), which permit rapid
and accurate quantitative measurements to be carried out in the liquid
state on the supernatant obtained after adsorption. The support (250 mg)
was placed in contact with a solution (10 mL) containing increasing con-
centrations of [Ni(en)3]


2+ (0.005m< [Ni]<0.02m) for 15 h at the natural
pH of the solutions (ca. pH 8). The supernatant was then separated by
filtration and the Ni concentration in the filtrate was measured by UV/
Vis spectroscopy on a Jasco V-550 UV/Vis spectrophotometer using the
absorption band at 345 nm.
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The Tandem Ring-Closing Metathesis–Isomerization Approach to
6-Deoxyglycals


Bernd Schmidt* and Anne Biernat[a]


Introduction


Various deoxygenated carbohydrates are found in nature,
and considerable efforts have been made to gain insight into
their biological function[1] and the deoxygenation mecha-
nisms leading to their biosynthesis.[2–5] They are frequently
constituents of oligosaccharide side chains present in numer-
ous antibiotics and anticancer agents (see examples in
Figure 1).[6]


While it was commonly assumed for many years that the
glycosylation pattern in these drugs primarily affects their
pharmacokinetics, more recent investigations show that the
oligosaccharide side chains of glycoconjugates influence mo-
lecular recognition. This has, for instance, been demonstrat-


ed by co-crystallization of an oligonucleotide with the anti-
tumor agent daunomycin, where the deoxy sugar moiety
binds to the minor groove of the DNA duplex.[7] Although
deoxygenated carbohydrates, such as d- and l-amicetose,
have been accessed by combination of antibiotic gene clus-
ters, and their transfer to the ellaromycin aglycon by an ap-
propriate glycosyltransferase has been demonstrated,[5] the
chemical synthesis still remains an important issue. Deoxy
sugars can either be synthesized from other more common
carbohydrates by deoxygenation, or de novo.[8] For the as-
sembly of oligosaccharide chains and their connection to
aglycons by chemical means glycals have evolved as particu-
larly useful building blocks.[9–12] The term glycal, introduced
in the literature by Fischer and Zach in their original contri-
bution[13] to describe the chemical resemblance of these
compounds to aldehydes, is nowadays used for 1,2-unsatu-
rated sugars. Due to their enol ether structure, they show in-
teresting reactivities that have proven useful in target mole-
cule synthesis, beyond carbohydrate chemistry.[14–16] While
most glycal syntheses rely on reductive elimination of glyco-
sides in one way or the other,[17,18] over the past few years
transition metal mediated or catalyzed cyclization reactions
became more and more important. In particular, the cycliza-
tion of alkynols[19–21] and the ring-closing metathesis[22–24] of
enol ethers[25–29] has attracted considerable attention. The
observation that the well established ruthenium-based meta-
thesis catalysts sometimes catalyze other reactions with
comparable efficiency[30,31] has not only stimulated research
directed at a deeper understanding of the degradation reac-
tions of these complexes,[32,33] but has also led to the devel-
opment of new metathesis–non-metathesis tandem sequen-
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Figure 1. Representative deoxy sugars.
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ces.[34] One example for this type of tandem processes is the
RCM–isomerization sequence, which has been developed by
Snapper et al.[35] and by us.[36–38] In this sequence, a heterocy-
cle is formed by ring-closing metathesis, and—after comple-
tion of the metathesis step—the metathesis catalyst is con-
verted to an isomerization catalyst, which induces a subse-
quent migration of the double bond formed in the metathe-
sis step. It turned out that this method is particularly useful
for the synthesis of cyclic enol ethers, because it helps to
overcome the difficulties associated with the RCM of enol
ethers. These are the sometimes laborious synthesis of ap-
propriate precursors, the necessity to use high dilution con-
ditions and the more active but less conveniently available
molybdenum[39] and second-generation ruthenium cata-
lysts.[40] Herein, we report our results on the synthesis of gly-
cals related to important natural or non-natural deoxy
sugars using the tandem RCM–isomerization method.


Results and Discussion


l-Rhodinal and its ring-expanded analogue : We started with
an approach to the 2,3,6-trideoxy substitution pattern pres-
ent in rhodinose. Ethyl lactate (1) was identified as the start-
ing material of choice,[41] because addition of a vinyl nucleo-
phile to an appropriately O-protected lactaldehyde will
either proceed via Cram-chelate control,[42,43] eventually
leading to the rhodinal series, or via Felkin–Anh con-
trol,[43, 44] eventually leading to the amicetal series. With a
view to the synthesis of protected l-rhodinals, ethyl lactate
(1) was first allylated with allyl ethyl carbonate catalyzed by
Pd0.[45] This reaction proceeds without racemization, in con-
trast to a standard Williamson ether synthesis, and gives
enantiomerically pure 2. As previously reported by us,[42] 2
can be converted to 3 by a one-pot reduction of the ester
function, followed by addition of vinyl magnesium chloride.
However, this step proceeds with only moderate diastereo-
selectivity, which might result from insufficient Cram-che-
late control due to competing complexation of the ether sol-
vent. Gratifyingly, exchange of the Et2O solvent by dichloro-
methane[46] gave (S,S)-3 as a single stereoisomer. Alcohol 3
can be protected as a TBS-ether 4a, or as a benzyl ether 4b
under standard conditions. Both undergo the desired
tandem RCM–isomerization cleanly if 2-propanol and solid
NaOH are used as additives to induce the conversion of the
metathesis catalyst to the isomerization catalyst.[37] TBS-pro-
tected (5a) and benzyl protected (5b) l-rhodinal are identi-
fied by their small 3JACHTUNGTRENNUNG(H4,H5) value of 3.0 Hz, which is indi-
cative for a cis-arrangement of methyl group and OTBS or
OBn group (Scheme 1).
It is also possible to adopt the concept for highly deoxy-


genated ring-expanded septanose glycals. Septanoses have
attracted some attention recently as non-natural analogues
of pyranoses which are expected to display significantly dif-
ferent conformational behavior.[47] To this end, the vinyl
magnesium chloride used in the sequence outlined above
for the protected l-rhodinals was simply replaced by allyl


magnesium bromide, under otherwise identical conditions.
The resulting alcohol 6 was protected as TBS ether 7, which
gave, under tandem RCM–isomerization conditions, a ring
expanded l-rhodinal analogue 8 (Scheme 2). Evidence for
the assigned relative configuration of 8 comes, in analogy to
protected l-rhodinals 5, from the small 3J ACHTUNGTRENNUNG(H5,H6) value of
2.3 Hz.


l-Amicetal and its ring-expanded analogue : As mentioned
above, a route to the l-amicetal series starting from ethyl
lactate is also feasible: silylation of 1 gives TBS-protected
ethyl lactate (9). Reduction of 9 with DIBAL-H to the cor-
responding lactaldehyde[48] and subsequent addition of vinyl
magnesium chloride to give 10 have previously been report-
ed.[44] Although we were able to reproduce this two-step
procedure with a slightly better diastereoselectivity ((S,R)-
10/ ACHTUNGTRENNUNG(S,S)-10 8:1) than reported in the literature, it turned out
to be far more convenient to avoid the isolation of the alde-
hyde and perform reduction and Grignard addition in a
one-pot sequence, as described above in the rhodinal series.


Scheme 1. Protected l-rhodinal. i) H2C=CHCH2OCO2Et, [Pd ACHTUNGTRENNUNG(PPh3)4]
(2.5 mol%), THF, 65 8C; ii) DIBAL-H, then H2C=CHMgCl, CH2Cl2,
�90 8C; iii) TBSCl, imidazole, DMF; iv) NaH, PhCH2Br, THF, 65 8C;
v) A (5 mol%), toluene, 20 8C, then add 2-propanol (20 vol%) and
NaOH (30 mol%), 110 8C.


Scheme 2. Protected ring-expanded l-rhodinal analogue. i) DIBAL-H,
then H2C=CHCH2MgBr, CH2Cl2, �90 8C; ii) TBSCl, imidazole, DMF;
iii) A (5 mol%), toluene, 20 8C, then add 2-propanol (20 vol%) and
NaOH (30 mol%), 110 8C.
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The diastereoselectivities of both reactions are practically
identical, but the overall yield is significantly better for the
one-pot method. The secondary alcohol in 10 was subse-
quently protected as MEM-ether 11, which upon desilyla-
tion and O-allylation under standard conditions gave precur-
sor 13. Subjecting 13 to the same tandem RCM–isomeriza-
tion conditions mentioned above gives a MEM-protected l-
amicetal 14 in 70% yield as a single diastereoisomer after
column chromatography. The trans-arrangement of methyl
group and -OMEM group leads to a larger 3J ACHTUNGTRENNUNG(H4,H5) value
of 7.8 Hz (Scheme 3).


The same approach was pursued towards a ring-expanded
l-amicetal analogue. Starting from 9, 15 was obtained via
one-pot reduction and addition of allyl magnesium bromide.
In contrast to allylic alcohol 10, the homoallylic derivative
15 was obtained in lower diastereoselectivity (dr 2:1). Sepa-
ration of the two diastereomers is not possible at this stage
and therefore the following steps were conducted for the
mixture: MEM protection, followed by desilylation and O-
allylation gives the metathesis precursor 18. 18 is cleanly
converted under tandem RCM–isomerization conditions to
a mixture of (S,R)-19 and (S,S)-19 in a 2:1 ratio. These dia-
stereomers are easily separated by column chromatography,
and an assignment of the relative configuration is conven-
iently achieved via the 3J ACHTUNGTRENNUNG(H5,H6) value of 2.5 Hz for (S,S)-
19 (l-rhodinal homologue) and 9.0 Hz for (S,R)-19 (l-amice-
tal homologue). The sequence leading to 19 is outlined in
Scheme 4.


6-Deoxy-disaccharide glycals : Oligosaccharides and glyco-
conjugates containing oligosaccharide side chains may be as-
sembled on solid support. Obviously, it is a prerequisite that
efficient reiterative strategies are available. Such a strategy
is, for instance, the glycal assembly method, where oligosac-
charides result from epoxidation of a glycal, followed by ep-
oxide cleavage with a second selectively deprotected
glycal.[12] Another example, where formation of a glycal
structure is one of the repetitive steps, has been devised by
McDonald and Zhu, who obtained oligosaccharides by re-


peated application of glycosylation, deprotection and endo-
cyclization of alkynols.[49] Implementing our glycal synthesis
into a reiterative strategy should in principle be possible. In
this section, we would like to illustrate the concept for a dis-
accharide consisting of l-rhodinose and its ring expanded
septanose homologue. Related disaccharides containing one
heptose and one hexose unit have previously attracted some
attention as potential substrates for glycosyl transferases.[50]


Starting from l-rhodinal benzyl ether (5b) glycosylation
with precursor 6 gave the desired glycoside 20. Different
glycosylation procedures were tested: with triphenyl phos-
phonium bromide[51] the required precursor was obtained,
but only as a mixture of epimers and in extremely poor
yield. ThiemMs iodoglycosylation method[9,52] was tested next.
In spite of difficulties that may obviously arise from the
presence of three different C�C double bonds, successful ap-
plication of the method to glycoside formation with an allyl-
ic alcohol has been reported in the literature.[53] Unfortu-
nately, in our case the treatment of 5b with NIS in the pres-
ence of alcohol 6 resulted in the formation of a complex
mixture. It was not possible to decide whether the electro-
philic attack of the C�C double bond was insufficiently se-
lective, or if the problems were caused by insufficient diaste-
reoselectivity of the glycosylation step. Gratifyingly, the re-
quired precursor 20 could be obtained in good yield as a
separable 5:1 mixture of anomers by using a catalytic
amount of p-TSA. Conversion of 20 to the disaccharide
glycal 21 proceeded smoothly under tandem RCM–isomeri-
zation conditions similar to those applied for 8. This se-
quence is summarized in Scheme 5.


Conclusion


In summary, we have shown that the tandem RCM–isomeri-
zation approach is a useful synthetic method to access vari-
ous 6-deoxy glycals. We were also able to demonstrate that
novel ring-expanded analogues of highly deoxygenated gly-
cals become available via the sequences described herein.
For a disaccharide containing one septanose and one hexose


Scheme 3. Protected l-amicetal. i) TBSCl, imidazole, DMF; ii) DIBAL-
H, then H2C=CHMgCl, Et2O, �90 8C; iii) MEMCl (2 equiv), NEt2iPr
(3 equiv), CH2Cl2, 0!20 8C; iv) TBAF (2 equiv), THF, 65 8C; v) NaH,
H2C=CHCH2Br, THF, 65 8C; vi) A (5 mol%), toluene, 20 8C, then add 2-
propanol (20 vol%) and NaOH (30 mol%), 110 8C.


Scheme 4. Protected ring-expanded l-amicetal analogue. i) DIBAL-H,
then H2C=CHCH2MgBr, CH2Cl2, �90 8C; ii) MEMCl (2 equiv), NEt2iPr
(3 equiv), CH2Cl2, 0!20 8C; iii) TBAF (2 equiv), THF, 65 8C; iv) NaH,
H2C=CHCH2Br, THF, 65 8C; v) A (5 mol%), toluene, 20 8C, then add 2-
propanol (20 vol%) and NaOH (30 mol%), 110 8C, then separate by
column chromatography.
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unit it was demonstrated that this novel glycal synthesis can
in principle be executed in a reiterative manner. Extension
to other glycals and applications of these compounds are
currently under investigation.


Experimental Section


All experiments were conducted in dry reaction vessels under an atmos-
phere of dry argon. Solvents were purified by standard procedures.
1H NMR spectra were obtained at 300, 400, 500, or at 600 MHz in CDCl3
with CHCl3 (d=7.26 ppm) as an internal standard or in C6D6 with
C6D5H (d=7.18 ppm) as an internal standard. Coupling constants are
given in Hz. 13C NMR spectra were recorded at 75 MHz, 100 MHz,
125 MHz or at 150 MHz in CDCl3 with CDCl3 (d=77.0 ppm) as an inter-
nal standard or in C6D6 with C6D6 (d =128.0 ppm) as an internal stan-
dard. The number of coupled protons was analyzed by DEPT or APT ex-
periments and is denoted by a number in parentheses following the
chemical shift value. Whenever NMR-peak assignments in the 13C NMR
spectra are given, these are based on H,H- and H,C-correlation spectros-
copy. IR spectra were recorded as films on NaCl or KBr plates. The peak
intensities are defined as strong (s), medium (m) or weak (w). Mass spec-
tra were obtained at 70 eV. Ruthenium catalyst A[54] was used as pur-
chased without further purification. Compounds 2,[55] and 9,[48] were pre-
pared as previously reported in the literature. Compound 10 has previ-
ously been reported,[44] but was prepared by a modified procedure (see
below).


ACHTUNGTRENNUNG(3S,4S)-4-Allyloxy-pent-1-en-3-ol (3): A solution DIBAL-H (1.0m in
CH2Cl2, 14.0 mL, 14.0 mmol) was added at �90 8C to a solution of 2
(1.62 g, 10.2 mmol) in CH2Cl2 (60 mL). After stirring at this temperature
for 10 min, TLC (cyclohexane/MTBE 5:1) indicated complete consump-
tion of the starting material. Vinyl magnesium chloride (1.7m solution in
THF, 11.8 mL, 20.0 mmol) was then added via syringe and the mixture
was allowed to warm to ambient temperature. It was then poured onto
water and diethyl ether, and the precipitate was dissolved with a saturat-
ed solution of K/Na tartrate. The organic layer was separated, and the
aqueous layer was extracted twice with diethyl ether. The combined or-
ganic extracts were dried with MgSO4, filtered and evaporated. Caution:
due to the rather high volatility of the product, the minimum pressure
during evaporation should be 300 mbar! The residue was distilled (b.p.
45 8C/30 mbar) to give 3 (1160 mg, 80%). [a]25D = ++41.88 (c=0.79 in
CH2Cl2);


1H NMR (400 MHz, CDCl3): d=5.89 (dddd, 1H, J=17.3, 10.5,
5.5, 5.5 Hz, OCH2CH=), 5.79 (ddd, 1H, J=17.3, 10.5, 6.5 Hz,
CH(OH)CH=), 5.34 (dd, 1H, J=17.3, 1.5, 1.5 Hz, =CH2), 5.25 (dm, 1H,
J=17.3 Hz, =CH2), 5.19 (ddd, 1H, J=10.5, 1.5, 1.5 Hz, =CH2), 5.15 (dm,
1H, J=10.5 Hz, =CH2), 4.12 (dddd, 1H, J=12.8, 5.5, 1.3, 1.3 Hz,


OCH2CH=), 3.93 (dddd, 1H, J=12.8, 5.5, 1.3, 1.3 Hz, OCH2CH=), 3.89
(dd, 1H, J=7.0, 6.5 Hz, CH(OH)), 3.32 (dq, 1H, J=7.0, 6.3 Hz,
CHCH3), 2.80 (br s, 1H, OH), 1.11 ppm (d, 3H, J=6.3 Hz, CH3);
13C NMR (100 MHz, CDCl3): d=136.8 (1), 134.8 (1), 117.4 (2), 117.0 (2),
78.0 (1), 76.5 (1), 70.0 (2), 15.5 ppm (3); IR (film, KBr plates): ñ=3372
(bm), 2933 (m), 1455 (m), 1377 cm�1 (m).


ACHTUNGTRENNUNG(3S,4S)-4-Allyloxy-3-(tert-butyldimethylsilyloxy)pent-1-ene (4a): TBSCl
(600 mg, 4.0 mmol) and imidazole (306 mg, 4.5 mmol) was added to a so-
lution of 3 (440 mg, 3.1 mmol) in DMF (20 mL). After stirring for 12 h,
the mixture was diluted with water (20 mL) and extracted with pentane.
The organic extracts were dried with MgSO4, filtered and evaporated.
The residue was purified by flash chromatography on silica to yield 4a
(600 mg, 75%). [a]26D = �15.38 (c=1.01 in CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=5.90 (dddd, 1H, J=17.3, 10.3, 5.5, 5.5 Hz, OCH2CH=), 5.85
(ddd, 1H, J=17.3, 10.5, 5.3 Hz, CHACHTUNGTRENNUNG(OTBS)CH=), 5.24 (dm, 1H, J=


17.3 Hz, =CH2), 5.24 (dm, 1H, J=17.3 Hz, =CH2), 5.13 (dm, 1H, J=


10.5 Hz, =CH2), 5.13 (dm, 1H, J=10.5 Hz, =CH2), 4.16 (dd, 1H, J=5.5,
5.3 Hz, CH ACHTUNGTRENNUNG(OTBS)), 4.06 (ddm, 1H, J=12.8, 5.5 Hz, OCH2CH=), 4.01
(ddm, 1H, J=12.8, 5.5 Hz, OCH2CH=), 3.39 (dq, 1H, J=6.3, 5.5 Hz,
CHCH3), 1.03 (d, 3H, J=6.3 Hz, CH3), 0.88 (s, 9H, tBu), 0.04 (s, 3H, Si-
ACHTUNGTRENNUNG(CH3)2), 0.04 ppm (s, 3H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (100 MHz, CDCl3): d=


137.3 (1), 135.4 (1), 116.5 (2), 115.5 (2), 78.0 (1), 75.2 (1), 70.5 (2), 25.8
(3), 18.2 (0), 14.8 (3), �4.7 (3), �4.9 ppm (3); IR (film, KBr plates): ñ=


2956 (m), 2929 (m), 2856 (m), 1646 (w), 1472 cm�1 (m); LRMS (70 eV,
EI): m/z (%): 279 (30) [M++Na], 213 (100); HRMS (ESI): m/z : calcd for
C14H28O2Si: 279.1751, found 279.1744 [M++H].


ACHTUNGTRENNUNG(3S,4S)-4-Allyloxy-3-benzyloxy-pent-1-ene (4b): NaH (60% dispersion in
mineral oil, 120 mg, 3.0 mmol) was added to a solution of 3 (200 mg,
1.4 mmol) in THF (20 mL) and the mixture was heated to reflux for
30 min. Benzyl bromide (0.36 mL, 3.0 mmol) was added, and the mixture
was again heated to reflux for 30 min. Aqueous workup, followed by
flash chromatography on silica, yielded 4b (250 mg, 77%). [a]26D = �0.98
(c=1.55 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d =7.40–7.25 (5H, Ph),
5.93 (dddd, 1H, J=17.0, 10.5, 5.7, 5.3 Hz, OCH2CH=), 5.82 (ddd, 1H, J=


17.2, 10.2, 7.2 Hz, CH ACHTUNGTRENNUNG(OTBS)CH=), 5.36–5.24 (3H, =CH2), 5.16 (dm,
1H, J=10.5 Hz, =CH2), 4.66 (d, 1H, J=12.0 Hz, -OCH2Ph), 4.44 (d, 1H,
J=12.0 Hz, OCH2Ph), 4.15–4.05 (2H, OCH2CH=), 3.81 (dd, 1H, J=7.0,
6.0 Hz, CH ACHTUNGTRENNUNG(OBn)), 3.58 (dq, 1H, J=6.2, 6.2 Hz, CHCH3), 1.15 ppm (d,
3H, J=6.3 Hz, CH3);


13C NMR (125 MHz, CDCl3): d=138.6 (0), 135.4
(1), 135.2 (1), 128.2 (1), 127.6 (1), 127.4 (1), 118.6 (2), 116.4 (2), 83.2 (1),
76.6 (1), 70.8 (2), 70.5 (2), 16.1 ppm (3); IR (film, KBr plates): ñ=3065
(m), 3029 (m), 2978 (m), 2863 (m), 1645 (m), 1454 cm�1 (s); LRMS
(70 eV, EI): m/z (%): 233 (40) [M++H], 131 (100); HRMS (ESI): m/z :
calcd for C15H20O2: 233.1536; found 233.1517; elemental analysis calcd
(%) for C15H20O2: C 77.6, H 8.7; found: C 77.1, H, 8.7.


tert-Butyldimethyl-[(2S)-methyl-3,4-dihydro-2H-pyran-(3S)-yloxy]silane
(5a): Ruthenium catalyst A (82 mg, 4.8 mol%) was added to a solution
of 4a (550 mg, 2.1 mmol) in toluene (10 mL). The solution was stirred at
ambient temperature, until the starting material was fully consumed as
indicated by TLC. 2-Propanol (2 mL) and solid NaOH (60 mg) was
added, and the mixture was heated to reflux for 30 min. After this time,
the intermediate RCM product was completely converted to 5a, as indi-
cated by TLC. The solution was washed with water, and all volatiles were
evaporated. The residue was purified by flash chromatography, followed
by Kugelrohr distillation (100 8C, 10 mbar) to give 5a (440 mg, 92%).
[a]20D = �33.6 (c=0.72 in CH2Cl2);


1H NMR (400 MHz, [D6]benzene):
d=6.33 (ddd, 1H, J=6.0, 1.8, 1.8 Hz, H1), 4.45 (ddd, 1H, J=6.0, 3.8,
3.8 Hz, H2), 3.96 (qdd, 1H, J=6.5, 3.0, 1.0 Hz, H5), 3.78 (ddd, 1H, J=


6.3, 5.5, 3.0 Hz, H4), 2.02 (dm, 1H, J=16.8 Hz, H3), 1.93 (dddd, 1H, J=


16.8, 6.3, 3.3, 2.0 Hz, H3’), 1.24 (d, 3H, J=6.3 Hz, CH3), 0.95 (s, 9H,
tBu), 0.00 (s, 3H, Si ACHTUNGTRENNUNG(CH3)2), �0.02 ppm (s, 3H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR
(100 MHz, [D6]benzene): d =142.6 (1), 96.7 (1), 73.1 (1), 66.9 (1), 28.0
(2), 25.9 (3), 18.2 (0), 14.2 (3), �4.6 (3), �4.9 ppm (3); IR (film, KBr
plates): ñ =2956 (s), 2930 (s), 1651 (s), 1240 (s), 1100 (s), 874 cm�1 (s);
LRMS (70 eV, EI): m/z (%): 171 (49) [M+�tBu], 115 (29), 75 (100); ele-
mental analysis calcd (%) for C12H24O2Si: C 63.1, H, 10.6; found: C 62.6,
H 10.6.


Scheme 5. Disaccharide glycal of l-rhodinose and its ring-expanded ana-
logue. i) p-TSA (8 mol%), CH2Cl2, 0 8C; ii)A (5 mol%), toluene, 20 8C,
then add 2-propanol (20 vol%) and NaOH (30 mol%), 110 8C.
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ACHTUNGTRENNUNG(3S,2S)-3-Benzyloxy-2-methyl-3,4-dihydro-2H-pyran (5b):[49] Compound
5b was obtained from 4b (218 mg, 0.9 mmol) following the procedure
given above for 5a. Yield: 165 mg (86%). [a]26D = �19.6 (c=0.97 in
CH2Cl2);


1H NMR (500 MHz, [D6]benzene): d=7.25 (d, 2H, J=7.2 Hz,
Ph), 7.17 (dd, 2H, J=7.2, 7.2 Hz, Ph), 7.11 (t, 1H, J=7.2 Hz, Ph), 6.33
(d, 1H, J=6.0 Hz, H1), 4.44 (ddd, 1H, J=6.2, 3.5, 3.5 Hz, H2), 4.34 (d,
1H, J=12.2 Hz, OCH2Ph), 4.19 (d, 1H, J=12.2 Hz, OCH2Ph), 4.06 (qd,
1H, J=6.5, 2.9 Hz, H5), 3.44 (m, 1H, H4), 2.05–1.95 (2H, H3), 1.28 ppm
(d, 3H, J=6.5 Hz, CH3);


13C NMR (125 MHz, [D6]benzene): d=142.8
(1), 139.2 (0), 128.5 (1), 127.7 (1), 127.6 (1), 96.7 (1), 72.9 (1), 71.6 (1),
70.8 (2), 24.0 (2), 14.5 ppm (3); IR (film, KBr plates): ñ =3062 (w), 2979
(w), 2865 (w), 1649 (m), 1453 cm�1 (m); LRMS (70 eV, EI):
m/z (%): 205 (20) [M++H], 281 (100); HRMS (ESI): m/z : calcd for
C13H16O2: 205.1223, found 205.1228; elemental analysis calcd (%) for
C13H16O2: C 76.4, H 7.9; found: C 76.2, H 8.3.


(2S)-Allyloxy-hex-5-en-(3S)-ol (6): Obtained from 2 (780 mg, 5.0 mmol)
and allyl magnesium bromide (1.25m solution in ether, 12.5 mL,
10 mmol) following the procedure given above for 3. Compound 6 was
purified by column chromatography on silica gel (560 mg, 72%). [a]25D =


+35.8 (c=0.92 in CH2Cl2);
1H NMR (400 MHz, CDCl3): d=5.94–5.90


(2H, CH=), 5.24 (dm, 1H, J=17.1 Hz, =CH2), 5.15 (dm, 1H, J=10.3 Hz,
=CH2), 5.09 (dm, 1H, J=17.3 Hz, =CH2), 5.06 (dm, 1H, J=10.3 Hz, =


CH2), 4.10 (dd, 1H, J=12.6, 5.3 Hz, OCH2CH=), 3.90 (dd, 1H, J=12.6,
5.8 Hz, OCH2CH=), 3.47 (1H, m, CH(OH)), 3.33 (dq, 1H, J=6.0,
6.0 Hz, CH ACHTUNGTRENNUNG(CH3)), 2.53 (br s, 1H, OH), 2.32 (dm, 1H, J=14.5 Hz, CH2),
2.16 (ddd, 1H, J=14.5, 7.5, 7.5 Hz, CH2), 1.12 ppm (d, 3H, J=6.5 Hz,
CH3);


13C NMR (100 MHz, CDCl3): d=134.9 (1), 134.7 (1), 117.1 (2),
116.9 (2), 77.4 (1), 74.1 (1), 69.9 (2), 37.4 (2), 15.4 ppm (3); IR (film, KBr
plates): ñ=3454 (bw), 3077 (m), 2977 (m), 2867 (m), 1641 cm�1 (m);
LRMS (70 eV, FAB): m/z (%): 157 (5) [M+�H], 197 (100); HRMS
(FAB): m/z : calcd for C9H16O2: 157.1223 [M++H], found 157.1232; ele-
mental analysis calcd (%) for C9H16O2: C 69.2, H 10.3; found: C 69.1, H
11.3.


ACHTUNGTRENNUNG[(1S,2S)-Allyloxyethyl)-but-3-enyloxy]-tert-butyl-dimethylsilane (7): Ob-
tained from 6 (300 mg, 1.9 mmol) following the procedure given above
for 4a. 7 was purified by column chromatography on silica. Yield: 437 mg
(85%). [a]25D =�5.02 (c=0.88 in CH2Cl2);


1H NMR (400 MHz, CDCl3):
d=5.87 (dddd, 1H, J=17.1, 10.3, 5.8, 5.5 Hz, OCH2CH=), 5.83 (dddd,
1H, J=17.3, 10.0, 7.3, 7.0 Hz, CH2CH=), 5.24 (dm, 1H, J=17.1 Hz, =


CH2), 5.13 (dm, 1H, J=10.3 Hz, =CH2), 5.03 (dm, 1H, J=17.1 Hz, =


CH2), 5.00 (dm, 1H, J=10.0 Hz, =CH2), 4.02 (dd, 1H, J=12.8, 5.5 Hz,
OCH2CH=), 3.95 (dd, 1H, J=12.6, 5.8 Hz, OCH2CH=), 3.68 (m, 1H,
CH ACHTUNGTRENNUNG(OTBS)), 3.39 (qd, 1H, J=6.3, 5.3 Hz, CH ACHTUNGTRENNUNG(CH3)), 2.32 (dm, 1H, J=


14.1 Hz, CH2), 2.08 (ddd, 1H, J=14.1, 7.5, 7.3 Hz, CH2), 1.08 (d, 3H, J=


6.3 Hz, CH3), 0.86 (s, 9H, tBu), 0.02 (s, 3H, Si ACHTUNGTRENNUNG(CH3)2), 0.02 ppm (s, 3H,
Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (100 MHz, CDCl3): d=136.1 (1), 135.5 (1), 116.5
(2), 116.4 (2), 77.3 (1), 73.9 (1), 70.2 (2), 36.5 (2), 25.9 (3), 18.1 (0), 14.1
(3), �4.4 (3), �4.5 ppm (3); IR (film, KBr plates): ñ=3078 (w), 2929 (m),
2856 (m), 1642 (w), 1472 cm�1 (m); LRMS (70 eV, FAB): m/z (%): 271
(30) [M+�H], 213 (100); HRMS (FAB): m/z : calcd for C15H30O2Si:
271.2088 [M ++H], found 271.2104.


tert-Butyldimethyl-(2S-methyl-2,3,4,5-tetrahydro-oxepin-(3S)-yloxy)silane
(8): Obtained from 7 (340 mg, 1.3 mmol) following the procedure given
above for 5a. Compound 8 was purified by column chromatography on
silica. Yield: 268 mg (85%). [a]25D =�53.9 (c=2.72 in CH2Cl2);


1H NMR
(400 MHz, [D6]benzene): d=6.37 (d, 1H, J=6.4 Hz, H1), 4.59 (ddd, 1H,
J=6.4, 6.4, 4.0 Hz, H2), 4.00 (qd, 1H, J=6.5, 2.3 Hz, H6), 3.53 (ddd, 1H,
J=8.3, 5.8, 2.3 Hz, H5), 2.01 (m, 1H, H3/4), 1.94–1.87 (2H, H3/H4), 1.74
(m, 1H, H4/H5), 1.25 (d, 3H, J=6.3 Hz, CH3), 0.99 (s, 9H, tBu), 0.02 (s,
3H, Si ACHTUNGTRENNUNG(CH3)2), 0.01 ppm (s, 3H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (100 MHz,
[D6]benzene): d=148.6 (1), 107.9 (1), 80.8 (1), 75.2 (1), 35.0 (2), 26.0 (3),
21.8 (2), 18.3 (0), 17.8 (3), �4.2 (3), �4.8 ppm (3); IR (film, KBr plates):
ñ=3042 (w), 2929 (m), 2856 (m), 1647 (m), 1472 (m) cm�1; LRMS
(70 eV, EI): m/z (%): 243 (100) [M++H]; HRMS (ESI): m/z : calcd for
C13H26O2Si: 243.1775 [M


++H], found 243.1775.


ACHTUNGTRENNUNG(3R,4S)-4-(tert-Butyldimethylsilanyloxy)-pent-1-en-3-ol (10): Obtained
from 9 (1.75 g, 7.5 mmol) following the procedure given above for 3,
except using ether rather than CH2Cl2 for the DIBAL-H reduction. 10


was purified by Kugelrohr distillation (100 8C, 3 mbar). Yield: 1.30 g
(80%). [a]25D =++19.6 (c=0.65 in CH2Cl2);


1H NMR (400 MHz, CDCl3):
d=5.79 (ddd, 1H, J=17.3, 10.5, 6.3 Hz, CH=), 5.26 (ddd, 1H, J=17.3,
1.5, 1.5 Hz, =CH2), 5.17 (ddd, 1H, J=10.5, 1.5, 1.5 Hz, =CH2), 4.00 (m,
1H, CHOH), 3.82 (qd, 1H, J=6.3, 3.8 Hz, OCH ACHTUNGTRENNUNG(CH3)), 2.30 (br s, 1H,
OH), 1.06 (d, 3H, J=6.3 Hz, CH3), 0.88 (s, 9H, tBu), 0.06 (s, 3H, Si-
ACHTUNGTRENNUNG(CH3)2), 0.06 ppm (s, 3H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (100 MHz, CDCl3): d=


136.5 (1), 116.5 (2), 76.6 (1), 71.3 (1), 25.8 (3), 18.0 (0), 17.6 (3), �4.5 (3),
�4.9 ppm (3); IR (film, KBr plates): ñ=3443 (s), 2957 (s), 1472 (s), 1376
(s), 1255 (s), 1097 (s), 1005 (s), 836 (s), 776 cm�1 (s); LRMS (70 eV, EI):
m/z (%): 159 (58) [M+�tBu], 75 (100); elemental analysis calcd (%) for
C11H24O2Si: C 61.1, H 11.2; found: C 60.8, H 11.4.


ACHTUNGTRENNUNG(1S,2R)-tert-Butyl-[2-(2-methoxy-ethoxymethoxy)-1-methyl-but-3-eny-
loxy]-dimethylsilane (11): To a solution of 10 (1.30 g, 6.0 mmol) in dry
CH2Cl2 was added Et2NiPr (3.80 mL, 23.0 mmol) and MEM-chloride
(1.71 mL, 15.0 mmol) at 0 8C. The mixture was allowed to warm to ambi-
ent temperature, and stirring was continued for 12 h. The solution was di-
luted with MTBE and washed with aqueous Na2CO3 solution. The organ-
ic layer was separated, dried with MgSO4, filtered and evaporated. The
residue was purified by flash chromatography on silica to give 11 (1.64 g,
90%). [a]26D =�25.8 (c=1.01 in CH2Cl2);


1H NMR (400 MHz,
[D6]benzene): d =5.81 (ddd, 1H, J=17.6, 10.3, 7.8 Hz, CH=), 5.19 (dm,
1H, J=17.6 Hz, =CH2), 5.15 (dm, 1H, J=10.3 Hz, =CH2), 4.81 (d, 1H,
J=6.5 Hz, OCHHO), 4.66 (d, 1H, J=6.5 Hz, OCHHO), 3.99 (dd, 1H,
J=7.8, 4.5 Hz, CHOMEM), 3.91 (qd, 1H, J=6.3, 4.5 Hz, OCH ACHTUNGTRENNUNG(CH3)),
3.78 (dt, 1H, J=10.8, 5.0 Hz, OCHHCH2O), 3.55 (dt, 1H, J=10.8,
5.0 Hz, OCHHCH2O), 3.38 (2H, t, J=5.0 Hz, OCH2CH2O), 3.14 (s, 3H,
OCH3), 1.20 (d, 3H, J=6.3 Hz, CH3), 1.01 (s, 9H, tBu), 0.14 (s, 3H, Si-
ACHTUNGTRENNUNG(CH3)2), 0.10 ppm (s, 3H, Si ACHTUNGTRENNUNG(CH3)2);


13C NMR (100 MHz, [D6]benzene):
d=135.8 (1), 118.9 (2), 92.9 (2), 81.6 (1), 72.2 (2), 71.2 (1), 67.4 (2), 58.6
(3), 26.1 (3), 20.2 (3), 18.4 (0), �4.4 (3), �4.5 ppm (3); IR (film, KBr
plates): ñ =2929 (m), 2885 (m), 2857 (m), 1472 (w), 1361 (w), 1252 cm�1


(m); LRMS (70 eV, EI): m/z (%): 327 (10) [M++Na], 199 (100); HRMS
(ESI): m/z : calcd for C15H32O4Si: 327.1962 [M


++Na], found 327.1973; el-
emental analysis calcd for C15H32O4Si: C 59.2, H 10.6; found: C 59.2, H
11.0.


ACHTUNGTRENNUNG(2S,3R)-3-(2-Methoxyethoxymethoxy)-pent-4-en-2-ol (12): To a solution
of 11 (1.16 g, 3.8 mmol) in dry THF (30 mL) was added TBAF (2.37 g,
7.5 mmol) and the solution was heated to reflux. After 30 min, the reac-
tion mixture was cooled to ambient temperature, diluted with ethyl ace-
tate (30 mL), and washed with brine. The organic extracts were dried
with MgSO4, filtered and evaporated. The residue was purified by flash
chromatography on silica using cyclohexane/ethyl acetate 2:1 to give 12
(0.72 g, quant.). [a]26D =�65.2 (c=1.01 in CH2Cl2);


1H NMR (400 MHz,
[D6]benzene): d =5.71 (ddd, 1H, J=17.3, 10.5, 7.5 Hz, CH=), 5.14 (dm,
1H, J=17.3 Hz, =CH2), 5.08 (dm, 1H, J=10.5 Hz, =CH2), 4.69 (d, 1H,
J=7.0 Hz, OCHHO), 4.57 (d, 1H, J=7.0 Hz, OCHHO), 4.02 (dd, 1H,
J=7.3, 3.3 Hz, CHOMEM), 3.87 (m, 1H, CHOH), 3.70 (ddd, 1H, J=


10.9, 6.3, 3.5 Hz, OCHHCH2)OCH3), 3.42 (ddd, 1H, J=10.9, 6.3, 3.5 Hz,
OCHHCH2)OCH3), 3.31 (ddd, 1H, J=10.5, 6.3, 3.3 Hz,
OCH2CHH)OCH3), 3.25 (ddd, 1H, J=10.5, 6.3, 3.3 Hz,
OCH2CHH)OCH3), 3.10 (s, 3H, OCH3), 2.77 (brd, 1H, J=3.5 Hz, OH),
1.20 ppm (d, 3H, J=6.3 Hz, CH3);


13C NMR (100 MHz, [D6]benzene):
d=135.1 (1), 118.7 (2), 93.6 (2), 82.7 (1), 72.1 (2), 69.4 (1), 67.6 (2), 58.6
(3), 17.9 ppm (3); IR (film, KBr plates): ñ=3438 (bm), 2976 (m), 2885
(m), 1643 (m), 1452 cm�1 (m); LRMS (70 eV, EI): m/z (%): 191 (100)
[M++H]; HRMS (ESI): m/z : calcd for C9H18O4: 191.1278 [M++H],
found 191.1292; elemental analysis calcd (%) for C9H18O4: C 56.8, H, 9.5;
found: C 56.4, H 9.7.


ACHTUNGTRENNUNG(3R,4S)-4-Allyloxy-3-(2-methoxyethoxymethoxy)-pent-1-ene (13): Ob-
tained from 12 (300 mg, 1.6 mmol) following the procedure given above
for 4b, except using allyl rather than benzyl bromide. Compound 13 was
purified by flash chromatography on silica. Yield: 300 g (83%). [a]26D =


�60.1 (c=1.07 in CH2Cl2);
1H NMR (400 MHz, [D6]benzene): d=5.89


(dddd, 1H, J=17.1, 10.3, 5.0, 5.0 Hz, CH=), 5.79 (ddd, 1H, J=17.3, 10.5,
7.0 Hz, CH=), 5.30 (d, 1H, J=17.1 Hz, =CH2), 5.22 (d, 1H, J=17.3 Hz, =
CH2), 5.12 (d, 1H, J=10.5 Hz, =CH2), 5.05 (d, 1H, J=10.3 Hz, =CH2),
4.80 (d, 1H, J=6.8 Hz, OCHHO), 4.71 (d, 1H, J=6.8 Hz, OCHHO),
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4.21 (dd, 1H, J=7.0, 3.5 Hz, CHOMEM), 3.99 (dd, 1H, J=13.3, 5.0 Hz,
OCHHCH=), 3.93 (dd, 1H, J=13.3, 5.0 Hz, OCHHCH=), 3.82 (ddd, 1H,
J=10.8, 5.0, 5.0 Hz, OCHHCH2)OCH3), 3.57 (ddd, 1H, J=10.8, 5.0,
5.0 Hz, OCHHCH2)OCH3), 3.48 (qd, 1H, J=6.3, 3.8 Hz, CHCH3), 3.39
(t, 2H, J=5.0 Hz, OCH2CH2)OCH3), 3.14 (s, 3H, OCH3), 1.20 ppm (3H,
d, J=6.3 Hz, CH3);


13C NMR (100 MHz, [D6]benzene): d =136.1 (1),
135.9 (1), 118.2 (2), 115.5 (2), 93.2 (2), 79.6 (1), 77.5 (1), 72.2 (2), 70.3 (2),
67.3 (2), 58.6 (3), 15.9 ppm (3); IR (film, KBr plates): ñ=2880 (m), 1646
(w), 1454 (w), 1374 (w), 1105 cm�1 (s); LRMS (70 eV, EI): m/z (%): 231
(10) [M++H], 186 (100); HRMS (ESI): m/z : calcd for C12H22O4:
231.1591, found 231.1603 [M++H]; elemental analysis calcd for
C12H22O4: C 62.6, H 9.6; found: C 62.1, H 10.1.


ACHTUNGTRENNUNG(2S,3R)-3-(2-Methoxyethoxymethoxy)-2-methyl-3,4-dihydro-2H-pyran
(14): Obtained from 13 (200 mg, 1.2 mmol) following the procedure given
above for 5a. 13 was purified by column chromatography on silica. Yield:
170 mg (70%). [a]20D =�89.5 (c=1.20 in CH2Cl2);


1H NMR (400 MHz,
[D6]benzene): d=6.32 (d, 1H, J=6.0 Hz, H1), 4.65 (d, 1H, J=6.8 Hz,
OCHHO), 4.57 (d, 1H, J=6.8 Hz, OCHHO), 4.48 (ddd, 1H, J=6.0, 5.0,
2.5 Hz, H2), 3.87 (dq, 1H, J=7.8, 6.3 Hz, H6), 3.60–3.52 (3H, OMEM +


H4), 3.34–3.29 (2H, OMEM), 3.12 (s, 3H, OCH3), 2.25 (ddd, 1H, J=


16.6, 5.0, 5.0 Hz, H3), 1.98 (dddd, 1H, J=16.6, 8.0, 2.5, 2.5 Hz, H3’),
1.33 ppm (d, 3H, J=6.3 Hz, CH3);


13C NMR (100 MHz, [D6]benzene):
d=143.4 (1, C1), 97.6 (1, C2), 94.2 (2, OCH2O), 74.0 (1, C5), 74.0 (1,
C4), 72.1 (2, CH2OCH3), 67.4 (2, CH2CH2OCH3), 58.6 (OCH3), 27.2 (2,
C3), 17.9 (3, C6); IR (film, KBr plates): ñ=3063 (s), 2936 (s), 1656 (s),
1241 (s), 1048 cm�1 (s); LRMS (70 eV, EI): m/z (%): 127 (3) [M+


�OCH2CH2OCH3], 96 (86), 81 (76), 59 (100); elemental analysis calcd
(%) for C10H18O4: C 59.4, H 9.0; found: C 59.4, H 9.3.


2-(tert-Butyldimethylsilanyloxy)-hex-5-en-3-ol (15): Obtained from 9
(2.10 g, 9.0 mmol) and allyl magnesium bromide (0.8m solution in ether,
23.0 mL, 18.0 mmol) following the procedure given above for 10. Com-
pound 15 was purified by column chromatography on silica. Yield: 1.55 g
(75%) of an inseparable 2:1 mixture of diastereoisomers. 1H NMR
(400 MHz, CDCl3): d=5.90–5.75 (1H, CH=), 5.16–5.05 (2H, =CH2), 3.76
(1H, m, CHO (major isomer)), 3.68 (1H, m, CHO (minor isomer)), 3.54
(m, 1H, CHO (major isomer)), 3.36 (m, 1H, CHO (minor isomer)),
2.30–2.10 (2H, CH2), 1.14 (d, 3H, J=6.2 Hz, CH3 (minor isomer)), 1.09
(d, 3H, J=6.2 Hz, CH3 (major isomer)), 0.89 (s, 9H, tBu (minor
isomer)), 0.87 (s, 9H, tBu (major isomer)), 0.09–0.02 ppm (s, 6H, SiMe2);
13C NMR (100 MHz, CDCl3) for major isomer: d=135.1, 117.3, 74.5,
70.9, 36.7, 25.8, 18.0, 17.3, �4.4, �4.9 ppm; 13C NMR (100 MHz, CDCl3)
for minor isomer: d=135.2, 116.9, 75.2, 70.9, 38.1, 25.8, 20.1, 18.0, �4.4,
�4.9 ppm.


tert-Butyl-[2-(2-methoxyethoxymethoxy)-1-methyl-pent-4-enyloxy]-dime-
thylsilane (16): Obtained from 15 (1.18 g, 5.1 mmol) following the proce-
dure given above for 11. Compound 16 was purified by flash chromatog-
raphy on silica. Yield: 1.54 g (95%) of an inseparable 2:1 mixture of dia-
stereomers. 1H NMR (500 MHz, CDCl3): d=5.88–5.78 (m, 1H, CH=),
5.10–4.98 (2H, =CH2), 4.82–4.68 (2H, OCH2O), 3.90–3.60 (3H), 3.55–
3.44 (3H), 3.35 (s, 3H, OCH3), 2.45–2.08 (2H, CH2), 1.10 (d, 3H, J=


6.2 Hz, CH3 (major isomer), 1.07 (d, 3H, J=6.2 Hz, CH3 (minor isomer),
0.85 (9H, s, tBu), 0.02 ppm (s, 6H, SiMe2);


13C NMR (125 MHz, CDCl3)
for major isomer d =136.8 (1), 118.2 (2), 96.7 (2), 82.6 (1), 73.2 (2), 71.4
(1), 68.5 (1), 60.5 (1), 37.1 (2), 27.3 (3), 20.3 (3), �3.0 (3), �3.3 ppm (3);
13C NMR (125 MHz, CDCl3) for minor isomer: d=137.4 (1), 118.0 (2),
97.3 (2), 83.0 (1), 73.2 (2), 70.9 (1), 68.4 (1), 60.5 (1), 35.6 (2), 27.3 (3),
19.7 (3), �3.0 (3), �3.3 ppm (3).


3-(2-Methoxyethoxymethoxy)-hex-5-en-2-ol (17): Obtained from 16
(1.50 g, 4.7 mmol) following the procedure given above for 12. After
workup, crude 17 (approximately 1.0 g, corresponding to a quantitative
yield) was directly used in the next step without further purification. For
analytical data the product was purified by flash chromatography on
silica, yielding an inseparable 2:1 mixture of diastereomers.1H NMR
(300 MHz, CDCl3): d=5.92–5.71 (1H, CH=), 5.19–5.00 (2H, =CH2), 4.81
(d, 1H, J=7.8 Hz, OCH2O), 4.76 (d, 1H, J=7.8 Hz, OCH2O), 3.85–3.50
(6H), 3.37 (s, 3H, OCH3), 2.45–2.08 (m, 3H), 1.15 (d, J=6.4 Hz, 3H,
CH3), 1.13 ppm (d, J=6.5 Hz, 3H, CH3);


13C NMR (75 MHz, CDCl3) for
major isomer: d =134.9 (1), 117.0 (2), 95.9 (2), 83.7 (1), 71.6 (2), 68.6 (1),


67.5 (2), 58.9 (3), 35.3 (2), 17.1 ppm (3); 13C NMR (75 MHz, CDCl3) for
minor isomer: d=134.1 (1), 118.0 (2), 95.8 (2), 83.7 (1), 71.7 (2), 68.9 (1),
67.6 (2), 59.0 (1), 35.6 (2), 17.1 ppm (3).


5-Allyloxy-4-(2-methoxyethoxymethoxy)-hex-1-ene (18): Obtained from
crude 17 (ca 1.0 g, ca 4.7 mmol) following the procedure given above for
13. Compound 18 (approximately 1.1 g, quantitative yield) was used with-
out further purification in the next step. NMR spectra were obtained
from crude reaction mixtures after aqueous workup, extraction, and re-
moval of all volatiles. 1H NMR (500 MHz, CDCl3): d = 6.15–5.78 (2H,
CH=), 5.30–5.00 (4H, =CH2), 4.86–4.70 (2H, OCH2O), 3.97–3.55 (6H),
3.45–3.33 (2H), 3.13 (s, 3H, OCH3), 2.58–2.43 (1H, CH2), 2.32–2.22 (1H,
CH2), 1.16 (d, 3H, J=6.3 Hz, CH3 (major isomer), 1.11 (d, 3H, J=


6.3 Hz, CH3 (minor isomer); 13C NMR (125 MHz, CDCl3) for major
isomer: d=136.0 (1), 135.8 (1), 116.7 (2), 115.5 (2), 95.3 (2), 78.9 (1), 76.8
(1), 72.2 (2), 69.9 (2), 67.5 (2), 58.7 (3), 36.2 (2), 15.2 ppm (3); 13C NMR
(125 MHz, CDCl3) for minor isomer: d=136.1 (1), 135.8 (1), 116.6 (2),
115.6 (2), 95.8 (2), 79.5 (1), 76.2 (1), 70.2 (2), 67.5 (2), 58.7 (3), 34.9 (2),
14.8 ppm (3).


3-(2-Methoxyethoxymethoxy)-2-methyl-2,3,4,5-tetrahydrooxepine [(S,R)-
19] and 3-(2-methoxyethoxymethoxy)-2-methyl-2,3,4,5-tetrahydrooxepine
[(S,S)-19]: Obtained from 18 (0.91 g, 3.7 mmol) following the procedure
given above for 14. The two diastereoisomers were separated by column
chromatography on silica using hexane/MTBE mixtures of increasing po-
larity as eluent. The major isomer (S,R)-19 (0.33 g, 41%) was eluted first,
followed by a fraction containing the minor isomer (S,S)-19 (0.19 g,
23%). Analytically pure samples of both diastereoisomers were obtained
by subsequent Kugelrohr distillation (120 8C at 0.02 mbar). (S,R)-19 :
[a]20D =�105.8 (c=3.18 in CH2Cl2);


1H NMR (400 MHz, [D6]benzene):
d=6.39 (dd, 1H, J=6.5, 1.8 Hz, H1), 4.63 (d, 1H, J=6.8 Hz, -OCHHO-),
4.62 (m, 1H, H2), 4.52 (d, 1H, J=6.8 Hz, -OCHHO-), 4.12 (dq, 1H, J=


9.0, 6.3 Hz, H6), 3.68 (ddd, 1H, J=9.0, 3.5, 3.5 Hz, H5), 3.63–3.51 (2H,
OMEM), 3.36–3.27 (2H, OMEM), 3.12 (s, 3H, OCH3), 2.48 (ddddd, 1H,
J=17.1, 12.8, 2.3, 2.3, 2.3 Hz, H3), 2.10 (dddd, 1H, J=14.5, 12.8, 4.0,
2.0 Hz, H4), 1.84 (dd, 1H, J=14.5, 6.3 Hz, H4’), 1.70 (ddd, 1H, J=17.1,
6.5, 6.3 Hz, H3), 1.38 (d, 3H, J=6.3 Hz, H7); 13C NMR (100 MHz,
[D6]benzene): d=148.6 (1, C1), 109.3 (1, C2), 94.4 (2, OCH2O), 81.2 (1,
C5), 80.8 (1, C6), 72.1 (2, CH2OCH3), 67.6 (2, CH2CH2OCH3), 58.1
(OCH3), 30.8 (2, C4), 20.9 (2, C3), 19.8 (3, C7); IR (film, KBr plates): ñ=


3042 (s), 2929 (s), 1649 (s), 1264 (s), 1102 (s), 1039 cm�1 (s); LRMS
(70 eV, EI): m/z (%): 216 (1) [M+], 140 (17), 89 (26), 59 (100); elemental
analysis calcd for C13H24O4: C 61.1, H 9.3; found: C 61.4, H 9.4.


Product (S,S)-19 : [a]20D =�44.0 (c=1.70 in CH2Cl2);
1H NMR (400 MHz,


[D6]benzene): d =6.36 (dd, 1H, J=6.8 Hz, H1), 4.69 (d, 1H, J=7.0 Hz,
OCHHO), 4.57 (m, 1H, H2), 4.56 (d, 1H, J=7.0 Hz, OCHHO), 4.06 (qd,
1H, J=6.5, 2.5 Hz, H6), 3.64–3.55 (2H, OMEM), 3.52 (ddd, 1H, J=8.0,
5.3, 2.5 Hz, H5), 3.33 (“t”, 2H, J=4.8 Hz, OMEM), 3.12 (s, 3H, OCH3),
2.04 (dddd, 1H, J=15.3, 7.8, 7.8, 7.0 Hz, H4), 1.91–1.82 (3H, H4’, H3’,
H3), 1.30 (d, 3H, J=6.3 Hz, H7); 13C NMR (100 MHz, [D6]benzene): d=


148.5 (1, C1), 108.0 (1, C2), 94.7 (2, OCH2O), 80.2 (1, C5), 79.4 (1, C6),
72.2 (2, CH2OCH3), 67.4 (2, CH2CH2OCH3), 58.6 (OCH3), 31.6 (2, C4),
21.8 (2, C3), 17.5 (3, C7); IR (film, KBr plates): ñ=3040 (s), 2933 (s),
1648 (s), 1269 (s), 1044 cm�1 (s); LRMS (70 eV, EI): m/z (%): 216 (1)
[M+], 140 (15), 89 (25), 59 (100); elemental analysis calcd (%) for
C13H24O4: C 61.1, H 9.3; found: C 61.2, H 9.5.


ACHTUNGTRENNUNG(2S,3S,6S)-6-[(1S,2S)-Allyloxyethyl)-but-3-enyloxy]-3-benzyloxy-2-meth-
yltetrahydropyran (20): To a solution of 5b (100 mg, 0.52 mmol) and 6
(162 mg, 1.04 mmol) in dry benzene (20 mL) with MS 4 R was added p-
TSA (8 mg, 8 mol%). After stirring for 12 h the solvent was evaporated
and the residue was dissolved in ethyl acetate. The organic layer was
washed with an aqueous solution of sodium bicarbonate and brine, suc-
cessively, dried with MgSO4, filtered and evaporated. The residue was pu-
rified by flash chromatography on silica using cyclohexane/ethyl acetate
1:1 to give 20 (110 mg, 60%). [a]23D =�23.5 (c=0.62 in CH2Cl2);


1H NMR
(300 MHz, CDCl3): d=7.41–7.27 (5H, Ph), 5.96–5.80 (2H, CH=), 5.25
(dddd, 1H, J=17.2, 1.7, 1.7, 1.7 Hz, =CH2), 5.19–4.95 (4H, =CH2,
OCHO), 4.68 (d, 1H, J=12.3 Hz, CH2Ph), 4.43 (d, 1H, J=12.3 Hz,
CH2Ph), 4.12–3.91 (3H, OCH2CH=), 3.72 (m, 1H, OCHCH3), 3.51 (m,
1H, m, OCHCH3), 3.27 (m, 1H, CHO), 2.41 (dm, 1H, J=14.4 Hz,
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CHHCH=), 2.20 (ddd, 1H, J=14.4, 7.7, 7.7 Hz, CHHCH=), 2.00 (ddd,
1H, J=13.0, 5.3, 3.6 Hz, CH2CH2), 1.95–1.85 (2H, CH2CH2), 1.51 (dm,
J=13.0 Hz, CH2CH2), 1.15 (d, 3H, J=6.6 Hz, CH3), 1.11 ppm (d, 3H, J=


6.4 Hz, CH3);
13C NMR (75 MHz, CDCl3): d =138.8 (0), 135.8 (1), 135.4


(1), 128.2 (1), 127.8 (1), 127.5 (1), 116.5 (2), 116.3(2), 96.9 (1), 78.1 (1),
75.4 (1), 73.6 (1), 70.8 (2), 70.4 (2), 66.6 (1), 35.2 (2), 24.3 (2), 21.4(2),
17.2 (3), 15.1 ppm (3); IR (film, KBr plates): ñ=2932 (m), 2348 (m),
1641 (m), 1496 (m), 1435 (m), 1360 cm�1 (m); elemental analysis calcd
(%) for C22H32O4: C 73.3, H 8.9; found: C 72.8, H 8.5.


ACHTUNGTRENNUNG(2S,3S)-3-((2S,5S,6S)-5-Benzyloxy-6-methyltetrahydropyran-2-yloxy)-2-
methyl-2,3,4,5-tetrahydrooxepine (21): Obtained from 20 (100 mg,
0.29 mmol) following the procedure given above for 5a. 21 was purified
by column chromatography on silica. Yield: 70 mg (75%). [a]23D =�81.1
(c=1.07 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d =7.40–7.26 (5H, Ph),
6.29 (dd, 1H, J=6.3, 1.5 Hz, H1), 4.85 (br s, 1H, OCHO), 4.70 (m, 1H,
H2), 4.69 (d, 1H, J=12.3 Hz, CH2Ph), 4.44 (d, 1H, J=12.3 Hz, CH2Ph),
4.23 (qd, 1H, J=6.6, 2.4 Hz, H6), 4.03 (qd, 1H, J=6.6, 1.3 Hz, CHCH3,
rhodinose), 3.76 (m, 1H, H5), 3.28 (br s, 1H, CHOCH2Ph), 2.24–1.76
(8H, H3, H4, CH2CH2 (rhodinose)), 1.25 (d, 3H, J=6.6 Hz, H7),
1.17 ppm (d, 3H, J=6.6 Hz, CH3 (rhodinose)); 13C NMR (75 MHz,
CDCl3): d=148.2 (1), 138.7 (0), 128.2 (1), 127.8 (1), 127.7 (1), 127.5 (1),
108.3 (1), 99.5 (1), 80.9 (1), 80.4 (1), 73.6 (1), 70.8 (2), 66.8 (1), 33.1 (2),
23.9 (2), 21.9(2), 21.4 (2), 17.3 (3), 17.3 ppm (3); IR (film, KBr plates):
ñ=3035 (w), 2931 (m), 1647 (m), 1496 (m), 1446 cm�1 (m); elemental
analysis calcd (%) for C20H28O4: C 72.3, H 8.5; found: C 72.2, H 8.0.
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Introduction


Catalytic asymmetric conjugate additions play a prominent
role in carbon�carbon bond-forming reactions in modern
synthetic chemistry and natural product assembly especially
during the synthesis of polyketides.[1] The 1,4-addition has in
recent years been the subject of numerous advances aimed
at the discovery of efficient chiral catalysts. As a result,
many methods have been developed for the stereoselective
1,4-addition,[2] and malonates most notably have been
proved to be easily accessible nucleophilic donors,[3] as the
two electron-withdrawing esters enable enolate formation
under mild conditions.
Since the start of this decade, great progress has been


made in the field of asymmetric organocatalysis.[4] The in-
creasing interest is mainly due to the possibility of easy and
environmentally acceptable access to important chiral build-
ing blocks for life science and agriculture applications. Fur-
thermore, organocatalysts can be used in a range of reac-
tions with a multitude of advantages over metal-mediated
reactions: for example, they are usually robust, inexpensive


and readily available, non-toxic and inert toward moisture
and oxygen.[4c]


Proline rubidium salts have been used for the 1,4-addition
of malonates to a,b-unsaturated enones,[5] but the first
highly enantioselective truly organocatalytic reaction was
developed in the presence of an imidazoline catalyst.[6]


Other organocatalysts,[7] for example, thioureas,[8] chinchona
alkaloids,[9] diaryl-2-pyrrolidine-methanols[10] or chiral ionic
liquids[11] have also been introduced to catalyse this impor-
tant carbon�carbon forming reaction. Unfortunately, these
methods often have drawbacks such as tedious procedures,
reaction times up to weeks in some cases and the enantiose-
lectivities can be variable depending on the nature of the
a,b-unsaturated enones and malonates employed. Further-
more, the malonates were often employed in excess or as
the reaction solvent and since these malonates are not vola-
tile, their removal is problematic.
Since the introduction of the pyrrolidinyl tetrazole deriva-


tive 1 in enantioselective organocatalysed reactions by our-
selves,[12] Yamamoto[13] and Arvidsson,[14] its use is now
widely accepted.
In recent studies in this area, we described an enantiose-


lective conjugate addition of different malonates to mainly
aromatic enones in the presence of piperidine (4) and the
pyrrolidinyl tetrazole catalyst 1, after an extensive screening
of different organocatalysts (Scheme 1).[12j]


Here, we report the evolution of these studies and the re-
sulting development of a more general and practical enan-
tioselective organocatalytic conjugate addition of malonates


Abstract: A general enantioselective
organocatalytic conjugate addition pro-
cedure of a variety of malonates to
a,b-unsaturated enone systems is pre-
sented. The reaction is efficiently cata-
lysed by the pyrrolidinyl tetrazole cata-
lyst 1. Cyclic, acyclic and aromatic
enones can be used and the reaction
with ethyl malonates 3b provides the


Michael addition products in high
yields with good to excellent enantiose-
lectivities. Since only 1.5 equivalents of
malonate are used as a reagent, the re-


action is readily scaled and practical to
operate. Furthermore, the malonate ad-
dition products can be easily mono de-
carboxylated without loss in enantio-
meric excess by enzymatic or sodium
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to a,b-unsaturated enones with excellent yields and enantio-
selectivities, where cyclic, acyclic and aromatic enones are
also be applied.


Results and Discussion


We have shown that the tetrazole derivative 1 is an im-
proved catalyst for the conjugate addition of nitroalkanes to
both cyclic and acyclic enones,[12g] using the meso base 2,5-
dimethylpiperazine 8 as an additive under conditions adapt-
ed from those previously developed by Hanessian and Pham
for the addition of nitroalkanes to cyclic enones catalysed
by proline.[15]


Using these reaction conditions, we were able to obtain
the benzyl malonate-addition product 7c in 65% conversion
and 77% ee (Table 1, entry 4). Due to the fact that malo-
nates (diethyl malonate pKa 13) are less acidic than nitroal-
kanes (MeNO2 pKa 10), the use of stronger bases was next
investigated. Indeed, piperidine (4) increased the enantiose-
lection of the reaction of 2-cyclohexenone 6 with methyl,
ethyl and benzyl malonates (Table 1).[12j]


On closer examination of the reaction solvent chloroform
proved to be the optimal solvent in terms of both yield and
enantioselection (Table 2, entries 2, 4 and 6). The use of
non-chlorinated solvents, for example, acetonitrile (Table 2,


entry 7) led to a decrease in both yield and enantioselectivi-
ty.
To obtain the best result in the conjugate malonate addi-


tion methyl, ethyl and benzyl malonates 3a–c were added to
2-cyclohexenone 6 and to trans 4-phenyl-3-butene-2-one 9 as
a less reactive Michael acceptor (Table 3). In contrast to
other publications, under these optimised conditions with
the use of the pyrrolidinyl tetrazole catalyst 1 ethyl malo-
nate 3b gave the best results in enantioselection and was
chosen for use in the next investigations. It is interesting to
note that usually benzyl malonate 3c has been selected as
the malonate of choice in these Michael addition to a,b-un-
saturated enones[6] and a,b-unsaturated aromatic alde-
ACHTUNGTRENNUNGhydes.[10a] Indeed, only one other publication uses ethyl mal-
onates in the conjugate addition to various chalcones cata-
lysed by an amine thiourea.[8a]


Scheme 1. Enantioselective organocatalytic malonate addition to differ-
ent enones 2.


Table 2. Optimisation of the malonate addition: solvent screen.[12j]


Entry Malonate Solvent Product Conversion [%][b] ee [%][c]


1 3a CH2Cl2 7a 85 83
2 3a CHCl3 7a 87 85
3 3b CH2Cl2 7b 89 92
4 3b CHCl3 7b 69 93
5 3c CH2Cl2 7c 63 82
6 3c CHCl3 7c 87 81
7 3c CH3CN 7c 80 70


[a] Conditions: 2-cyclohexenone 6 (0.5 mmol), malonate 3 (0.75 mmol), 4
(0.5 mmol), (S)-1 (15 mol%), solvent (2 mL), 3 d, RT. [b] Determined by
1H NMR. [c] Determined by chiral GC.


Table 3. Malonate addition to cyclic and aromatic enones.


Entry Malonate Enone Product [%] Yield [%][b] ee [%][c]


1 3a 6 7a 87 83
2 3a 9 10a 89 86
3 3b 6 7b 94 93
4 3b 9 10b 89 87
5 3c 6 7c 86 81
6 3c 9 10c 85 83


[a] Conditions: Enone 6 or 9 (0.5 mmol), malonate 3 (0.75 mmol), 4
(0.5 mmol), (S)-1 (15 mol%), CHCl3 (2 mL), 3 d, RT. [b] Isolated yield.
[c] Determined by chiral HPLC or GC.


Table 1. Optimisation of the malonate addition: base screen.[12j]


Entry Malonate Base[b] Product Conversion [%][c] ee [%][d]


1 3a 4 7a 85 83
2 3b 8 7b 65 79
3 3b 4 7b 89 92
4 3c 8 7c 65 77
5 3c 4 7c 63 82
6 3c Et2NH 7c 49 81


[a] Conditions: 2-cyclohexenone 6 (0.5 mmol), malonate 3 (0.75 mmol),
base (0.5 mmol), (S)-pyrrolidinyl tetrazole 1 (15 mol%), CH2Cl2 (2 mL),
3 d, RT. [b] Piperidine (4); meso-2,5-dimethylpiperazine (8). [c] Deter-
mined by 1H NMR. [d] Determined by chiral GC.
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The absolute configuration of the compounds was con-
firmed by a comparison of the sign of optical rotation with
literature values,[8a, 16] and the compounds proved to be (R)-
configured in the case of cyclic enones and (S)-configured in
the case of linear and aromatic enones. Thus, the pyrrolidin-
yl tetrazole catalyst 1 gave products with the same sense of
stereoinduction as observed in the addition to
nitroalkanes.[12g]


The enantioselective organocatalytic conjugate addition
was first applied to cyclic enones (Table 4). It was pleasing
to find that as well as the known compound 7b, the seven-
membered congener (Table 4, entry 2) was also formed in a
similarly high yield (91%) and enantioselectivity (93%). In
fact, only the five-membered 2-cyclopentenone (Table 4,
entry 3) gave a moderate enantioselectivity (30%), but re-
tained the high yield (88%).


The ethyl malonates 3b were next applied in the addition
to linear (E)-enones (Table 5). Again, it was most encourag-
ing to see that they did indeed react with generally compa-
rable high yields and enantioselectivities as the 2-cyclohexe-
none system 6. 3-Nonen-2-one (Table 5, entry 1) worked just
as well as the truncated linear enone 3-penten-2-one
(Table 5, entry 2) with very good yields and enantioselectivi-
ties. Furthermore, the branched example 15 (Table 5,
entry 3) also worked well and was obtained in good yields
(82%), retaining the good enantioselectivity (77%).
To further explore the scope of the reaction, a series of ar-


omatic (E)-a,b-unsaturated enones were used as substrates
in the 1,4-addition of ethyl malonate 3b (Table 6). It was
pleasing to find that these also worked very well and the
Michael adducts were all formed in high yields and general-
ly excellent enantioselectivities. Both electron-withdrawing


(Cl, Br, CF3, Table 6, entries 2–6) and electron-donating
(OH, OR, Table 6, entries 7–11) substituents can be intro-
duced on the aromatic ring without loss in yield or enantio-
selection. Furthermore, the position of the substituent on
the aromatic ring, for example, bromine seems to have no
influence, apart from the ortho-position (Table 6, entry 5). It
is thought that in this case an unfavourable interaction with
the methyl carbonyl function takes place, but regardless, the
Michael addition product 19 was isolated in a similar high
yield (81%) with a slightly reduced enantioselectivity
(60%).
In the case of the para-hydroxy substituted aromatic


enone (Table 6, entry 8) the reaction was run with two
equivalents of base 4 required to increase yield and enantio-
selectivity, since the pKa of the phenol proton is comparable
to that of the malonate.[12j] This afforded the product 22 in a
moderate yield (68%) and enantioselectivity (51%). After
protection of the para-hydroxy substituent as a benzyl ether
the product 23 was obtained again with the use of one
equivalent of 4 in very good yield (82%) and enantioselec-
tivity (85%) (Table 6, entry 9). Afterwards, the protective
group may be removed under standard hydrogenation con-
ditions without affecting the ethyl esters. The only exception
to the generally high enantioselectivities with aromatic
enones was the Michael addition to a chalcone, where the
a-methyl group is replaced with an a-phenyl group. Here
the product 26 was only obtained in a moderate enantiose-
lectivity (44% ee) (Table 6, entry 12) and it is thought that
an unfavourable interaction with the other aromatic ring
takes place. Furthermore, the reaction was quite slow and
further trials to optimise this reaction have so far been un-
successful. However, the product 26 was obtained in a very


Table 4. 1,4-Addition of ethyl malonate to cyclic a,b-unsaturated
enones.[a]


Entry Product Yield [%][b] ee [%][c]


1 94 93


2 91 89


3 88 30


[a] Conditions: enone (0.5 mmol), diethyl malonate 3b (0.75 mmol), 4
(0.5 mmol), (S)-1 (15 mol%), CHCl3 (2 mL), 3 d, RT. [b] Isolated yield.
[c] Determined by chiral HPLC or GC.


Table 5. The 1,4-addition of ethyl malonate to linear a,b-unsaturated
enones.[a]


Entry Product Yield [%][b] ee [%][c]


1 86 87


2 82 64


3 82 77


[a] Conditions: a,b-unsaturated enone (0.5 mmol), diethyl malonate 3b
(0.75 mmol), piperidine 4 (0.5 mmol), (S)-pyrrolidinyl tetrazole 1
(15 mol%), CHCl3 (2 mL), 3 d, RT. [b] Isolated yield. [c] Determined by
chiral HPLC or GC.
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Table 6. 1,4-Addition of ethyl malonate to aromatic a,b-unsaturated enones.[a]


Entry Product Yield [%] [b] ee [%][c] Entry Product Yield [%] [b] ee [%][c]


1 89 87 10 88 84


2 94 83 11 87 84


3 88 85 12 86[e] 44


4 87 86 13 81 88


5 81 60 14 84 85


6 82 79 15 91 84


7 93 88 16 83 79


8 68[d] 51 17 89 88


9 82 85 18 88 85


[a] Conditions: a,b-unsaturated enone (0.5 mmol), diethyl malonate 3b (0.75 mmol), 4 (0.5 mmol), (S)-1 (15 mol%), CHCl3 (2 mL), 3 d, RT. [b] Isolated
yield. [c] Determined by chiral HPLC or GC. [d] Two equivalents of piperidine was used. [e] 5 d reaction time.
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high yield (86%) without formation of by-products and it
was only the enantiomeric excess that was moderate. Conse-
quently, it was pleasing to find that both heteroaromatic
enones and biaryl compounds were also good substrates for
this malonate addition, retaining the very high yield and
enantioselection formed in the more standard aromatic ex-
amples (Table 6, entries 13–18). It should be noted that no
by-products were observed in any of these reactions with
cyclic, acyclic and aromatic enones.
As the general nature of the reaction protocol has been


proven, obtaining the products in good to excellent yields
and enantioselectivities, the Michael adducts 5 could be fur-
ther decarboxylated to give the corresponding optically
active d-ketoesters 33 (Scheme 2). Usually, for this reaction
benzyl esters are used, which are first deprotected via hy-
drogenolysis to yield the free acids, then mono-decarboxy-
lated and finally re-esterified. Although this reaction can be
performed in a one-pot decarboxylation–transesterification
procedure, the reaction protocol is tedious and the yields
are poor.[6]


The Krapcho reaction[17] is another well-known one-pot
decarboxylation procedure which yields the corresponding
monoester 33 directly and was investigated using the cyclic
six-membered Michael addition products 7a and 7b. A vari-
ety of methods were employed, where the kind of salt and
the equivalents of water were changed (Table 7). Further-
more, a microwave procedure[18] was investigated (Table 7,
entry 3). However, unexpectedly, in all cases, there was a
loss in enantiomeric excess with both methyl and ethyl die-
sters, which could have been due to the use of inorganic
salts, because during a simple heating with water no reaction
takes place and all starting material could be recovered
(Table 7, entry 1). It is postulated that this loss of enantio-
meric excess arises from a retro-Michael addition reaction
and indeed with 1,5-dicarbonyl compounds a facile retro-Mi-
chael addition[19] can take place instead of formation of the
expected products 34a,b.
Therefore, a mono-hydrolysis decarboxylation strategy


was investigated as an alternative way to obtain the mono-
ester 33 directly (Scheme 2). Indeed, the six-membered
mono-acids 35a,b could be produced from the correspond-
ing starting material 7a,b by sodium hydroxide-mediated
hydrolysis[23] or alternatively by the use of the enzyme por-
cine liver esterase[24] (PLE) (Table 8). The use of an alterna-
tive enzyme mixture, for example, liver acetone powder[25]


gave the product without a loss in enantiomeric excess, but


the yield decreased dramatically (Table 8, entry 3). Further-
more, the buffer used for the enzymatic reaction must be
carefully chosen, with PLE in a Tris/HCl buffer[26] (pH 7.4)
the product was obtained in a yield of 90–96% whereas a
potassium phosphate buffer[27] (pH 7.0) decreased the yield
slightly (Table 8, entry 4). By heating to 160 8C, the mono
acids 35a,b decarboxylate to the corresponding mono ester
34a,b without a loss in enantiomeric excess (Table 8).


Scheme 2. Decarboxylation of Michael addition product 5 to the d-ke-
toesters 33.


Table 7. Krapcho decarboxylation of 7a, and 7b.


Entry R Conditions Yield
[%][a]


ee
[%][b]


1 Et DMSO, 2 equiv H2O, 3 h, 175 8C 0[c] –
2 Et 2 equiv LiBr, 1 equiv H2O, 0.2 equiv


Bu4NBr, 3 h, 175 8C
[18]


53 47


3 Et 2 equiv LiBr, 2 equiv H2O, 0.2 equiv
Bu4NBr, microwave


[d]
84[e] 76


4 Et 2 equiv LiBr, 2 equiv H2O, 0.1 equiv
Bu4NBr, 5 h, 175 8C


[18]
46 44


5 Me 2 equiv LiBr, 2 equiv H2O, 0.1 equiv
Bu4NBr, 5 h, 175 8C


[18]
0[f] –


6 Me 4 equiv (CH3)4NOAc, 6 equiv H2O, 100 8C,
5 h[17a]


16 10


7 Me 1 equiv LiI, 6 equiv H2O, 170 8C, 1 h
[20] 34 79


8 Et 1 equiv LiCl, 1 equiv H2O, 3 h, 170 8C
[21] 42 37


9 Et 1 equiv NaCl, 1 equiv H2O, 3 h, 175 8C
[22] 33[g] 73


10 Et 1 equiv NaCl, 0.1 equiv H2O, 3 h, 175 8C
[22] 36[g] 86


[a] Isolated yield. [b] Determined by chiral HPLC or GC. [c] Full recov-
ery of starting material. [d] Lit. :[18] 30 W for 10 min. [e] Many by-products
are formed. [f] Decomposition of starting material. [g] Mixture of prod-
uct/starting material 1:1.


Table 8. Decarboxylation of cyclic malonate adducts 7a,b.


Entry R Conditions[a] Yield[b] ee[c]


1 Me A 92 86
2 Et A 92 92
3 Et B[d] 64 92
4 Et B[e] 87 93
5 Et B 90 93
6 Me B 96 85


[a] Conditions A: diester (0.5 mmol), THF/H2O (12 mL, 1:11), NaOH
(0.25m ; 0.6 mmol for Me, 3.5 mmol for Et), RT; then DMSO (2 mL),
H2O (drops), 160 8C, 1–3 h. Conditions B: diester (0.5 mmol), Tris/HCl
buffer (2 mL, 0.375m, pH 7.5), DMSO (25% v/v), pig liver esterase (1–
2 mg), 25 8C, pH 7.5; then DMSO (2 mL), H2O (10 mL), 160 8C, 1–3 h.
[b] Isolated yield. [c] Determined by chiral GC. [d]Liver acetone powder
(Sigma) was used instead of PLE. [e] 50 mm potassium phosphate buffer
was used instead of the Tris/HCl buffer.
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Correspondingly, it was pleasing to find that the aromatic
Michael addition products 10a,b could also be successfully
mono-decarboxylated under the developed conditions by
both sodium hydroxide or enzymatic methods without loss
in enantiomeric excess (Table 9).


Conclusion


In summary, a general enantioselective organocatalytic con-
jugate addition procedure of a variety of malonates to a,b-
unsaturated enone sytems has been developed. The reaction
is efficiently catalysed by the pyrrolidinyl tetrazole catalyst
1. Cyclic, acyclic and aromatic enones can be used and the
reaction with ethyl malonates 3b provides the Michael addi-
tion products in high yields with good to excellent enantio-
selectivities. Because only 1.5 equivalents of malonate are
used as a reagent, the reaction is readily scaled and practical
to operate. Furthermore, the malonate addition products
can be easily mono decarboxylated without loss in enantio-
meric excess by enzymatic or sodium hydroxide mediated
methods.


Experimental Section


General : Flash column chromatography was carried out using Merck
Kieselgel (230–400 mesh). 1H NMR were recorded on a Bruker DRX-
400 and Bruker DRX-600 spectrometer. The residual protic solvent
CHCl3 (dH=7.26 ppm) in CDCl3 was used as an internal standard.
13C NMR spectra were recorded on the same spectrometer at 100 and
150 MHz, using central resonance of CDCl3 (dC=77.0 ppm). Accurate
mass data were obtained on Micromass Q-TOF by electrospray ionisa-
tion (ESI). Optical rotations were measured on a Perkin Elmer 343 po-
larimeter at 25 8C; concentrations (c) are reported in g per 100 mL. Melt-
ing points were measured on a Reichert hot stage apparatus, and are un-
corrected. The enantiomeric excess (ee) of the products was determined
by chiral stationary phase GC or SFC.


Materials : All reactions were carried out under an atmosphere of argon.
Petroleum ether (PE) used refers to the 40–60 8C boiling point fraction


of petroleum. Anhydrous chloroform was bought from Sigma-Aldrich.
Enones were bought or synthesised according to reference.[28] All other
reagents and solvents were used as supplied


General procedure for the conjugate addition of malonate to a,b-unsatu-
rated aldehydes : To a stirred suspension of the enone starting material
(0.5 mmol) and pyrrolidinyl tetrazole 1 (15 mol%) in CHCl3 (2 mL) was
added diethylmalonate (0.75 mmol) and piperidine (0.5 mmol) at RT for
3 d. The reaction mixture was diluted with CH2Cl2 (10 mL) and washed
one time with saturated ammonium chloride solution (10 mL). The aque-
ous phase was then extracted three times with CH2Cl2 (10 mL). The com-
bined organic phase was dried (MgSO4), concentrated in vacuo, and the
residue was purified by flash chromatography.


General procedure for the enzyme-mediated decarboxylation of the mal-
onate aducts : The diester (0.5 mmol) was dissolved in tris(hydroxymeth-
yl)aminomethane (2 mL, Tris/HCl, 0.375m, pH 7.5) buffered batches con-
taining DMSO (25% v/v). To this solution pig liver esterase (1–2 mg)
was added. The reaction temperature was kept at 25 8C and the reaction
pH value was carefully monitored (pH 7 to 8) until the consumption of
the starting diester was detected (TLC control). Then the reaction mix-
ture was acidified with 1n HCl at 0 8C, saturated with NaCl, extracted
three times with ethyl acetate (10 mL), and dried with magnesium sul-
phate. The solvent was evaporated and the residue solved in DMSO
(2 mL) and water (10 mL). The reaction mixture was heated to 160 8C for
1 to 3 h. After cooling to ambient temperature, the solution was diluted
with water (10 mL) and extracted three times with diethyl ether. The
combined organic phase was dried (MgSO4), concentrated in vacuo, and
the residue was purified by flash chromatography.


General procedure for the NaOH-mediated decarboxylation of the malo-
nate adducts : The diester (0.5 mmol) was dissolved in THF/H2O (12 mL,
1:11) and cooled to 0 8C. To this solution 0.25n NaOH (0.6 mmol for Me
and 3.5 mmol for Et esters) was added in small portions with stirring
until the consumption of the starting diester was detected (TLC control).
Then the reaction mixture was acidified with 1n HCl at 0 8C, saturated
with NaCl, extracted three times with ethyl acetate (10 mL), and dried
with magnesium sulphate. The solvent was evaporated and the residue
solved in DMSO (2 mL) and water (10 mL). The reaction mixture was
heated to 160 8C for 1 to 3 h. After cooling to ambient temperature, the
solution was diluted with water (10 mL) and extracted three times with
diethyl ether. The combined organic phase was dried (MgSO4), concen-
trated in vacuo, and the residue was purified by flash chromatography.


Dimethyl 2-((R)-3-oxocyclohexyl)malonate (7a): The title compound was
obtained according to the general procedure. White solid; Yield: 87%;
Rf=0.14 (PE/Et2O 2:1); m.p. 35 8C; [a]


20
D = ++2.4 (c=1 in chloroform);


1H NMR (400 MHz, CDCl3): d=1.39–1.49 (m, 1H, CH2a), 1.56–1.68 (m,
1H, CH2b), 1.86–1.90 (m, 1H, CH2c), 1.98–2.05 (m, 1H, CH2d), 2.16–2.24
(m, 2H, CH2), 2.32–2.38 (m, 2H, CH2), 2.42–2.51 (m, 1H, CHCH2),
3.29 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H, CH ACHTUNGTRENNUNG(COOMe)2), 3.68 (s, 3H,
COOCH3), 3.69 ppm (s, 3H, COOCH3);


13C NMR (100 MHz, CDCl3):
d=24.88, 29.13 (2LCH2), 38.47 (CH), 41.33, 45.42 (2LCH2), 52.95 (2L
COOCH3), 56.94 (CHACHTUNGTRENNUNG(COOMe)2), 168.54, 168.63 (2LCO, ester),
209.88 ppm (CO); HRMS-ESI: m/z : calcd for C11H16O5Na: 251.0895;
found: 251.0898 [M+Na]+ ; the ee was determined by GC analysis by
using a Chirasil DEx-CB column (83% ee).


Diethyl 2-((R)-3-oxocyclohexyl)malonate (7b): The title compound was
obtained according to the general procedure. Colourless oil; Yield: 94%;
Rf=0.27 (PE/Et2O 2:1); [a]20D = ++3.3 (c=1 in chloroform); 1H NMR
(400 MHz, CDCl3): d=1.18–1.22 (m, 6H, 2LCOOCH2CH3), 1.45–1.73
(m, 2H, CH2), 1.93–2.10 (m, 2H, CH2), 2.21–2.30 (m, 2H, CH2), 2.63–
2.57 (m, 3H, CH2, CHCH2), 3.28 (d, 3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H, CH-
ACHTUNGTRENNUNG(COOEt)2), 4.17–4.23 ppm (m, 4H, 2LCOOCH2CH3);


13C NMR
(100 MHz, CDCl3): d=14.01, 14.03 (2LCOOCH2CH3), 24.49, 28.71 (2L
CH2), 37.97 (CH), 40.95, 45.02 (2LCH2), 56.81 (CH ACHTUNGTRENNUNG(COOEt)2), 61.47 (2L
COOCH2CH3), 167.73, 167.82 (2LCO, ester), 209.60 ppm (CO); HRMS-
ESI: m/z : calcd for C13H20O5Na: 279.1208; found: 279.1208 [M+Na]+ ;
the ee was determined by GC analysis by using a Chirasil DEx-CB
column (93% ee).


Dibenzyl 2-((R)-3-oxocyclohexyl)malonate (7c): The title compound was
obtained according to the general procedure. White solid; Yield: 86%;


Table 9. Decarboxylation of aromatic malonate adducts 10a,b.


Entry R Conditions[a] Yield[b] ee[c]


1 Me A 94 84
2 Et A 99 89
3 Me B 97 84
4 Et B 97 90


[a] Conditions A: diester (0.5 mmol), THF/H2O (12 mL, 1:11), NaOH
(0.25m ; 0.6 mmol for R=Me, 3.5 mmol for R=Et), RT; then DMSO
(2 mL), H2O (10 mL), 160 8C, 1–3 h. Conditions B: diester (0.5 mmol),
Tris/HCl buffer (2 mL, 0.375m, pH 7.5), DMSO (25% v/v), pig liver es-
terase (1–2 mg), 25 8C, pH 7.5; then DMSO (2 mL), H2O (drops), 160 8C,
1–3 h. [b] Isolated yield. [c] Determined by chiral HPLC.
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Rf=0.22 (PE/Et2O 2:1); m.p. 46 8C; [a]20D = �1.1 (c=1 in chloroform);
1H NMR (400 MHz, CDCl3): d=1.41–1.51 (m, 1H, CH2a), 1.56–1.68 (m,
1H, CH2b), 1.84–1.92 (m, 1H, CH2c), 1.97–2.04 (m, 1H, CH2d), 2.15–2.27
(m, 2H, CH2), 2.34–2.38 (m, 1H, CH2e), 2.42–2.47 (m, 1H, CH2e), 2.51–
2.61 (m, 1H, CHCH2), 3.42 (d,


3J ACHTUNGTRENNUNG(H,H)=7.7 Hz, 1H, CH ACHTUNGTRENNUNG(COOMe)2),
5.14 (s, 2H, CH2Ph), 5.15 (s, 2H, CH2Ph), 7.26–7.34 ppm (m, 10H,
CHarom.);


13C NMR (100 MHz, CDCl3): d=24.48, 28.64 (2LCH2), 38.10
(CH), 40.94, 45.04 (2LCH2), 56.75 (CH ACHTUNGTRENNUNG(COOMe)2), 67.22, 67.25 (2L
CH2Ph), 128.25, 128.45, 128.47, 128.59 (10LCHarom.), 167.46, 167.52 (2L
CO, ester), 209.26 ppm (CO); HRMS-ESI: m/z : calcd for C23H24O5Na:
403.1521; found: 403.1511 [M+Na]+ ; the ee was determined by GC anal-
ysis by using a Chirasil DEx-CB column (81% ee).


Dimethyl 2-((S)-3-oxo-1-phenylbutyl)malonate (10a): The title com-
pound was obtained according to the general procedure. White solid;
Yield: 89%; Rf=0.17 (PE/Et2O 2:1); m.p. 42 8C; [a]


20
D = ++11.4 (c=1 in


chloroform); 1H NMR (400 MHz, CDCl3): d=1.99 (s, 3H, COCH3),
2.86–2.98 (m, 2H, CHCH2), 3.46 (s, 3H, COOCH3), 3.69–3.72 (m, 4H,
COOCH3, CHCOOCH3), 3.92–3.98 (m, 1H, CHCH2), 7.14–7.26 ppm (m,
5H, CHarom.);


13C NMR (100 MHz, CDCl3): d =30.28 (COCH3), 40.39
(CHCH2), 47.10 (CH2), 52.36, 52.63 (2LCOOCH3), 57.10 (CH-
ACHTUNGTRENNUNG(COOMe)2), 127.26, 127.96, 128.53 (5LCHarom.), 140.77 (Cq), 168.44,
168.97 (2LCO, ester), 206.41 ppm (CO); HRMS-ESI: m/z : calcd for
C15H18O5Na: 301.1052; found: 301.1049 [M+Na]+ ; the ee was determined
by SFC analysis by using a Chiralpak AD-H column (10% iPrOH); flow
rate=1.0 mLmin�1; tmajor=8.3, tminor=7.4 min (89% ee).


Diethyl 2-((S)-3-oxo-1-phenylbutyl)malonate (10b): The title compound
was obtained according to the general procedure. White solid; Yield:
89%; Rf=0.30 (PE/Et2O 2:1); m.p. 38 8C; [a]20D =++15.8 (c=1.1 in
chloroform); 1H NMR (400 MHz, CDCl3): d =0.98 (d, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
3H, COOCH2CH3), 1.22 (d,


3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 1.98
(s, 3H, COCH3), 2.85–2.96 (m, 2H, CHCH2), 3.67 (d,


3J ACHTUNGTRENNUNG(H,H)=9.7 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.81–4.03 (m, 3H, COOCH2CH3, CHCH2), 4.13–4.18
(m, 2H, COOCH2CH3), 7.14–7.26 ppm (m, 5H, CHarom.);


13C NMR
(100 MHz, CDCl3): d=14.14, 14.41 (2LCOOCH2CH3), 30.70 (COCH3),
40.86 (CHCH2), 47.82 (CH2), 57.81 (CH ACHTUNGTRENNUNG(COOEt)2), 61.72, 62.05 (2L
COOCH2CH3), 127.61, 128.54, 128.87 (5LCHarom.), 140.79 (Cq), 168.053,
168.60 (2LCO, ester), 206.51 ppm (CO); HRMS-ESI: m/z : calcd for
C17H22O5Na: 329.1365; found: 329.1354 [M+Na]+ ; the ee was determined
by SFC analysis by using a Chiralpak AD-H column (10% iPrOH); flow
rate=1.0 mLmin�1; tmajor=9.9, tminor=7.5 min (87% ee).


Dibenzyl 2-((S)-3-oxo-1-phenylbutyl)malonate (10c): The title compound
was obtained according to the general procedure. White solid; Yield:
85%; Rf=0.37 (PE/Et2O 2:1); m.p. 59 8C; [a]


20
D = ++5.1 (c=1 in chloro-


form); 1H NMR (400 MHz, CDCl3): d =1.96 (s, 3H, COCH3), 2.91 (d,
3J-


ACHTUNGTRENNUNG(H,H)=6.9 Hz, 2H, CHCH2), 3.87 (d,
3J ACHTUNGTRENNUNG(H,H)=9.9 Hz, 1H, CHCOO),


4.02–4.08 (m, 1H, CHCH2), 4.91 (s, 2H, CH2Ph), 5.12–5.17 (m, 2H,
CH2Ph), 7.07–7.09 (m, 2H, CHarom.), 7.18–7.37 ppm (m, 13H, CHarom.);
13C NMR (100 MHz, CDCl3): d=30.20 (COCH3), 40.51 (CHCH2), 47.12
(CH2), 57.37 (CH ACHTUNGTRENNUNG(COOMe)2), 67.10, 67.29 (2LCH2Ph), 127.26, 128.14,
128.17, 128.25, 128.29, 128.42, 128.46, 128.57, 128.59 (15LCHarom.), 135.11,
135.24, 140.37 (3LCq), 167.39, 167.87 (2LCO, ester), 205.79 ppm (CO);
HRMS-ESI: m/z : calcd for C27H27O5: 431.1858; found: 431.1855
[M+Na]+ ; the ee was determined by HPLC analysis by using a Chiralpak
AD-H column (hexane/iPrOH 90:10); flow rate=1.0 mLmin�1; tmajor=


37.1, tminor=25.8 min (83% ee).


Diethyl 2-((R)-3-oxocycloheptyl)malonate (11): The title compound was
obtained according to the general procedure. Colourless oil; Yield: 91%;
Rf=0.20 (PE/Et2O 2:1); [a]


20
D = ++23.4 (c=0.1 in chloroform); 1H NMR


(400 MHz, CDCl3): d=1.25–1.28 (m, 6H, 2LCOOCH2CH3), 1.36–1.62
(m, 3H, CH2, CH2a), 1.84–1.97 (m, 3H, CH2, CH2b), 2.45–2.60 (m, 5H,
2LCH2, CH), 3.29 (d, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H, CH ACHTUNGTRENNUNG(COOEt)2), 4.17–
4.23 ppm (m, 4H, 2LCOOCH2CH3);


13C NMR (100 MHz, CDCl3): d=


14.49 (2LCOOCH2CH3), 24.86, 29.20, 34.56 (3LCH2), 36.05 (CH), 44.01,
47.68 (2LCH2), 57.88 (CH ACHTUNGTRENNUNG(COOEt)2), 61.95 (2LCOOCH2CH3), 168.56,
168.63 (2LCO, ester), 213.10 ppm (CO); HRMS-ESI: m/z : calcd for
C14H23O5: 271.1545; found: 271.1551 [M+H]+ ; the ee was determined by
GC analysis by using a Chirasil DEx-CB column (89% ee).


Diethyl 2-((R)-3-oxocyclopentyl)malonate (12): The title compound was
obtained according to the general procedure. Colourless oil; Yield: 88%;
Rf=0.19 (PE/Et2O 2:1); [a]


20
D = ++22.2 (c=0.9 in chloroform); 1H NMR


(400 MHz, CDCl3): d=1.24–1.30 (m, 6H, 2LCOOCH2CH3), 1.52–1.76
(m, 1H, CH2a), 1.98–2.05 (m, 1H, CH2b), 2.14–2.36 (m, 3H, CH2, CH2c),
2.47–2.53 (m, 1H, CH2d), 2.81–2.88 (m, 1H, CHCH2), 3.32 (d,


3J ACHTUNGTRENNUNG(H,H)=
9.0 Hz, 1H, CH ACHTUNGTRENNUNG(COOEt)2), 4.17–4.25 ppm (m, 4H, 2LCOOCH2CH3);
13C NMR (100 MHz, CDCl3): d=14.45, 14.48 (2LCOOCH2CH3), 27.88
(CH2), 36.71 (CH), 38.56, 43.28 (2LCH2), 56.94 (CH ACHTUNGTRENNUNG(COOEt)2), 61.96,
61.99 (2LCOOCH2CH3), 168.43, 168.52 (2LCO, ester), 217.42 ppm
(CO); HRMS-ESI: m/z : calcd for C12H18O5Na: 265.1052; found: 265.1042
[M+Na]+ ; the ee was determined by GC analysis by using a Chirasil
DEx-CB column (30% ee).


Diethyl 2-((S)-2-oxononan-4-yl)malonate (13): The title compound was
obtained according to the general procedure. Colourless oil; Yield: 86%;
Rf=0.56 (PE/Et2O 2:1); [a]20D = ++8.5 (c=1 in chloroform); 1H NMR
(400 MHz, CDCl3): d=0.84 (t, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 3H, wCH3), 1.21–1.40
(m, 14H, 2LCOOCH2CH3, 4LCH2), 2.19 (s, 3H, COCH3), 2.45–2.51 (m,
1H, CHCH2), 2.60–2.74 (m, 2H, CH2CO), 3.50 (d,


3J ACHTUNGTRENNUNG(H,H)=5.6 Hz, 1H,
CH ACHTUNGTRENNUNG(COOEt)2), 4.12–4.18 ppm (m, 4H, 2LCOOCH2CH3);


13C NMR
(100 MHz, CDCl3): d=14.32, 14.43 (2LCOOCH2CH3), 14.44 (wCH3),
22.83, 26.96 (CH2), 30.61 (CH3), 32.07, 32.55 (2LCH2), 33.93 (CH), 45.68
(CH2), 54.43 (CH ACHTUNGTRENNUNG(COOEt)2), 61.51, 61.61 (2LCOOCH2CH3), 169.08,
169.34 (2LCO, ester), 207.82 ppm (CO); HRMS-ESI: m/z : calcd for
C16H28O5Na: 323.1834; found: 323.1834 [M+Na]+ ; the ee was determined
by GC analysis by using a Chirasil DEx-CB column (87% ee).


Diethyl 2-((S)-2-oxopentan-4-yl)malonate (14): The title compound was
obtained according to the general procedure. Colourless oil; Yield: 82%;
Rf=0.41 (PE/Et2O 2:1); [a]


20
D = ++9.0 (c=0.75 in chloroform); 1H NMR


(400 MHz, CDCl3): d=1.01 (t, 3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H, wCH3), 1.25 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 6H, 2LCOOCH2CH3), 2.11 (s, 3H, COCH3), 2.36–2.43
(m, 1H, CHCH2), 2.65–2.86 (m, 2H, CH2CO), 3.33 (d,


3J ACHTUNGTRENNUNG(H,H)=6.9 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 4.14–4.20 ppm (m, 4H, 2LCOOCH2CH3);


13C NMR
(100 MHz, CDCl3): d=14.03, 14.04 (2LCOOCH2CH3), 17.68 (wCH3),
28.88 (CH3), 30.22 (CH), 47.59 (CH2), 56.22 (CH ACHTUNGTRENNUNG(COOEt)2), 61.20 (2L
COOCH2CH3), 168.51, 168.55 ppm (2LCO, ester), 207.08 (CO); HRMS-
ESI: m/z : calcd for C12H21O5: 245.1389; found: 245.1391 [M+H]+ ; the ee
was determined by GC analysis by using a Chirasil DEx-CB column
(64% ee).


Diethyl 2-((R)-2-methyl-5-oxohexan-3-yl)malonate (15): The title com-
pound was obtained according to the general procedure. Colourless oil;
Yield: 82%; Rf=0.41 (PE/Et2O 2:1); m.p. 20 8C; [a]


20
D = ++14.1 (c=1.1 in


chloroform); 1H NMR (400 MHz, CDCl3): d =0.81 (d, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz,
3H, CH3), 0.89 (d,


3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H, CH3), 1.21–1.28 (m, 6H, 2L
COOCH2CH3), 1.66–1.74 (m, 1H, CH), 2.13 (s, 3H, COCH3), 2.45–2.52
(m, 1H, CHCH2), 2.64–2.71 (m, 2H, CH2CO), 3.48 (d,


3J ACHTUNGTRENNUNG(H,H)=5.8 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 4.10–4.19 ppm (m, 4H, 2LCOOCH2CH3);


13C NMR
(100 MHz, CDCl3): d=14.36, 14.37 (2LCOOCH2CH3), 19.21, 20.95
(CH3), 30.23 (CH), 30.59 (CH3), 39.29 (CH), 43.07 (CH2), 54.05 (CH-
ACHTUNGTRENNUNG(COOEt)2), 61.58, 61.73 (2LCOOCH2CH3), 169.29, 169.59 (2LCO,
ester), 207.6 ppm (CO); HRMS-ESI: m/z : calcd for C14H24O5Na:
295.1521; found: 295.1517 [M+Na]+ ; the ee was determined by GC anal-
ysis by using a Chirasil DEx-CB column (77% ee).


Diethyl 2-((S)-1-(4-chlorophenyl)-3-oxobutyl)malonate (16): The title
compound was obtained according to the general procedure. Pale-yellow
solid; Yield: 94%; Rf=0.28 (PE/Et2O 2:1); m.p. 39 8C; [a]


20
D =++13.9 (c=


1.2 in chloroform); 1H NMR (400 MHz, CDCl3): d=0.90–1.03 (m, 3H,
COOCH2CH3), 1.19–1.23 (m, 3H, COOCH2CH3), 1.99 (s, 3H, COCH3),
2.82–2.95 (m, 2H, CHCH2), 3.63 (d, 3J ACHTUNGTRENNUNG(H,H)=10.0 Hz, 1H, CH-
ACHTUNGTRENNUNG(COOEt)2), 3.88–3.97 (m, 3H, COOCH2CH3, CHCH2), 4.12–4.17 (m,
2H, COOCH2CH3), 7.15–7.21 ppm (m, 4H, CHarom.);


13C NMR
(100 MHz, CDCl3): d=13.76, 13.98 (2LCOOCH2CH3), 30.28 (COCH3),
39.64 (CHCH2), 47.14 (CH2), 57.05 (CH ACHTUNGTRENNUNG(COOEt)2), 61.42, 61.71 (2L
COOCH2CH3), 128.56, 129.60 (4LCHarom.), 132.88 (CqCl), 139.05 (Cq),
167.45, 167.95 ppm (2LCO, ester), 205.67 (CO); HRMS-ESI: m/z : calcd
for C17H21Cl1O5Na: 363.0975; found: 363.0972 [M+Na]+; the ee was de-
termined by SFC analysis by using a Chiralpak AD-H column (10%
iPrOH); flow rate=1.0 mLmin�1; tmajor=14.1, tminor=9.6 min (83% ee).
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Diethyl 2-((S)-1-(4-bromophenyl)-3-oxobutyl)malonate (17): The title
compound was obtained according to the general procedure. White solid;
Yield: 88%; Rf=0.27 (PE/Et2O 2:1); m.p. 42 8C; [a]


20
D =++12.3 (c=1.1 in


chloroform); 1H NMR (400 MHz, CDCl3): d=0.99–1.05 (m, 3H,
COOCH2CH3), 1.19–1.25 (m, 3H, COOCH2CH3), 2.08 (s, 3H, COCH3),
2.80–2.97 (m, 2H, CHCH2), 3.63 (d, 3J ACHTUNGTRENNUNG(H,H)=9.9 Hz, 1H, CH-
ACHTUNGTRENNUNG(COOEt)2), 3.86–3.99 (m, 3H, COOCH2CH3, CHCH2), 4.10–4.20 (m,
2H, COOCH2CH3), 7.08–7.14 (m, 2H, CHarom.), 7.33–7.40 ppm (m, 2H,
CHarom.);


13C NMR (100 MHz, CDCl3): d =13.76, 14.28 (2L
COOCH2CH3), 30.26 (COCH3), 39.70 (CHCH2), 47.07 (CH2), 56.98 (CH-
ACHTUNGTRENNUNG(COOEt)2), 61.42, 61.69 (2LCOOCH2CH3), 121.06 (CqBr), 129.96, 131.51
(4LCHarom.), 139.63 (Cq), 167.43, 167.92 (2LCO, ester), 205.56 ppm
(CO); HRMS-ESI: m/z : calcd for C17H22Br1O5: 385.0651; found:
385.0648 [M+H]+ ; the ee was determined by SFC analysis by using a
Chiralpak AD-H column (10% iPrOH); flow rate=1.0 mLmin�1; tmajor=


17.4, tminor=11.9 min (85% ee).


Diethyl 2-((S)-1-(3-bromophenyl)-3-oxobutyl)malonate (18): The title
compound was obtained according to the general procedure. Colourless
oil; Yield: 87%; Rf=0.54 (PE/Et2O 2:1); [a]


20
D =++12.0 (c=0.5 in chloro-


form); 1H NMR (400 MHz, CDCl3): d=1.00 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H,
COOCH2CH3), 1.19 (t,


3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3), 1.99 (s,
3H, COCH3), 2.82–2.96 (m, 2H, CHCH2), 3.62 (d,


3J ACHTUNGTRENNUNG(H,H)=9.4 Hz, 1H,
CH ACHTUNGTRENNUNG(COOEt)2), 3.86–3.95 (m, 3H, COOCH2CH3, CHCH2), 4.10–4.16 (m,
2H, COOCH2CH3), 7.06–7.35 ppm (m, 4H, CHarom.);


13C NMR
(100 MHz, CDCl3): d=13.73, 13.95 (2LCOOCH2CH3), 30.20 (COCH3),
39.84 (CHCH2), 46.93 (CH2), 56.95 (CH ACHTUNGTRENNUNG(COOEt)2), 61.38, 61.65 (2L
COOCH2CH3), 122.32 (CqBr), 127.01, 129.96, 130.24, 131.20 (4LCHarom.),
143.05 (Cq), 167.36, 167.85 (2LCO, ester), 205.35 ppm (CO); HRMS-ESI:
m/z : calcd for C17H22Br1O5: 385.0651; found: 385.0648 [M+H]+ ; the ee
was determined by SFC analysis by using a Chiralpak AD-H column
(10% iPrOH); flow rate=1.0 mLmin�1; tmajor=11.4, tminor=9.6 min
(86% ee).


Diethyl 2-((S)-1-(2-bromophenyl)-3-oxobutyl)malonate (19): The title
compound was obtained according to the general procedure. Colourless
oil; Yield: 81%; Rf=0.46 (PE/Et2O 2:1); [a]


20
D =++1.6 (c=0.5 in chloro-


form); 1H NMR (400 MHz, CDCl3): d=1.08 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H,
COOCH2CH3), 1.19 (t,


3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3), 2.06 (s,
3H, COCH3), 3.04 (d,


3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H, CHCH2), 3.93 (d,
3J ACHTUNGTRENNUNG(H,H)=


8.3 Hz, 1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.99–4.05 (m, 2H, COOCH2CH3), 4.09–4.18
(m, 2H, COOCH2CH3), 4.40–4.46 (m, 1H, CHCH2), 7.02–7.06 (m, 1H,
CHarom.), 7.19–7.26 (m, 2H, CHarom.), 7.51–7.53 ppm (m, 1H, CHarom.);
13C NMR (100 MHz, CDCl3): d=13.78, 13.93 (2LCOOCH2CH3), 30.01
(COCH3), 39.15 (CHCH2), 45.59 (CH2), 55.18 (CH ACHTUNGTRENNUNG(COOEt)2), 61.46,
61.51 (2LCOOCH2CH3), 124.76 (CqBr), 127.46, 128.56, 133.41 (4L
CHarom.), 139.54 (Cq), 167.64, 168.01 (2LCO, ester), 205.86 ppm (CO);
HRMS-ESI: m/z : calcd for C17H22Br1O5: 385.0651; found: 385.0638
[M+H]+ ; the ee was determined by SFC analysis by using a Chiralpak
AD-H column (10% iPrOH); flow rate=1.0 mLmin�1; tmajor=16.3,
tminor=9.9 min (60% ee).


Diethyl 2-((S)-1-(4-(trifluoromethyl)phenyl)-3-oxobutyl)malonate (20):
The title compound was obtained according to the general procedure.
White solid; Yield: 82%; Rf=0.37 (PE/Et2O 2:1); m.p. 49 8C; [a]20D =


+12.2 (c=1 in chloroform); 1H NMR (400 MHz, CDCl3): d=0.98 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 1.21 (t,


3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H,
COOCH2CH3), 2.01 (s, 3H, COCH3), 2.88–3.01 (m, 2H, CHCH2), 3.68
(d, 3J ACHTUNGTRENNUNG(H,H)=9.5 Hz, 1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.90–3.95 (m, 2H,
COOCH2CH3), 3.98–4.04 (m, 1H, CHCH2), 4.10–4.22 (m, 1H,
COOCH2CH3), 7.50 (d,


3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H, CHarom.), 7.36 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H, CHarom.);


13C NMR (100 MHz, CDCl3): d =13.64,
13.93 (2LCOOCH2CH3), 30.21 (COCH3), 39.90 (CHCH2), 46.91 (CH2),
56.80 (CH ACHTUNGTRENNUNG(COOEt)2), 61.47, 61.78 (2LCOOCH2CH3), 122.64 (Cq),
125.34, 128.67 (4LCHarom.), 129.49 (CF3), 144.81 (Cq), 167.38, 167.86 (2L
CO, ester), 205.39 ppm (CO); HRMS-ESI: m/z : calcd for C18H21F3O5Na:
397.1239; found: 397.1236 [M+Na]+ ; the ee was determined by SFC anal-
ysis by using a Chiralpak AD-H column (10% iPrOH); flow rate=


1.0 mLmin�1; tmajor=6.5, tminor=5.2 min (79% ee).


Diethyl 2-((S)-3-oxo-1-p-tolylbutyl)malonate (21): The title compound
was obtained according to the general procedure. Colourless oil; Yield:


93%; Rf=0.11 (PE/Et2O 2:1); [a]20D =++14.0 (c=1.1 in chloroform);
1H NMR (400 MHz, CDCl3): d=1.00 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H,
COOCH2CH3), 1.22 (t,


3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 1.98 (s,
3H, COCH3), 2.25 (s, 3H, CH3), 2.82–2.94 (m, 2H, CHCH2), 3.64 (d,


3J-
ACHTUNGTRENNUNG(H,H)=9.9 Hz, 1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.87–3.95 (m, 3H, COOCH2CH3,
CHCH2), 4.13–4.18 (m, 1H, COOCH2CH3), 7.03 (d,


3J ACHTUNGTRENNUNG(H,H)=8.1 Hz,
2H, CHarom.), 7.09 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.0 Hz, 2H, CHarom.);


13C NMR
(100 MHz, CDCl3): d=14.16, 14.41 (2LCOOCH2CH3), 21.41 (CH3),
30.68 (COCH3), 40.51 (CHCH2), 47.88 (CH2), 57.91 (CH ACHTUNGTRENNUNG(COOEt)2),
61.67, 61.98 (2LCOOCH2CH3), 128.36, 128.53 (4LCHarom.), 137.11,
137.68 (2LCq), 168.07, 168.64 (2LCO, ester), 206.61 ppm (CO); HRMS-
ESI: m/z : calcd for C18H24O5Na: 343.1521; found: 343.1514 [M+Na]+ ;
the ee was determined by SFC analysis by using a Chiralpak AD-H
column (10% iPrOH); flow rate=1.0 mLmin�1; tmajor=10.9, tminor=


8.2 min (88% ee).


Diethyl 2-((S)-1-(4-hydroxyphenyl)-3-oxobutyl)malonate (22): The title
compound was obtained according to the general procedure. White solid;
Yield: 68%; Rf=0.50 (PE/Et2O 1:3); m.p. 49 8C; [a]


20
D =++13.0 (c=0.6 in


chloroform); 1H NMR (400 MHz, CDCl3): d=1.02 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
3H, COOCH2CH3), 1.24 (t,


3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3), 2.02
(s, 3H, COCH3), 2.81–2.95 (m, 2H, CHCH2), 3.62 (d,


3J ACHTUNGTRENNUNG(H,H)=10.0 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.83–3.97 (m, 3H, COOCH2CH3, CHCH2), 4.08–4.22
(m, 2H, COOCH2CH3), 6.58 (d,


3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 2H, CHarom.), 6.76 (br,
1H, OH), 7.02 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=8.6 Hz, 2H, CHarom.);


13C NMR
(100 MHz, CDCl3): d=14.19, 14.42 (2LCOOCH2CH3), 30.61 (COCH3),
40.42 (CHCH2), 48.19 (CH2), 58.18 (CH ACHTUNGTRENNUNG(COOEt)2), 61.97, 62.17 (2L
COOCH2CH3), 115.88, 129.57 (4LCHarom.), 131.48, 155.75 (2LCq),
168.41, 168.70 (2LCO, ester), 208.38 ppm (CO); HRMS-ESI: m/z : calcd
for C17H23O6Na: 323.1495; found: 323.1494 [M+H]+ ; the ee was deter-
mined by SFC analysis by using a Chiralpak AD-H column (10%
iPrOH); flow rate=1.0 mLmin�1; tmajor=45.0, tminor=28.3 min (51% ee).


Diethyl 2-((S)-1-(4-(benzyloxy)phenyl)-3-oxobutyl)malonate (23): The
title compound was obtained according to the general procedure. Colour-
less oil; Yield: 82%; Rf=0.37 (PE/Et2O 2:1); [a]20D =++11.6 (c=0.5 in
chloroform); 1H NMR (400 MHz, CDCl3): d=1.01 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H, COOCH2CH3), 1.24 (t,


3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3), 1.99
(s, 3H, COCH3), 2.82–2.95 (m, 2H, CHCH2), 3.65 (d,


3J ACHTUNGTRENNUNG(H,H)=9.8 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.89–3.96 (m, 3H, COOCH2CH3, CHCH2), 4.13–4.21
(m, 2H, COOCH2CH3), 4.99 (s, 2H, CH2OBn), 6.81–6.88 (m, 2H,
CHarom.), 7.09–7.17 (m, 2H, CHarom.), 7.26–7.40 ppm (m, 5H, CHarom.);
13C NMR (100 MHz, CDCl3): d=14.21, 14.42 (2LCOOCH2CH3), 30.66
(COCH3), 40.24 (CHCH2), 47.97 (CH2), 58.00 (CH ACHTUNGTRENNUNG(COOEt)2), 61.65,
61.95 (2LCOOCH2CH3), 70.34 (CH2OBn), 115.20, 127.85, 128.31, 128.93,
129.64 (9LCHarom.), 133.10, 137.42, 158.26 (3LCq), 168.09, 168.61 (2LCO,
ester), 206.52 ppm (CO); HRMS-ESI: m/z : calcd for C24H28O6Na:
435.1784; found: 435.1788 [M+Na]+ ; the ee was determined by SFC anal-
ysis by using a Chiralpak AD-H column (10% iPrOH); flow rate=


1.0 mLmin�1; tmajor=62.4, tminor=35.1 min (85% ee).


Diethyl 2-((S)-1-(4-methoxyphenyl)-3-oxobutyl)malonate (24): The title
compound was obtained according to the general procedure. Colourless
oil; Yield: 88%; Rf=0.21 (PE/Et2O 2:1); [a]20D =++ 16.4 (c=1.1 in
chloroform); 1H NMR (400 MHz, CDCl3): d=0.98 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H, COOCH2CH3), 1.20 (t,


3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3), 1.96
(s, 3H, COCH3), 2.79–2.91 (m, 2H, CHCH2), 3.61 (d,


3J ACHTUNGTRENNUNG(H,H)=9.8 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.70 (s, 3H, OCH3), 3.84–3.93 (m, 3H,
COOCH2CH3, CHCH2), 4.11–4.17 (m, 2H, COOCH2CH3), 6.73–6.77 (m,
2H, CHarom.), 7.09–7.13 ppm (m, 2H, CHarom.);


13C NMR (100 MHz,
CDCl3): d=13.75, 13.97 (2LCOOCH2CH3), 30.22 (COCH3), 39.77
(CHCH2), 47.54 (CH2), 55.09 (OCH3), 57.57 (CH ACHTUNGTRENNUNG(COOEt)2), 61.20, 61.51
(2LCOOCH2CH3), 113.77, 129.14 (4LCHarom.), 132.27, 158.56 (2LCq),
167.63, 168.18 (2LCO, ester), 206.15 ppm (CO); HRMS-ESI: m/z : calcd
for C18H24O6Na: 359.1417; found: 359.1463 [M+Na]+ ; the ee was deter-
mined by SFC analysis by using a Chiralpak AD-H column (10%
iPrOH); flow rate=1.0 mLmin�1; tmajor=15.7, tminor=10.2 min (84% ee).


Diethyl 2-((S)-1-(3,4-dimethoxyphenyl)-3-oxobutyl)malonate (25): The
title compound was obtained according to the general procedure. Pale-
yellow oil; Yield: 87%; Rf=0.46 (PE/Et2O 1:3); [a]


20
D =++ 8.7 (c=1.2 in


chloroform); 1H NMR (400 MHz, CDCl3): d=0.96 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz,
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3H, COOCH2CH3), 1.17 (t,
3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 1.94


(s, 3H, COCH3), 2.77–2.86 (m, 2H, CHCH2), 3.60 (d,
3J ACHTUNGTRENNUNG(H,H)=9.9 Hz,


1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.74 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.80–3.90
(m, 3H, COOCH2CH3, CHCH2), 4.03–4.16 (m, 2H, COOCH2CH3), 6.66–
6.70 ppm (m, 3H, CHarom.);


13C NMR (100 MHz, CDCl3): d=13.78, 13.95
(2LCOOCH2CH3), 30.28 (COCH3), 40.09 (CHCH2), 47.47 (CH2), 55.69,
55.76 (2LOCH3), 57.45 (CH ACHTUNGTRENNUNG(COOEt)2), 61.22, 61.53 (2LCOOCH2CH3),
110.92, 111.55, 119.92 (3LCHarom.), 132.86, 147.90, 148.56 (3LCq), 167.61,
168.13 (2LCO, ester), 206.17 (CO); HRMS-ESI: m/z : calcd for
C19H26O7Na: 389.1576; found: 389.1572 [M+Na]+ ; the ee was determined
by SFC analysis by using a Chiralpak AD-H column (10% iPrOH); flow
rate=1.0 mLmin�1; tmajor=14.3, tminor=10.1 min (84% ee).


Diethyl 2-((S)-3-oxo-1,3-diphenylpropyl)malonate (26): The title com-
pound was obtained according to the general procedure (reaction time 5
days). White solid; Yield: 86%; Rf=0.42 (PE/Et2O 2:1); m.p. 54 8C; [a]


20
D


=++ 10.0 (c=0.25 in chloroform); 1H NMR (400 MHz, CDCl3): d=1.00
(t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 1.24 (t,


3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H,
COOCH2CH3), 3.42–3.57 (m, 2H, CHCH2), 3.82 (d,


3J ACHTUNGTRENNUNG(H,H)=9.6 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.92–3.97 (m, 2H, COOCH2CH3), 4.13–4.25 (m, 3H,
COOCH2CH3, CHCH2), 7.14–7.18 (m, 1H, CHarom.), 7.21–7.27 (m, 4H,
CHarom.), 7.39–7.43 (m, 2H, CHarom.), 7.50–7.54 (m, 1H, CHarom.), 7.88–
7.91 ppm (m, 1H, CHarom.);


13C NMR (100 MHz, CDCl3): d=14.17, 14.43
(2LCOOCH2CH3), 41.21 (CHCH2), 43.04 (CH2), 57.99 (CH ACHTUNGTRENNUNG(COOEt)2),
61.77, 62.08 (2LCOOCH2CH3), 127.55, 128.50, 128.64, 128.80, 128.96,
133.45 (10LCHarom.), 137.18, 140.84 (2LCq), 168.16, 168.77 (2LCO,
ester), 197.95 ppm (CO); HRMS-ESI: m/z : calcd for C22H24O5Na:
391.1521; found: 391.1519 [M+Na]+ ; the ee was determined by SFC anal-
ysis by using a Chiralpak AD-H column (10% iPrOH); flow rate=


1.0 mLmin�1; tmajor=45.1, tminor=31.0 min (44% ee).


Diethyl 2-((S)-3-oxo-1-(thiophen-2-yl)butyl)malonate (27): The title com-
pound was obtained according to the general procedure. Colourless oil;
Yield: 81%; Rf=0.29 (PE/Et2O 2:1); [a]20D = ++14.3 (c=1 in chloro-
form); 1H NMR (400 MHz, CDCl3): d=1.08 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H,
COOCH2CH3), 1.20 (t,


3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H, COOCH2CH3), 2.04 (s,
3H, COCH3), 2.97 (d,


3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H, CHCH2), 3.69 (d,
3J ACHTUNGTRENNUNG(H,H)=


9.5 Hz, 1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.98–4.03 (m, 2H, COOCH2CH3), 4.12–4.15
(m, 2H, COOCH2CH3), 4.23–4.29 (m, 1H, CHCH2), 6.82–6.86 (m, 2H,
CHarom.), 7.09–7.11 ppm (m, 1H, CHarom.);


13C NMR (100 MHz, CDCl3):
d=13.82, 13.97 (2LCOOCH2CH3), 30.27 (COCH3), 35.61 (CHCH2),
47.90 (CH2), 57.03 (CH ACHTUNGTRENNUNG(COOEt)2), 61.48, 61.63 (2LCOOCH2CH3),
124.18, 125.72, 126.56 (3LCHarom.), 143.51 (Cq), 167.51, 167.84 (2LCO,
ester), 205.66 ppm (CO); HRMS-ESI: m/z : calcd for C15H20S1O5Na:
335.0929; found: 335.0924 [M+Na]+ ; the ee was determined by SFC anal-
ysis by using a Chiralpak AD-H column (10% iPrOH); flow rate=


1.0 mLmin�1; tmajor=9.2, tminor=7.8 min (88% ee).


Diethyl 2-((S)-1-(furan-2-yl)-3-oxobutyl)malonate (28): The title com-
pound was obtained according to the general procedure. Pale-yellow oil;
Yield: 84%; Rf=0.29 (PE/Et2O 2:1); [a]


20
D =++10.1 (c=1 in chloroform);


1H NMR (400 MHz, CDCl3): d=1.13 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H,
COOCH2CH3), 1.20 (t,


3J ACHTUNGTRENNUNG(H,H)=7.0 Hz, 3H, COOCH2CH3), 2.06 (s,
3H, COCH3), 2.85–3.00 (m, 2H, CHCH2), 3.73 (d,


3J ACHTUNGTRENNUNG(H,H)=9.1 Hz, 1H,
CH ACHTUNGTRENNUNG(COOEt)2), 4.02–4.09 (m, 3H, COOCH2CH3, CHCH2), 4.11–4.16 (m,
2H, COOCH2CH3), 6.05–6.07 (m, 1H, CHarom.), 6.20–6.22 (m, 1H,
CHarom.), 7.22–7.26 ppm (m, 1H, CHarom.);


13C NMR (100 MHz, CDCl3):
d=14.30, 14.37 (2LCOOCH2CH3), 30.45 (COCH3), 34.25 (CHCH2),
44.89 (CH2), 55.35 (CH ACHTUNGTRENNUNG(COOEt)2), 61.91, 61.95 (2LCOOCH2CH3),
107.31, 110.64, 141.97 (3LCHarom.), 153.85 (Cq), 168.08, 168.24 (2LCO,
ester), 206.17 ppm (CO); HRMS-ESI: m/z : calcd for C15H20O6Na:
319.1158; found: 319.1156 [M+Na]+ ; the ee was determined by SFC anal-
ysis by using a Chiralpak AD-H column (10% iPrOH); flow rate=


1.0 mLmin�1; tmajor=6.0, tminor=5.6 min (85% ee).


Diethyl 2-((S)-1-(1-methyl-1H-indol-2-yl)-3-oxobutyl)malonate (29): The
title compound was obtained according to the general procedure. Yellow
oil; Yield: 91%; Rf=0.44 (PE/Et2O 2:1); [a]


20
D = �4.0 (c=1.1 in chloro-


form); 1H NMR (400 MHz, CDCl3): d=1.08 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H,
COOCH2CH3), 1.28 (t,


3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3), 2.02 (s,
3H, COCH3), 2.97–3.01 (m, 2H, CHCH2), 3.79 (d,


3J ACHTUNGTRENNUNG(H,H)=9.9 Hz, 1H,
CH ACHTUNGTRENNUNG(COOEt)2), 3.88 (s, 3H, NCH3), 3.92–4.05 (m, 2H, COOCH2CH3),


4.17–4.30 (m, 3H, COOCH2CH3, CHCH2), 6.29 (s, 1H, CH= ), 7.05–7.08
(m, 1H, CHarom.), 7.16–7.20 (m, 1H, CHarom.), 7.29–7.31 (m, 1H, CHarom.),
7.51–7.53 ppm (m, 1H, CHarom.);


13C NMR (100 MHz, CDCl3): d =13.76,
14.03 (2LCOOCH2CH3), 29.70 (COCH3), 30.44 (CHCH2), 31.25 (NCH3),
47.79 (CH2), 57.23 (CH ACHTUNGTRENNUNG(COOEt)2), 61.50, 61.76 (2LCOOCH2CH3), 98.35
(CH= ), 109.38, 119.31, 120.02, 121,12 (4LCHarom.), 127.67, 136.98, 141.10
(3LCq), 167.57, 167.96 (2LCO, ester), 205.64 ppm (CO); HRMS-ESI:
m/z : calcd for C20H25N1O5Na: 382.1630; found: 382.1645 [M+Na]+; the
ee was determined by SFC analysis by using a Chiralpak AD-H column
(10% iPrOH); flow rate=1.0 mLmin�1; tmajor=14.3, tminor=13.4 min
(84% ee).


Diethyl 2-((S)-3-oxo-1-(quinolin-3-yl)butyl)malonate (30): The title com-
pound was obtained according to the general procedure. Colourless oil;
Yield: 83%; Rf=0.46 (PE/Et2O 2:1); [a]20D =++25.0 (c=0.25 in chloro-
form); 1H NMR (400 MHz, CDCl3): d=0.92 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H,
COOCH2CH3), 1.19 (t,


3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 1.99 (s,
3H, COCH3), 2.99–3.11 (m, 2H, CHCH2), 3.82 (d,


3J ACHTUNGTRENNUNG(H,H)=9.5 Hz, 1H,
CH ACHTUNGTRENNUNG(COOEt)2), 3.85–3.92 (m, 2H, COOCH2CH3), 4.07–4.27 (m, 3H,
COOCH2CH3, CHCH2), 7.44–7.48 (m, 1H, CHarom.), 7.59–7.63 (m, 1H,
CHarom.), 7.70–7.72 (m, 1H, CHarom.), 7.99–8.01 (m, 2H, CHarom.), 8.82–
8.84 ppm (m, 1H, CHarom.);


13C NMR (100 MHz, CDCl3): d=13.68, 13.94
(2LCOOCH2CH3), 30.19 (COCH3), 37.76 (CHCH2), 46.83 (CH2), 56.69
(CH ACHTUNGTRENNUNG(COOEt)2), 61.49, 61.76 (2LCOOCH2CH3), 126.72, 127.64, 129.11,
129.26 (4LCHarom.), 133.59 (Cq), 134.84 (CHarom.), 147.31, 147.32 (2LCq),
151.22 (CHarom.), 167.35, 167.83 (2LCO, ester), 205.14 ppm (CO);
HRMS-ESI: m/z : calcd for C20H24O5N1: 358.1654; found: 358.1653
[M+H]+ ; the ee was determined by SFC analysis by using a Chiralpak
AD-H column (40% iPrOH); flow rate=1.0 mLmin�1; tmajor=6.4,
tminor=5.0 min (79% ee).


Diethyl 2-((S)-1-(naphthalen-3-yl)-3-oxobutyl)malonate (31): The title
compound was obtained according to the general procedure. White solid;
Yield: 89%; Rf=0.31 (PE/Et2O 2:1); m.p. 46 8C; [a]


20
D =++15.3 (c=1 in


chloroform); 1H NMR (400 MHz, CDCl3): d=0.93 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H, COOCH2CH3), 1.24 (t,


3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3), 2.00
(s, 3H, COCH3), 3.03 (d,


3J ACHTUNGTRENNUNG(H,H)=6.7 Hz, 2H, CHCH2), 3.82 (d,
3J ACHTUNGTRENNUNG(H,H)=9.5 Hz, 1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.85–3.93 (m, 2H, COOCH2CH3),
4.13–4.23 (m, 3H, COOCH2CH3, CHCH2), 7.38–7.45 (m, 3H, CHarom.),
7.70–7.71 (m, 1H, CHarom.), 7.75–7.77 ppm (m, 3H, CHarom.);


13C NMR
(100 MHz, CDCl3): d=13.69, 14.00 (2LCOOCH2CH3), 30.28 (COCH3),
40.54 (CHCH2), 47.37 (CH2), 57.40 (CH ACHTUNGTRENNUNG(COOEt)2), 61.29, 61.62 (2L
COOCH2CH3), 125.79, 126.06, 126.16, 127.08, 127.55, 127.79, 128.18 (7L
CHarom.), 132.59, 133.29, 138.05 (3LCq), 167.62, 168.19 (2LCO, ester),
205.89 ppm (CO); HRMS-ESI: m/z : calcd for C21H25O5: 357.1702; found:
357.1700 [M+H]+ ; the ee was determined by SFC analysis by using a
Chiralpak AD-H column (10% iPrOH); flow rate=1.0 mLmin�1; tmajor=


27.1, tminor=19.7 min (88% ee).


Diethyl 2-((S)-1-(4-phenyl-phenyl)-3-oxobutyl)malonate (32): The title
compound was obtained according to the general procedure. White solid;
Yield: 88%; Rf=0.36 (PE/Et2O 2:1); m.p. 64 8C; [a]


20
D =++ 14.3 (c=1 in


chloroform); 1H NMR (400 MHz, CDCl3): d=1.01 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz,
3H, COOCH2CH3), 1.25 (t,


3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 2.03
(s, 3H, COCH3), 2.91–3.03 (m, 2H, CHCH2), 3.73 (d,


3J ACHTUNGTRENNUNG(H,H)=9.7 Hz,
1H, CH ACHTUNGTRENNUNG(COOEt)2), 3.93–4.05 (m, 3H, COOCH2CH3, CHCH2), 4.17–4.22
(m, 2H, COOCH2CH3), 7.28–7.33 (m, 3H, CHarom.), 7.38–7.41 (m, 2H,
CHarom.), 7.48–7.57 ppm (m, 4H, CHarom.);


13C NMR (100 MHz, CDCl3):
d=13.75, 14.01 (2LCOOCH2CH3), 30.27 (COCH3), 40.12 (CHCH2),
47.35 (CH2), 57.36 (CH ACHTUNGTRENNUNG(COOEt)2), 61.32, 61.62 (2LCOOCH2CH3),
126.93, 127.09, 127.24, 128.61, 128.73 (9LCHarom.), 139.61, 139.97, 140.64
(3LCq), 167.67, 168.17 (2LCO, ester), 205.94 ppm (CO); HRMS-ESI:
m/z : calcd for C23H26O5Na: 405.1678; found: 405.1666 [M+Na]+ ; the ee
was determined by SFC analysis by using a Chiralpak AD-H column
(10% iPrOH); flow rate=1.0 mLmin�1; tmajor=46.9, tminor=25.9 min
(85% ee).


Methyl 2-((R)-3-oxocyclohexyl)acetate (34a): The title compound was
obtained according to the general procedure. Pale-yellow oil; Yield:
92%; Rf=0.27 (PE/Et2O 2:1); [a]20D =++4.3 (c=1 in chloroform);
1H NMR (400 MHz, CDCl3): d=1.36–1.43 (m, 1H, CH2a), 1.59–1.71 (m,
1H, CH2b), 1.86–1.93 (m, 1H, CH2c), 1.97–2.10 (m, 2H, CH2), 2.17–2.43
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(m, 6H, CH2d, 2LCH2, CH), 3.63 ppm (s, 3H, COOCH3);
13C NMR


(100 MHz, CDCl3): d=25.15, 31.25 (2LCH2), 35.91 (CH), 41.07, 41.42,
47.79 (3LCH2), 51.97 (COOCH3), 172.52 (CO, ester), 210.62 ppm (CO);
HRMS-ESI: m/z : calcd for C9H14O3Na: 193.0841; found: 193.0846
[M+Na]+ ; the ee was determined by GC analysis by using a Chirasil
DEx-CB column (86% ee).


Ethyl 2-((R)-3-oxocyclohexyl)acetate (34b): The title compound was ob-
tained according to the general procedure. Pale-yellow oil; Yield: 90%;
Rf=0.31 (PE/Et2O 2:1); [a]20D =++ 8.0 (c=1 in chloroform); 1H NMR
(400 MHz, CDCl3): d=1.23 (t, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 3H, COOCH2CH3),
1.36–1.44 (m, 1H, CH2a), 1.62–1.72 (m, 1H, CH2b), 1.88–1.96 (m, 1H,
CH2c), 1.99–2.10 (m, 2H, CH2), 2.19–2.45 (m, 6H, CH2d, 2LCH2, CH),
4.11 ppm (q, 3J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H, COOCH2CH3);


13C NMR (100 MHz,
CDCl3): d=14.19 (COOCH2CH3), 24.76, 30.86 (2LCH2), 35.55 (CH),
40.96, 41.05, 47.42 (3LCH2), 60.42 (COOCH2CH3), 171.69 (CO, ester),
210.29 ppm (CO); HRMS-ESI: m/z : calcd for C10H17O3: 185.1178; found:
185.1183 [M+H]+ ; the ee was determined by GC analysis by using a
Chirasil DEx-CB column (93% ee).


Methyl 5-oxo-(3S)-phenylhexanoate (37a): The title compound was ob-
tained according to the general procedure. Pale-yellow solid; Yield:
97%; Rf=0.31 (PE/Et2O 2:1); m.p. 39 8C; [a]20D =�4.6 (c=1 in chloro-
form); 1H NMR (400 MHz, CDCl3): d=2.03 (s, 3H, COCH3), 2.56–2.70
(m, 2H, CH2), 2.75–2.87 (m, 2H, CH2), 3.56 (s, 3H, COOCH3), 3.63–3.70
(m, 1H, CHCH2), 7.16–7.20 (m, 3H, CHarom.), 7.25–7.29 ppm (m, 2H,
CHarom.);


13C NMR (100 MHz, CDCl3): d =30.74 (COCH3), 37.68
(CHCH2), 40.98, 49.74 (2LCH2), 51.91 (COOCH3), 127.24, 127.61, 129.03
(5LCHarom.), 143.48 (Cq), 172.56 (CO, ester), 207.09 ppm (CO); HRMS-
ESI: m/z : calcd for C13H16O3Na: 243.0997; found: 243.1009 [M+Na]+ ;
the ee was determined by SFC analysis by using a Chiralpak AD-H
column (7% iPrOH); flow rate=1.0 mLmin�1; tmajor=11.4, tminor=


12.4 min (84% ee).


Ethyl 5-oxo-(3S)-phenylhexanoate (37b): The title compound was ob-
tained according to the general procedure. Pale-yellow oil; Yield: 99%;
Rf=0.35 (PE/Et2O 2:1); [a]20D =�6.6 (c=1 in chloroform); 1H NMR
(400 MHz, CDCl3): d=1.13 (t, 3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 3H, COOCH2CH3), 2.04
(s, 3H, COCH3), 2.55–2.68 (m, 2H, CH2), 2.75–2.86 (m, 2H, CH2), 3.62–
3.70 (m, 1H, CHCH2), 4.02 (d,


3J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 2H, COOCH2CH3),
7.16–7.21 (m, 3H, CHarom.), 7.25–7.29 ppm (m, 5H, CHarom.);


13C NMR
(100 MHz, CDCl3): d =14.45 (COOCH2CH3), 30.74 (COCH3), 37.76
(CHCH2), 41.22, 49.81, 60.73 (3LCH2), 127.18, 127.66, 128.96 (5L
CHarom.), 143.45 (Cq), 172.08 (CO, ester), 207.09 ppm (CO); HRMS-ESI:
m/z : calcd for C14H18O3Na: 257.1154; found: 257.1152 [M+Na]+ ; the ee
was determined by SFC analysis by using a Chiralpak AD-H column
(7% iPrOH); flow rate=1.0 mLmin�1; tmajor=7.7, tminor=7.1 min (90%
ee).
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Introduction


In the last few years, detailed investigations into the high-
pressure chemistry of oxoborates has led to a large diversity
of new polymorphs and compositions. In the field of rare-
earth oxoborates, we synthesised new high-pressure poly-
morphs like c-REBO3 (RE=Dy, Er[1]), g-REBO3 (RE=La–
Nd[2,3]) and d-REBO3 (RE=La, Ce[4,5]). With 3d-transition
metals and main group metals, polymorphs like b-MB4O7
(M=Mn,[6] Ni ,[6] Cu,[6] Zn ,[7] Ca,[8] Hg[9]) and the new non-
centrosymmetric d-BiB3O6


[10] could be prepared. The com-
pounds b-SnB4O7


[11] and b-MB2O5 (M=Hf,[12] Zr[13]) are the
first representatives of ternary phases in the according
borate systems.
Under high-pressure/high-temperature conditions, also


new structural features are observed. RE4B6O15 (RE=Dy,


Ho),[14–16] a-RE2B4O9 (RE=Sm-Ho),[17–19] and the recently
found HP-NiB2O4


[20] show, besides new compositions, the
new strucural motif of edge-sharing BO4-tetrahedra. HP-
NiB2O4 is the first borate, in which every BO4-group shares
one common edge with an adjacent BO4-tetrahedron.
In connection with recent high-pressure studies on phase


formation and crystal chemistry of the group IIb tetra-
ACHTUNGTRENNUNGborates b-ZnB4O7 (orthorhombic, Cmcm)[7] and b-HgB4O7
(orthorhombic, Pmn21),


[9] we have turned our attention to
the high-pressure and high-temperature synthesis of phases
in the system CdO�B2O3. Until now only three cadmium
borates have been structurally characterised at ambient
pressure; the tetraborate CdB4O7,


[21] a member of the iso-
typic MB4O7 family (orthorhombic, Pbca) with M=Mg,[22]


Mn,[23] Co,[24] Zn,[25] and Hg,[26] the orthoborate Cd3-
ACHTUNGTRENNUNG(BO3)2,


[27, 28] which adopts the kotoite (Mg3ACHTUNGTRENNUNG(BO3)2)
[29] struc-


ture type (orthorhombic, Pnnm) and the diborate
CdB2O5,


[30] which is isotypic with its Mg[31] and Co[24] ana-
logues (triclinic, P1̄).
Under high-pressure and high-temperature conditions, we


have now obtained a new cadmium borate with the formula
CdB2O4. We report the synthesis and the crystal structure of
this compound, including a comparative discussion concern-
ing the related structures of BaGa2O4,


[32] KAlSiO4,
[33]


KGeAlO4,
[34,35] KCoPO4,


[36] CaP2N4
[37] and SrP2N4 .


[38] In con-
trast to CdB2O4, all these phases form a superstructure,
whereas CdB2O4 exhibits the basic structure of this family
for the first time.


Abstract: The use of high-pressure/
high-temperature conditions (7.5 GPa
and 1100 8C; Walker-type multianvil
apparatus) led to the synthesis of a
new cadmium borate CdB2O4, starting
from stoichiometric mixtures of the
oxides. The crystal structure was deter-
mined on the basis of single crystal X-
ray diffraction data, to reveal the hex-
agonal space group P63 with a=


885.2(2), c=716.72(8) pm, Z=8, R1=
0.0178, and wR2=0.0388 (all data).
CdB2O4 is built up from interconnected
layers of BO4-tetrahedra and exhibits
for the first time the basic structure of


a family of compounds, represented by
BaGa2O4, KAlSiO4, KGeAlO4,
KCoPO4, CaP2N4 and the recently dis-
covered SrP2N4. The lack of superstruc-
ture ordering in CdB2O4 was confirmed
by electron diffraction. Additionally, a
B�O�B angle of 1808 was found in this
borate for the first time.


Keywords: borates · structure eluci-
dation · electron diffraction · high-
pressure chemistry · multianvil
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Results and Discussion


Crystal structure : CdB2O4 is built up exclusively from
corner-sharing BO4-tetrahedra, forming layers, which are in-
terconnected to a three-dimensional network. The layers
spread out perpendicularly to [001] and consist of “sechser”
rings (a ring with six tetrahedral centers)[39,40] (Figure 1).


These rings show two types of topologies with respect to
the orientation of the containing tetrahedra (U=up, D=


down): one fourth of the rings reveals an UDUDUD topol-
ogy, and the remaining rings adopt an UUUDDD topology.
Figure 2 gives a view of the two arrangements inside of a
layer.


The layers are interconnected through the atoms O1 and
O2, building further B6O6-“sechser”, as well as B4O4-
“vierer”-rings. Figure 3 shows the connection of the layers,
whereas adjacent layers are marked in white and grey for
better demonstration. The layers are equivalent and can be
transformed into one another by a rotation of 608 along
[001] and a translation of [001=2] .


Figure 4 displays the coordination sphere of the Cd2+-
ions. Cd1 is surrounded by six oxygen atoms in the range of
218–277 pm with an average value of 223.4 pm. This value is
smaller than the average Cd�O distance of 231.9 pm in
Cd2B2O5


[30] or 232.9 pm in Cd3ACHTUNGTRENNUNG(BO3)2,
[27] which both exhibit


cadmium in a six-fold coordination as well. However, Cd2
possesses 12 (9+3) next-near neighbours with Cd�O distan-
ces from 234.1(2) to 285.0(2) pm with a mean distance of
257.4 pm. As far as we know, no cadmium borate with a
comparably high coordination-sphere at a Cd2+-ion has
been described up to now.


Within the BO4-network, the B�O bond-lengths reach
from 139 to 150 pm with a mean value of 147.3 pm, which
corresponds to the known average value of 147.6 pm for
B�O distances in BO4 tetrahedra.


[41,42] The O�B�O bond
angles range from 107.4(2) to 112.8(2)8 with a mean value


Figure 1. Crystal structure of CdB2O4 with a view along [001̄]. Grey
spheres represent Cd-atoms, white spheres O-atoms; light-shaded poly-
hedra show BO4-groups.


Figure 2. One layer of CdB2O4 consists of two different types of “sechs-
er” rings[39, 40] (topology: UUUDDD, UDUDUD). White spheres repre-
sent O-atoms. Light-shaded BO4-polyhedra face downwards (D), dark-
shaded polyhedra face upwards (U) (view along [001̄]).


Figure 3. Crystal structure of CdB2O4 with a view along [100]. Adjacent
layers are shown in different colours. Grey spheres represent Cd-atoms
and the white spheres O-atoms.


Figure 4. Coordination spheres of Cd1 and Cd2. Distances are given in
pm.
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of 109.58. Additionally, we calculated bond-valence sums for
CdB2O4 with the bond-length/bond-strength and CHARDI
concepts[43–45] (Table 1). The formal ionic charges of the
atoms, as calculated from the results of the X-ray structure
analysis, were in agreement within the limits of both con-
cepts.


Related compounds : The structure of CdB2O4 is closely re-
lated to the structure-type of the compounds BaGa2O4,


[32]


KAlSiO4,
[33] KGeAlO4,


[34,35] KCoPO4,
[36] CaP2N4,


[37] and
SrP2N4.


[38] Both structure types consist of layers of tetrahe-
dra, forming “sechser” rings[39,40] with an identical orienta-
tion of the tetrahedra. Excepting CdB2O4, all other com-
pounds form a superstructure, which means that CdB2O4 is
the first representative, showing a threefold smaller basic
cell. Table 2 lists the lattice parameters of CdB2O4 in com-


parison to related compounds. The superstructure can be
obtained from the basic structure by the following lattice
transformation: asuper=2abasic+bbasic ; bsuper=�abasic+bbasic ;
csuper=cbasic. This corresponds to an isomorphic transition of
index 3. Figure 5 shows the crystal structure of SrP2N4 (P63)
with the position of the according subcell of CdB2O4.
In SrP2N4, this superstructure is caused by avoiding one


P�N�P angle of 1808 at nitrogen N15. The isotypic com-
pounds BaGa2O4,


[32] KAlSiO4,
[33] KGeAlO4,


[34,35] KCoPO4,
[36]


and CaP2N4
[37] do not show the linear arrangement at the


corresponding position. By contrast, the associated B�O�B
angle in CdB2O4 adopts a value of 1808 at oxygen O1 on
thermal average (Figure 6). From our knowledge, this is the
first example of a linear B�O�B arrangement in the struc-
tural chemistry of borates. There exists a molecular com-
pound divinylborinic anhydride [(CH2=CH)2B]2O, in which
the vibrational data indicate that the molecule possesses C1


symmetry and a linear B�O�B angle.[46] In a theoretical
work, Geisinger et al. investigated the potential energy
curves for molecules, containing a B�O�B group.[47] These
results showed that a linear arrangement is energetically un-
favourable. In other solids, comparable linear arrangements
with different atoms could be found in silicates as zunyite
Al13Si5O16ACHTUNGTRENNUNG(OH,F)15O4Cl,


[48] thortveitite Sc2Si2O7
[49] or (Ag-


SiO4)·Ag10Si4O13
[50] and in the nitridosilicate


Ba2Nd7Si11N23.
[51] Liebau examined the influence of thermal


vibrations on the Si�O�Si bond-angles[39] with the following
observation: the stronger the displacement at the bridging
atom, the smaller the deviation from linearity.[39, 52] Further
analysis of the thermal displacement parameters at the
bridging atom showed that the oscillation amplitude, per-
pendicular to the T–T-vector (T= tetrahedral centre), is con-
siderably larger. Figure 6 gives a view of the linear B�O�B
arrangement in CdB2O4, drawn with 90% thermal probabili-
ty ellipsoids. It also shows that the thermal displacement pa-
rameter at oxygen O1 has the largest value perpendicular to
the B–B-vector, which corresponds to LiebauRs observations.
The existence of the basic cell in CdB2O4 is confirmed by


electron diffraction. The electron diffraction pattern (along
zone axis [001]) of CdB2O4 (left) in comparison to that of
SrP2N4 (right) can be seen in Figure 7. The reciprocal unit
cells of both phases are shown in solid lines. The dashed line
in the right pattern (SrP2N4) designates the basic cell. In
contrast to the pattern of CdB2O4, where no additional re-
flections can be found, the pattern of SrP2N4 clearly exhibits
the supercell reflections.


Table 1. Charge distribution in CdB2O4, calculated with the bond-length/
bond-strength concept (�V) and the CHARDI concept (�Q).


Cd1 Cd2 B1 B2 B3 B4


�V 1.94 2.21 3.16 3.06 3.00 2.96
�Q 2.00 1.96 3.04 3.15 2.95 2.99


O1 O2 O3 O4 O5 O6
�V �1.87 �2.07 �2.03 �2.06 �2.00 �1.93
�Q �1.96 �2.10 �2.02 �1.98 �2.04 �1.88


Table 2. Lattice parameters of CdB2O4 and related structures, all in
space group P63.


Ref. a [pm] c [pm] VACHTUNGTRENNUNG[nm-3]


CdB2O4 885.2(2) 716.72(8) 0.486(1)
BaGa2O4 [32] 1864.03(7) 868.01(2) 2.6119(2)
KAlSiO4 [33] 1811.11(8) 846.19(4) 2.4037(2)
KGeAlO4 [34, 35] 1841.3(1) 859.0(1) 2.5222(2)
KCoPO4 [36] 1820.6(1) 851.35(8) 2.4438(2)
CaP2N4 [37] 1684.66(4) 785.5(2) 1.9307(1)
SrP2N4 [38] 1710.29(8) 810.318(5) 2.05270(2)


Figure 5. Structure of SrP2N4
[38] with a view along [001]. Polyhedra repre-


sent PN4 tetrahedra, white spheres show Sr
2+-ions. The according basic


unit cell of CdB2O4 is drawn in thick black lines.


Figure 6. Linear environment of O1 in CdB2O4, drawn with 90% thermal
probability ellipsoids.
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Thermal behaviour : Temperature-programmed X-ray
powder diffraction investigations were performed to study
the thermal stability and the metastable character of
CdB2O4. Evidence to show that the compound remains
stable up to a temperature of 600 8C can bee seen in
Figure 8. Between T=600 and 650 8C, decomposition occurs
into the normal-pressure borates Cd2B2O5 and CdB4O7, and
above 850 8C only an amorphous phase can be detected,
which remains during and after cooling to room-tempera-
ture.


Structure analysis : First, the structure refinement of CdB2O4
converged with residuals of R1=6.9%, wR2=19%. Addi-
tionally, a high electron density close to one oxygen atom
remained. The consideration of twinning by merohedry and
the introduction of a twofold rotation axis according to the
twin matrix (010 100 001̄) led to a twin ratio of 0.55:0.45
with satisfactory residuals (R1=1.8%, wR2=3.9%) without
any significant electron density. The checking of a possible
higher symmetry, by using the program PLATON,[53] did not
reveal an additional symmetry. Further details of the data
collection and refinement are summarised in Table 3, atomic
parameters are given in Table 4.
The powder diffraction pattern of CdB2O4 was obtained


in transmission geometry from a flat sample, using a STOE


STADI P powder diffractometer with monochromatised
CuKa radiation (l=154.051 pm). The diffraction pattern
was indexed with the program Ito[54] on the basis of a hexag-
onal unit cell. Table 3 lists the lattice parameters, which
were obtained from the least-square fits of the powder data.
The correct indexing of the pattern was confirmed by inten-
sity calculations ,[55] taking the atomic positions from the


structure refinement (Table 4).
The lattice parameters, deter-
mined from the powder and the
single crystal data agree well.


Conclusion


The high-pressure synthesis of
the cadmium borate CdB2O4 is
an illustrating example for the
introduction of new synthetic
possibilities in long known
borate systems by applying ex-
treme synthetic conditions. In-
vestigations into the physical
properties of CdB2O4, based on


Figure 7. Electron diffraction patterns (zone axis [001]) of CdB2O4 (left)
and SrP2N4 (right).


[38] The reciprocal unit cells are drawn in black solid
lines. In dashed lines (right picture) the basic unit cell is drawn.


Figure 8. Temperature-programmed X-ray powder patterns, showing the decomposition of CdB2O4.


Table 3. Crystal data and structural refinement for CdB2O4 (standard de-
viations in parantheses).


empirical formula CdB2O4
molar mass [gmol�1] 198.02
crystal system hexagonal
space group P63
formula units per cell 8
single crystal diffractometer CAD4 (Nonius)
radiation MoKa


crystal size [mm3] 0.23T0.18T0.14
T [K] 293
Single crystal data
a [pm] 885.2(2)
c [pm] 716.72(8)
V [nm3] 0.486(1)
Powder data
a [pm] 886.64(3)
c [pm] 717.38(3)
V [nm3] 0.488(1)
F (000) 720
absorption coefficient [mm�1] 8.756
q range [8] 2.66�q�44.88
range in hkl �17, �17, �14
scan type w/2q
total no. reflections 16090
independent reflections 2691 (Rint=0.0365)
reflections with I>2s(I) 2598 (Rs =0.0167)
absorption correction numerical
transm. ratio (max./min.) 0.4572/0.2449
extinction coefficient c 0.0600(9)
data/parameters 2691/87
largest difference peak/deepest hole [eU�3] 0.985/�2.349
goodness-of-fit (F2) 1.154
final R indices (I>2s(I)) R1=0.0163


wR2=0.0383
R indices (all data) R1=0.0178


wR2=0.0388
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the non-centrosymmetric structure, are planned for the
future. Especially the increase of the coordination number
of boron from three to four in high-pressure borates allows
the synthesis of denser borates with structural analogies to
for example, aluminates, gallates, silicates and nitridophos-
phates. In this context, several new borates can be expected
for the future.


Experimental Section


Synthesis of CdB2O4 : The compound CdB2O4 was synthesised under
high-pressure/high-temperature conditions of 7.5 GPa and 1100 8C. As
starting reagents, CdO and B2O3 (Strem Chemicals, Newburyport, USA,
99+%) were ground together in the stoichiometric ratio CdO:B2O3=
1:1. The mixture was filled into a boron nitride crucible (Henze BNP
GmbH, HeBoSintV S10, Kempten, Germany) of an 18/11-assembly. The
compound was compressed and heated by means of a multianvil assem-
bly, based on a Walker-type module and a 1000 t press (Voggenreiter,
Mainleus, Germany). Therefore, the boron nitride crucible was posi-
tioned inside the centre of an 18/11 assembly, which was compressed by
eight tungsten carbide cubes (TSM-10, Ceratizit, Reutte, Austria) with
truncated corners. A detailed description of the assembly can be found in
refs. [56–60]. For the synthesis of CdB2O4, the sample was compressed
within 3 h to 7.5 GPa. After reaching constant pressure, the sample was
heated to 1100 8C in the following 10 min (cylindrical graphite furnace).
After holding this temperature for 5 min, the sample was cooled down to
650 8C in another 15 min. Afterwards, the sample was quenched to room
temperature by switching off the heating, followed by decompression
over a period of 9 h. The recovered pressure medium (MgO octahedron)
was broken apart and the sample carefully separated from the surround-
ing boron nitride crucible, gaining the air- and water-resistant, colourless,
crystalline compound CdB2O4. A powder diffraction pattern showed no
crystalline impurities, and EDX measurements confirmed the chemical
composition of CdB2O4.


Single crystal X-ray diffraction : Prior to single crystal measurements, the
quality of selected crystals was checked under a polarizing microscope.
For the data collection, a colourless fragment (0.23T0.18T0.14 mm) was
used. Intensity data were measured on a CAD4 diffractometer (Nonius)
in the w/2q technique, scanning the whole reciprocal sphere up to 908/2q.
A numerical absorption correction, based on an optimisation of the crys-
tal shape, was applied using the program HABITUS.[61] The crystal struc-
ture of CdB2O4 was solved by direct methods in space group P63 and re-
fined with the SHELXTL program package.[62,63] Additional information


of the crystal structure investigation may be obtained from the Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein Leopoldshafen, Germany
(fax: +49 7247 808 666; e-mail : crystdata@fiz-karlsruhe.de), on quoting
the depository number CSD-419180.


Temperature programmed X-ray powder diffraction : Temperature pro-
grammed X-ray powder diffraction experiments were performed on a
STOE STADI P powder diffractometer [MoKa] radiation (l=


71.073 pm)] with a computer controlled STOE furnace. The sample was
enclosed in a silica capillary and heated from room temperature to
500 8C in 100 8C steps, and from 500 8C to 1100 8C in 50 8C steps. After-
wards, the sample was cooled down to 500 8C in 50 8C steps, and from
500 8C to room temperature in 100 8C steps. After each heating step, a
diffraction pattern was recorded over the angular range 88�2q�168.
Electron diffraction experiments : Electron diffraction was carried out on
a FEI Titan 80–300, equipped with a field emission gun, operating at
300 kV. The sample was ground in an agate mortar and dispersed in ethyl
alcohol suspension. A small amount of the suspension was subsequently
dispersed on a copper grid, coated with holey carbon film. The grids
were mounted on a double tilt holder with a maximum tilt angle of 308
and subsequently transferred into the microscope. The diffraction pat-
terns were recorded on a Gatan UltraScan 1000 P CCD camera.
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Phosphotungstic Acid as a Versatile Catalyst for the Synthesis of Fragrance
Compounds by a-Pinene Oxide Isomerization: Solvent-Induced
Chemoselectivity


Kelly A. da Silva Rocha, Juliana L. Hoehne, and Elena V. Gusevskaya*[a]


Introduction


Monoterpenes are abundant naturally occurring compounds,
and their epoxides are often used as important starting ma-
terials in the flavor and fragrance industry, which is essen-
tially based on the chemistry of terpenes.[1–4] a-Pinene is par-
ticularly widely employed in the production of synthetic
substitutes for natural aromas. Rearrangements of a-pinene
oxide (1) can result in various expensive ingredients for the
flavor industry, such as campholenic aldehyde (2), trans-car-
veol (3), trans-sobrerol (4a), and pinol (5) (see Scheme 1).
For example, campholenic aldehyde is an intermediate for
the manufacture of sandalwood-like fragrances[5] and is cur-
rently being investigated as a possible substitute for environ-
mentally damaging nitro and polycyclic musks used in laun-
dry detergents and softeners.[6] trans-Carveol is an important
component in perfume bases and food flavor compositions;


it is usually commercially available as an expensive mixture
of isomers.[7]


The acid-catalyzed isomerization of a-pinene oxide can
result in a large variety of products, as this substrate is
highly reactive and sensitive: over 200 compounds have
been found at temperatures above 100 8C.[8] Therefore, the
development of the reaction, which is selective for one par-
ticular product, is a very challenging task. To the best of our
knowledge, the only compound obtained up to now with a
selectivity that is sufficient for practical usage is campholen-
ic aldehyde (2), all other compounds are usually produced
as minor products with selectivities of less than 25%. It is
generally accepted that the formation of 2 is favored in the
presence of Lewis acids, whereas Brønsted acids tend to
produce a mixture of compounds in low yields, such as
trans-carveol (3), trans-sobrerol (4a), and p-cymene.[6,8–10]


Various solid Lewis acids have been used as catalysts for the
isomerization of a-pinene oxide into aldehyde 2 ;[6,8,10–14]


however, most of these reactions are time-consuming and/or
involve high catalyst/substrate ratios.
We have recently studied the application of silica-support-


ed H3PW12O40 for the liquid-phase isomerization of a-
pinene oxide (1).[15] A nonpolar solvent, namely cyclohex-
ane, was used to avoid H3PW12O40 leaching. It is remarkable
that in spite of the strong Brønsted acidity of H3PW12O40,


Abstract: The remarkable effect of the
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H3PW12O40, the strongest heteropoly
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oxide (1) to either campholenic alde-
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the reaction showed a 70% selectivity to campholenic alde-
hyde (2), with the combined selectivity for products 2 and 3
being 95–98% at a complete substrate conversion. As far as
we know, this is one of the best results reported so far, and
compares favorably with a 65–75% selectivity to 2, which is
usually observed at high conversions along with the forma-
tion of numerous side products. Furthermore, the reaction
proceeds very fast even with
small amounts of H3PW12O40


and under mild conditions
(turnover frequency of approxi-
mately 100 min�1), so that turn-
over numbers (TONs) of nearly
1000 can be obtained. These re-
sults encouraged us to work fur-
ther with H3PW12O40 to attempt
to develop a selective synthesis
of products from 1 other than
2, in particular, 3. The highest
previously reported yield of
trans-carveol (3 ; 45%) was obtained by using acidic molecu-
larly imprinted polymers as protic catalysts in amounts that
are equimolar to 1.[7] We have decided to study the isomeri-
zation of 1 in the presence of H3PW12O40 in various solvents,
as solvent effects have been reported to strongly influence
the performance of both Lewis and Brønsted acid cata-
lysts.[7,9]


Heteropoly acids (HPAs) have attracted much interest as
catalysts for the clean synthesis of fine and specialty chemi-
cals in homogeneous and heterogeneous systems.[16–18] In
particular, HPAs have been recently applied in various reac-
tions of terpenoids, such as hydration, acetoxylation,[19–21]


and isomerization.[15,22–24] Owing to their strong acidity,
HPAs generally exhibit higher catalytic activities than con-
ventional catalysts, for example, mineral acids, ion-exchange
resins, mixed oxides, and zeolites; thus, very low catalyst
concentrations can often promote relatively fast transforma-
tions. Economic and environmental advantages of using
solid catalysts in liquid-phase reactions are clearly apparent;
however, HPAs can be, in some cases, recovered and recy-
cled without neutralization even from homogeneous sys-
tems. Such an opportunity is provided on the one hand by
the high solubility of HPAs in polar solvents and on the
other hand, by the very low solubility in hydrocarbons, so
that they can be easily recovered from polar organic solu-
tions by precipitating with a hydrocarbon solvent.[16]


Herein, we report a simple and efficient synthesis of sev-
eral highly valuable fragrance compounds through the
liquid-phase isomerization of 1 in the presence of
H3PW12O40, the strongest HPA in the Keggin series. A re-
markable effect of solvent polarity and basicity on the che-
moselectivity of this reaction has been found that allows
control of the conversion of a-pinene oxide (1) towards
either trans-carveol (3), trans-sobrerol (4a), or pinol (5) and
leads to the formation of each of them in good to excellent
yields.


Results and Discussion


Isomerization of a-pinene oxide (1) in dimethylformamide
(DMF): In the presence of acids, a-pinene oxide (1) under-
goes various transformations that can result in campholenic
aldehyde (2), trans-carveol (3), trans-sobrerol (4a), and
pinol (5 ; Scheme 1) as well as numerous other products, for


example, p-cymene, isopinocamphenol, and isopinocam-
phone. In the present work, our efforts are directed at ach-
ieving high selectivity to any product other than campholen-
ic aldehyde (2), in particular, trans-carveol (3). As the for-
mation of 3 and other para-menthenic compounds is known
to be favored in polar solvents and that the highest previ-
ously reported selectivity to 3 (albeit as low as 45%) has
been obtained in DMF,[7] we began our study with the
H3PW12O40 catalyst by using DMF as a solvent.
In most of the runs, H3PW12O40 showed high activity and


high total selectivity towards 3 and 2, the former being the
predominant isomer (Table 1). Other possible isomers were


not obtained in detectable amounts. In some cases, in addi-
tion to 2 and 3, oligomerization products were also formed;
their yields were calculated from the difference in mass bal-


Scheme 1. Some products of acid-catalyzed transformations of a-pinene oxide (1).


Table 1. Isomerization of a-pinene oxide (1; 0.15m) catalyzed by
H3PW12O40 (PW) in DMF.


Run [PW] T Time[a] Conversion[b] Selectivity[b] [%] TON[c]


[mm] [8C] ACHTUNGTRENNUNG[min] [%] 2 3 2+3


1 7.00 25 20 56 15 75 90 12
2 7.00 40 30 100 10 85 95 21
3 7.00 60 10 100 10 78 88 21
4 3.50 40 60 60 15 85 100 26
5 3.50 60 30 80 15 85 100 34
6 3.50 100 60 100 10 90 100 43
7 1.75 60 30 50 15 85 100 43
8 1.75 100 120 95 14 86 100 81
9 0.70 100 120 60 13 86 99 129
10 0.70 120 120 100 13 87 100 214
11 0.35 120 180 94 7 93 100 403
12 0.35 140 120 100 9 91 100 429
13[d] 0.70 120 120 100 10 90 100 429
14[d] 0.35 120 90 63 13 87 100 540
15[e] 0.35 140 180 100 10 90 100 1143


[a] Time required to attain near-to-maximum conversion. [b] Selectivity
and conversions determined by GC and calculated based on the reacted
substrate. [c] TON=moles of the substrate converted per moles of
H3PW12O40. [d] [1]=0.30m. [e] [1]=0.40m.
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ance. However, it was shown that the substrate oligomeriza-
tion could be controlled by appropriate choice of reaction
conditions.
In blank reactions (no catalyst added), only a 2% conver-


sion of 1 was observed after 20 h at 120 8C, and the major
products had high boiling points and as such were mostly
not detectable by GC. On the other hand, the presence of
H3PW12O40 under ambient conditions promoted a fast con-
version of 1 into products 2 and 3 with a combined selectivi-
ty of 90% (Table 1, run 1). It is remarkable that such a high
selectivity to 3 (75%) was obtained. However, a kinetic
curve for this reaction (Figure 1) reveals that, in spite of the


high initial reaction rate, the conversion becomes stationary
at approximately 60% after 10 min and does not increase
even after keeping the mixture under the reaction condi-
tions for more than 3 h. Fortunately, at higher temperatures
(40–60 8C), the reaction can be completed (Figure 1), with
an improved selectivity for alcohol 3 (78–85%, Table 1,
runs 2 and 3).
A further optimization of the reaction variables allowed


us to obtain excellent results in terms of activity and selec-
tivity. For example, virtually all 1 (0.15m) was converted
into compounds 2 and 3 in the presence of only 3.5 mm of
H3PW12O40 in 60 min and at 100 8C (TON=43). The selec-
tivity for the desired product 3 was as high as 90% (Table 1,
run 6). It should be mentioned, however, that at lower tem-
peratures, the reaction with this amount of catalyst becomes
stagnated at incomplete conversions (Table 1, runs 4 and 5,
Figure 2).
To improve the catalyst efficiency in terms of TONs, we


have decreased the amounts of H3PW12O40 and subsequently
observed that the lower the concentration of the catalyst,
the higher the temperature that must be used to complete
substrate conversion (Table 1, runs 7–12). For example, with
1.75 mm of H3PW12O40, a near-complete conversion was ach-
ieved at 100 8C (Table 1, run 8), whereas with 0.70 mm


H3PW12O40, complete conversion was achieved at 120 8C
(Table 1, run 10) and at 140 8C with 0.35 mm H3PW12O40


(Table 1, run 12). In the latter run, a TON of 429 per mol of
H3PW12O40 and a 91% selectivity to 3 were obtained, with
compound 2 being the only minor product. At 120 8C, such


high TONs can also be achieved (Table 1, runs 11, 13, and
14); however, at a too-high substrate/catalyst ratio (approxi-
mately 800), the reaction stagnation occurs once again
(Table 1, run 14).
Thus, in DMF solutions, H3PW12O40 promotes the isomeri-


zation of 1 to 3 with a remarkably high selectivity, with the
only minor product being 2. In other words, the selectivity
of the H3PW12O40 catalyst in DMF is inverted from that ob-
served in cyclohexane; where campholenic aldehyde is
formed as a predominant isomer (70%).[15] Although the re-
action is more lengthy in DMF as compared with cyclohex-
ane and occurs under homogeneous conditions, a TON of
more that 1100 can be achieved (Table 1, run 15) and the
catalyst solution in DMF, in principle, could be reused after
the extraction of the products with hydrocarbon solvent, for
example, hexane. As far as we know, this is the first example
of the selective synthesis of 3 by the acid-catalyzed isomeri-
zation of 1 reported so far.
The reaction stagnation observed in some runs deserves


special attention. It can not be related to a thermodynamic
equilibrium because at any given temperature, the increase
in the catalyst amount allows completion of the conversion
as illustrated in Figure 3. This result suggests that a possible
reason for this should be a partial deactivation of the cata-
lyst in the course of the reaction. However, at any given cat-
alyst concentration, the reaction can be completed by in-
creasing the temperature (Figure 1 and 2). At 140 8C, even


Figure 1. Isomerization of a-pinene oxide (1; 0.15m) catalyzed by
H3PW12O40 (7.00 mm) in DMF at different temperatures.


Figure 2. Isomerization of a-pinene oxide (1; 0.15m) catalyzed by
H3PW12O40 (3.50 mm) in DMF at different temperatures.


Figure 3. Isomerization of a-pinene oxide (1; 0.15m) catalyzed by
H3PW12O40 (PW) in DMF at 100 8C. The effect of the catalyst concentra-
tion is shown.
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very small amounts of H3PW12O40 convert all the substrate
with a TON of 1143 (Table 1, run 15). Thus, the deactiva-
tion, if any, is reversible and the catalyst can be re-activated
by the temperature increase. Consideration of the nature of
the solvent allowed us to suggest an explanation for the ob-
servations described.
Suggested reaction pathways for the acid-catalyzed trans-


formations of 1 into products 2–5 are presented in
Scheme 2. Protonation of the oxygen atom in 1 induces


opening of the epoxy ring and initially gives carbenium ion
A. The latter rearranges into carbenium ions B and C
through the movement of the pair of electrons from the
same carbon�carbon s bond to either C7 or C6. Then, both
cations B and C can loose protons to give aldehyde 2 and al-
cohol 3, respectively. Considering the relatively high basicity
of DMF (pKa��0.5 for DMF·H+ [25]), a competition be-
tween solvent oxygen atoms and the epoxide oxygen for the
protons of H3PW12O40 should be expected. At high conver-
sion levels, the situation becomes less favorable for the sub-
strate and the reaction can become stagnated because most
of the protons are captured by the basic solvent, that is, the
catalyst is deactivated. A specific catalysis does not seem to
contribute significantly under these conditions, probably
owing to the difficulties associated with the approach of
DMF·H+ to a sterically encumbered oxygen in the bicyclic
substrate. The increase in temperature should favor the de-
protonation of both the solvent and the substrate; however,
the latter can undergo isomerization before the proton is


lost and this isomerization should also be accelerated by
heating so that trans-carveol (3) becomes the main product
of the substrate deprotonation in DMF. Thus, to achieve
high TONs, relatively high reaction temperatures have to be
used. In this regard, the high boiling point of DMF (152 8C)
is an important advantage of this solvent.
Comparative data on the catalytic activity of H3PW12O40


and conventional Brønsted acid catalysts, for example,
H2SO4 and Amberlyst-15, are presented in Table 2. A com-


parison was performed under
the same reaction conditions
and, in the case of H2SO4, with
the same total amount of pro-
tons. Amberlyst-15 was used
with the same weight amounts
as H3PW12O40 (0.2 wt%).
H3PW12O40 showed a signifi-
cantly higher catalytic activity
and selectivity to 3 than H2SO4


(Table 2, run 1 vs. run 2) and
Amberlyst-15 (Table 2, run 3 vs.
run 4). Moreover, both H2SO4


and Amberlyst-15 promote the
formation of a wide variety of
products; thus, a combined se-
lectivity to compounds 2 and 3
does not exceed 70–75% at
high conversions.
The advantage of using


H3PW12O40 as the catalyst for
the isomerization of 1 in terms
of selectivity can be related to
the weak interaction of its
anion, which is a very soft base,
with the cationic intermediates
formed in the course of the re-


action. The heteropoly anion is not expected to influence
the rearrangements of the intermediate carbocations differ-
ently from conjugated bases of conventional Brønsted acids,
which usually strongly affect the nature of the products by


Scheme 2. Proposed mechanism of acid-catalyzed transformations of a-pinene oxide (1).


Table 2. Isomerization of a-pinene oxide (1) in DMF: A comparative
performance of various acid catalysts.


Run Catalyst Time Conversion[a] Selectivity[a] [%]
ACHTUNGTRENNUNG[min] [%] 2 3 others


1[b] H3PW12O40 (2.50 mm) 20 80 12 88 –
100 100 13 87 –


2[b] H2SO4 (3.75 mm) 20 31 13 66 21
300 74 4 69 27


3[c] H3PW12O40 (0.70 mm) 20 50 15 85 –
120 100 10 90 -


4[c] Amberlyst-15 (0.2 wt%) 20 36 16 43 41
300 95 19 54 27


[a] Selectivity and conversions determined by GC and calculated based
on the reacted substrate. [b] [1]=0.15m, 100 8C. [c] [1]=0.30m, 120 8C.
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promoting side reactions.[9] In this regard, the strong acidity
of HPAs, which is responsible for their high catalytic activi-
ty, is also attributed to a weak interaction between the pro-
tons and the anion owing to the delocalization of surface
charge density throughout the large-sized polyanion, which
favors the acid dissociation.[26]


Isomerization of a-pinene oxide (1) in dimethylacetamide
(DMA): We have tested another amidic solvent, DMA, in
the isomerization of 1 catalyzed by H3PW12O40 (Table 3).


The reaction proceeds similarly to that in DMF, giving alde-
hyde 2 and alcohol 3 in a quantitative total yield and with
the selectivity for the latter being as high as 86%. Notably,
the stagnation phenomenon was less pronounced in DMA:
at room temperature with 3.50 mm H3PW12O40, a near-com-
plete conversion was achieved (Table 3, run 1), whereas in
DMF, the reaction became stagnated even at a higher cata-
lyst concentrations (see Table 1, run 1). This advantage al-
lowed us to obtain higher TONs (up to 2285, Table 3, run 5)
in DMA than in DMF. Moreover, the reaction in DMA is
much faster than in DMF (compare Table 1, run 10 and
Table 3, run 3; Table 1, run 15 and Table 3, run 4).
We could not find in the literature precise values of pKa


for DMF·H+ and DMA·H+ ; however, DMA is expected to
be more basic than DMF owing to the electron-donating
effect of the additional methyl group. Therefore, the results
obtained are surprising: in DMA, the competition between
the solvent oxygen atoms and the epoxide oxygen for the
protons of H3PW12O40 should be stronger than in DMF. A
possible explanation for the difference in catalyst perfor-
mance in these two solvents might be the greater acid
strength of H3PW12O40 in DMA compared with that in
DMF, resulting in higher proton concentrations. In any case,
the use of DMA as the solvent for the H3PW12O40-catalyzed
isomerization of 1 to synthesize 3 is an excellent practical
proposition for industrial applications (even better than
DMF) owing to the advantage of higher boiling point of this
solvent (166 8C) and the possibility to obtain high product
yields at very low catalyst loading, that is, to obtain higher
TONs.


Isomerization of a-pinene oxide (1) in other solvents : The
data on the H3PW12O40-catalyzed transformations of 1 in
various solvents are presented in Table 4. These results


showed that the nature of the solvent can profoundly affect
the reaction pathways and product composition, which al-
lowed us to develop efficient syntheses of compounds 2–5 in
good to excellent yields through the appropriate choice of
the solvent.
As can be seen in Scheme 2, the relative amounts of alde-


hyde 2, on the one hand, and para-menthenic compounds 3–
5, on the other hand, which are formed from epoxide 1,
depend on the balance between the two types of isomeriza-
tion of carbenium ion A : 1) into cyclopentanic cation B
(route B) and 2) into para-menthenic cation C (route A).
Tertiary carbenium ion C is expected to be more thermody-
namically stable than secondary carbenium ion B ; therefore,
the formation of aldehyde 2 should be kinetically controlled.
Carbenium ion C, in its turn, can undergo either a direct de-
protonation to give 3 or a nucleophilic attack by water to
give 4a, whose further acid-catalyzed dehydration can give
5. It has been shown (see below) that the latter reaction pro-
ceeds through the intermediate isomerization of trans-so-
brerol (4a) into cis-sobrerol (4b), which is not an unexpect-
ed result. It should be mentioned that, generally, water was
not added to the reaction system. The amount of hydration
water that is present in the H3PW12O40 catalyst and commer-
cial a-pinene oxide (1) and solvents was sufficient for the
formation of sobrerol.
The data on polarity (dielectric constants) for the solvents


used in the present work and approximate pKa values for
corresponding conjugated acids are given in Table 5. We
have observed remarkable effects of these solvent character-
istics on the transformations of 1 in the presence of
H3PW12O40. First, the increase in both solvent basicity and
polarity strongly prejudices route B to form aldehyde 2,
whereas it favors route A to form para-menthenic com-
pounds 3–5. Second, the distribution between the latter


Table 3. Isomerization of a-pinene oxide (1; 0.15m) catalyzed by
H3PW12O40 (PW) in DMA.


Run [PW] T Time[a] Conversion[b] Selectivity[b] [%] TON[c]


[mm] [8C] ACHTUNGTRENNUNG[min] [%] 2 3 2+3


1 3.50 25 30 100 17 83 100 43
2 1.75 25 20 51 16 84 100 43
3 0.70 120 60 100 15 85 100 429
4[d] 0.35 140 30 100 15 85 100 1143
5[e] 0.35 140 180 100 14 86 100 2285


[a] Time necessary to attain near-to-maximum conversion. [b] Selectivity
and conversions determined by GC and calculated based on the reacted
substrate. [c] TON=moles of the substrate converted/moles of
H3PW12O40. [d] [1]=0.40m. [e] [1]=0.80m.


Table 4. Isomerization of a-pinene oxide (1; 0.15m) catalyzed by
H3PW12O40 (PW) in various solvents.


Run Solvent [PW] T Time Yield[a] [%] TON[b]


[mm] [8C] ACHTUNGTRENNUNG[min] 2 3 4a 4b 5


1[c] cyclohexane PW/SiO2 15 60 70 24 – – – 920
2[c] cyclohexane PW/SiO2 25 5 70 28 – – – 460
3 1,4-dioxane 0.35 25 5 40 48 9 – – 429
4 PhNO2 0.35 25 5 30 16 6 6 24 429
5 MeCN 7.00 60 180 22 20 38 – 4 22
6[d] DMF 0.35 140 180 10 90 – – – 1143
7[e] DMA 0.35 140 180 14 86 – – – 2285
8 acetone 1.50 5 15 17 9 – – 70 100
9 acetone 0.0075 25 10 15 12 71 – – 20000
10 acetone 0.35 5 5 17 11 53 14 5 429


30 17 9 26 20 27 429


[a] Yield by GC; conversions were 100% in all runs. [b] TON=moles of
the substrate converted/moles of H3PW12O40. [c] 20% PW/SiO2 was used
as a heterogeneous catalyst : 0.30 wt% in run 1 and 0.60 wt% in run 2.[15]


[d] [1]=0.40m. [e] [1]=0.80m.
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compounds depends on solvent basicity rather than on its
polarity: in more basic solvents, the direct deprotonation of
cation C to give 3 is much more preferable than the forma-
tion of compounds 4 and 5.
Indeed, in cyclohexane, a nonpolar nonbasic solvent, the


main reaction product is aldehyde 2 (70% yield as deter-
mined by GC), with 3 being the only minor product (ap-
proximately 25% yield; Table 4, runs 1 and 2). No trace
amounts of compounds 4 and 5 are detected in this solvent.
On the other hand, in 1,4-dioxane, which is also a nonpolar,
albeit basic, solvent, compounds 3 and 4a derived from
cation C account for as much as 57% of the mass balance
(Table 4, run 3). The yield for aldehyde 2 in this solvent was
only 40%, whereas the yield for alcohol 3 was 48%.
In polar solvents with similar dielectric constants, the


yield of aldehyde 2 decreases with the increase in solvent
basicity: PhNO2 (30%)>MeCN (22%)>DMF ACHTUNGTRENNUNG(10%)�
DMA (14%) (Table 4, runs 4–7). On the other hand, a com-
bined yield of para-menthenic products 3–5 increases in the
same order from 52% (PhNO2) to approximately 90%
(DMF and DMA). To evaluate the role of solvent polarity
in this reaction, the results obtained in acetone can be com-
pared with those in dioxane (Table 4, runs 8–10 vs. run 3).
The weaker basicity of acetone should favor the formation
of aldehyde 2 ; however, only 15–17% yield was obtained in
acetone versus 40% in dioxane. This appears to occur owing
to the much higher polarity of acetone; therefore, it can be
concluded that the increase in solvent polarity clearly favors
the isomerization of cation A to cation C at the expense of
route B (Scheme 2).
Thus, in the polar solvents studied herein, the H3PW12O40


catalyst transforms 1 mainly into the products that are de-
rived from intermediate C, that is, compounds 3, 4, and 5.
Moreover, the higher the solvent basicity is, the higher the
combined yield of these products. A possible explanation
for these results might be a stabilization of cation A by the
interaction with polar solvents owing to their increased ion-
solvating ability, which favors the rearrangement of A into
the thermodynamically more stable tertiary carbenium ion
C. It is expected that the isomerization pathways of the ini-
tially formed cation A should be very sensitive to the
degree of solvation and bonding with the nucleophilic spe-
cies present in the reaction solutions, including anions.
It is remarkable that the individual selectivities for the


products 3, 4, and 5 can also be controlled by the choice of


solvent characteristics. Basic solvents, that is, DMA and
DMF, favor the direct deprotonation of cation C owing to
their relatively strong proton–acceptor properties. As a
result, 3 is formed in these solvents as the only para-men-
thenic product with a chemoselectivity of up to 93% (see
Tables 1 and 3). On the other hand, in weakly basic polar
solvents, such as acetone, nitrobenzene, and acetonitrile, al-
cohol 3 becomes the minor product (selectivity of 10–20%),
whereas compounds 4 and 5 become the major products. As
the selectivities are higher in acetone, we have optimized
the reaction conditions in this solvent and obtained com-
pounds 4a and 5, each in a 70% yield, which is a syntheti-
cally valuable result (Table 4, runs 8 and 9).
Although 5 can be formed directly from cation C by the


intramolecular nucleophilic attack of the hydroxy group on
C7, this route looks unlikely, at least, in acetone. We have
shown that in acetone, 5 is formed by the acid-catalyzed de-
hydration of 4b, which arises from the acid-catalyzed iso-
merization of the primarily formed, 4a. At a very high sub-
strate/catalyst ratio ([1]/[H3PW12O40]=20000; Table 4,
run9), a 71% yield of 4a can be obtained, without any trace
amounts of the isomer 4b and pinol 5. The reaction is very
fast: at room temperature, a complete conversion occurs
within 10 min. When the reaction mixture was allowed in
contact with the catalyst for more 3 h, the product distribu-
tion remained roughly the same, except for the trace appear-
ance of 4b. On the other hand, the addition of more
H3PW12O40 to the reaction solution resulted in the apprecia-
ble conversion of 4a into 4b and then into 5. Such behavior
is illustrated by the data in Table 4, run 10 ([1]/
[H3PW12O40]=429). Only small amounts of 4b and 5 are de-
tected after reacting for 5 min upon which complete conver-
sion of the substrate has been already achieved, with 4a ac-
counting for as much as 53% of the mass balance. At longer
reaction times, the concentration of 4a starts to decrease,
whereas those of 4b and 5 begin to increase.
Under appropriate conditions, pinol 5 was obtained from


1 in a 70% yield and TON=100 (Table 4, run 8). As can be
seen from Table 4, not only the nature of the solvent but
also the changes in other reaction variables, such as temper-
ature, reaction time, and H3PW12O40 loading, significantly
affect the product composition. However, it should be men-
tioned that such changes only affect the relative amounts of
products 4a, 4b, and 5, whereas the amounts of aldehyde 2
and alcohol 3 remain virtually the same (Table 4, runs 8–10).
In other words, the balance between the reaction pathways
(i.e., route B versus route A and deprotonation of inter-
mediate C versus nucleophilic attack by water) is mostly de-
termined by the nature of the solvent rather than by other
reaction conditions.


Conclusion


Heteropoly acid H3PW12O40 is a very efficient, environmen-
tally benign and versatile catalyst for the liquid-phase iso-
merization of a-pinene oxide (1). Good control of chemose-


Table 5. Dielectric constants (e) for the solvents and pKa values for cor-
responding conjugated acids.


Solvent e Conjugated acid Approximate pKa


(relative to water)[25]


DMA 37.8 DMA·H+ �0.5
MeCN 37.5 MeCNH+ �10
DMF 36.7 DMF·H+ �0.5
PhNO2 34.8 PhNO2H


+ �11
acetone 20.7 ACHTUNGTRENNUNG(CH3)2COH


+ �7
1,4-dioxane 2.2 C4H8O2H


+ �3.5
cyclohexane 2.0 – –
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lectivity can be achieved through the choice of the solvent,
whose polarity and basicity strongly affect the reaction path-
ways. This simple and low-cost method provides a new at-
tractive entry point to the synthesis of several high-priced
low-volume ingredients for the fragrance industry with good
to excellent yields and remarkable atom economy and selec-
tivity. The catalyst shows high turnover numbers (100–
20000) and, in principle, could be recycled. To the best of
our knowledge, this work represents the first example of the
synthesis of isomers from a-pinene oxide (1) (other than
campholenic aldehyde (2)) with a selectivity that is sufficient
for practical usage. Further studies are targeted towards the
development of solid heteropoly acid catalysts that are re-
sistant to leaching in polar solvents to facilitate catalyst sep-
aration.


Experimental Section


Chemicals were purchased from commercial sources and used as re-
ceived, unless otherwise stated. H3PW12O40 hydrate and a-pinene oxide
were purchased from Aldrich.


The reactions were carried out in a glass reactor equipped with a magnet-
ic stirrer at 5–140 8C. In a typical run, a mixture of a-pinene oxide (1;
0.228–1.216 g, 1.5–8.0 mmol, 0.15–0.80m), dodecane (225 mL, 1.0 mmol,
0.10m, internal standard) and H3PW12O40 (0.01–0.2 g, 3.5–70 mmol, 0.35–
7.00 mm) in a specified solvent (10 mL) was intensively stirred under air
at a specified temperature. The reaction progress was monitored by GC
by using a Shimadzu 17 instrument fitted with a Carbowax 20m capillary
column and a flame ionization detector. At appropriate time intervals,
aliquots were taken, diluted with hexane (1:10 v/v) to separate the heter-
opoly acid and then analyzed by GC. The GC mass balance, product se-
lectivities, and yields were calculated based on the substrate (dodecane
was used as the internal standard). The difference was attributed to the
formation of oligomers, which were not GC determinable.


Products were isolated by column chromatography (silica) and identified
by 1H and 13C NMR spectroscopy (Bruker DRX-400, tetramethylsilane,
CDCl3, COSY, HMQC, DEPT and NOESY experiments).Spectroscopic
data for campholenic aldehyde (2) and trans-carveol (3) were reported in
our previous work.[15] Spectroscopic data for trans-sobrerol (4a):
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.08 (s, 3H; C9-H3), 1.14 (s,
3H; C8-H3), 1.26–1.32 (m, 1H; C3-HH), 1.62–1.68 (m, 1H; C5-HH), 1.71
(s, 3H; C10-H3), 1.68–1.73 (m, 1H; C4-H), 1.96–2.05 (m, 2H; C3-HH
and C5-HH), 3.96 (br s, 1H; C2-H), 5.44–5.49 ppm (m, 1H; C6-H);
13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=20.82 (C10), 25.44 (C9),
27.38 (C5), 27.83 (C8), 32.49 (C3), 38.79 (C4), 68.43 (C2), 72.24 (C7),
125.08 (C6), 134.42 ppm (C1). Spectroscopic data for pinol (5): 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d?=1.19 (s, 3H; C9-H3), 1.31 (s, 3H;
C8-H3), 1.70 (d, 4J ACHTUNGTRENNUNG(H,H)=2.0 Hz, 3H; C10-H3), 1.84 (d, 2J ACHTUNGTRENNUNG(H,H)=


10.6 Hz, 1H; C3-HH), 2.08–2.13 (brm, 1H; C4-H), 2.19–2.24 (m, 1H;
C3-HH), 2.24–2.66 (m, 2H; C5-H2), 3.98 (d, 3J ACHTUNGTRENNUNG(H,H)=5.0 Hz, 1H; C2-
H), 5.18–5.20 ppm (m, 1H; C6-H); 13C NMR (100 MHz, CDCl3, 25 8C,
TMS): d=21.48 (C10), 25.49 (C8), 30.43 (C5), 30.52 (C9), 34.66 (C3),
41.90 (C4), 76.71 (C2), 82.83 (C7), 120.29 (C6), 139.62 ppm (C1).
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“Click-to-Chelate”: Design and Incorporation of Triazole-Containing Metal-
Chelating Systems into Biomolecules of Diagnostic and Therapeutic Interest


Harriet Struthers,[a, b] Bernhard Spingler,[c] Thomas L. Mindt,[b] and Roger Schibli*[a, b]


Introduction


The radiolabelling of biologically active molecules has
become an important tool for the non-invasive assessment
of novel drug candidates as a result of the high sensitivity of
nuclear imaging technologies such as positron emission to-
mography (PET) and single photon emission computed to-


mography (SPECT). In recent years, the focus has mainly
been on positron emitting isotopes such as fluorine-18
(T1/2=109.8 min) and carbon-11 (T1/2=20.5 min) suitable for
PET. Radiolabelling methods for carbon-11 and fluorine-18
are established, but still challenging, typically requiring mul-
tistep syntheses, and are by no means quantitative, despite
semi- or fully-automated synthesisers.[1] Furthermore, as a
result of their short half-lives, such isotopes have to be pro-
duced on site by expensive cyclotrons and require extensive
laboratory infrastructures, which together prohibit a more
widespread application of PET. Radionuclides with suitable
decay characteristics for in vivo SPECT are usually more
readily available and often have longer half-lives (from sev-
eral hours to several days), which facilitate their handling
and processing. In addition, over the last few years, preclini-
cal small animal SPECT scanners have become available
with sub-millimetre spatial resolution and excellent sensitivi-
ty, which outperform comparable PET devices.[2] It is antici-
pated that this will drive an increased interest in novel
SPECT tracers in preclinical research.


Abstract: The site-specific conjugation
of metal chelating systems to biologi-
cally relevant molecules is an impor-
tant contemporary topic in bioinor-
ganic and bioorganometallic chemistry.
In this work, we have used the CuI-cat-
alyzed cycloaddition of azides and ter-
minal alkynes to synthesise novel
ligand systems, in which the 1,2,3-tria-
zole is an integral part of the metal
chelating system. A diverse set of bi-
dentate alkyne building blocks with dif-
ferent aliphatic and aromatic back-
bones and various donor groups were
prepared. The bidentate alkynes were
reacted with benzyl azide in the pres-
ence of a catalytic amount of CuI to
form tridentate model ligands. The che-
lators were reacted with


[ReBr3(CO)3]
2� to form well-defined


and stable complexes with different
overall charges, structures and hydro-
philicities. In all cases tridentate coor-
dination of the ligands, including
through N3 of the 1,2,3-triazole ring,
was observed. The ligand systems
could also be quantitatively radiola-
belled with the precursor [99mTc
ACHTUNGTRENNUNG(H2O)3(CO)3]


+ at low ligand concen-
trations. Similarly the alkynes were re-
acted with an azido thymidine deriva-
tive to form a series of compounds,
which could be radiolabelled in situ to


form single products. Subsequent incu-
bation of the neutral and cationic or-
ganometallic 99mTc thymidine deriva-
tives with human cytosolic thymidine
kinase, a key enzyme in tumour prolif-
eration, revealed that only the neutral
compounds maintained substrate activi-
ty towards the enzyme. Bioconjugation,
radiolabelling and enzymatic reactions
were successfully performed in a
matter of hours. Thus, click chemistry
provides an elegant method for rapidly
functionalising a biologically relevant
molecule with a variety of efficient
metal chelators suitable for (radio)lab-
elling with the M(CO)3 core (M=
99mTc, Re), to offer new potential for
technetium-99m in clinical and preclin-
ical tracer development.
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One of the most prominent single photon emitting radio-
nuclides is technetium-99m (T1/2=6 h, 140 keV g-radiation),
the mainstay of diagnostic nuclear medicine. Unlike most
PET nuclides, technetium-99m is readily available at low
cost from a 99Mo/99mTc generator system. However, whereas
non-metal radionuclides can be covalently attached to the
target molecule, stable incorporation of a radiometal such as
technetium into a biomolecule requires an appropriate bi-
functional chelating agent and an efficient strategy to assem-
ble the desired bioconjugate. Numerous functionalisation
strategies and bifunctional chelating systems have been re-
ported.[3,4] However, syntheses are invariably multistep, fre-
quently inefficient, and often require protecting group
chemistry to prevent unwanted side-reactions during incor-
poration into the targeting molecule. These are all critical
issues, which have to be properly addressed if novel metal
based SPECT tracers are to become more widespread, par-
ticularly in preclinical research.


The use of the CuI-catalyzed cycloaddition of azides and
terminal alkynes (“click chemistry”)[5,6] has only very recent-
ly found applications in the design of ligands for transition
metals.[7–13] This is surprising given the attractiveness of click
chemistry: The CuI-catalyzed cycloaddition gives high chem-
ical yields under mild reaction conditions even in aqueous
media; the reactions are regiospecific (resulting exclusively
in the formation of 1,4-bifunctionalised 1,2,3-triazole prod-
ucts); finally an additional, but often neglected, feature of
the clicked products is that the 1,2,3-triazole itself is an ef-
fective ligand for various transition metals. Our group has
recently reported the synthesis of histidine-like chelating
systems in which the imidazole ring has been replaced by a
1,4-bifunctionalised 1,2,3-triazole through the reaction of an
azide- or an azide-containing biomolecule with propargyl
glycine.[13] Their organometallic 99mTc(CO)3 complexes
proved to be stable in vivo. An appealing aspect of this ap-
proach, particularly for potential biomedical applications, is
that the click reaction allows simultaneous formation of the
chelating system and conjugation to a biomolecule in a
single high-yielding step.


We have now extended the scope of the “click-to-chelate”
approach. In this work we show that by combining both
newly synthesised and commercial, clickable azide and
alkyne building blocks with different substituents, various
1,2,3-triazole containing polydentate ligands can be effi-
ciently synthesised. The novel chelating systems give rise to
metal complexes of different size, overall charge and hydro-
philicity when (radio)labelled with the M(CO)3 core (M=
99mTc, Re). For proof of concept we applied the modular ap-
proach to the parallel synthesis and radiolabelling of a series
of organometallic thymidine derivatives. The resulting metal
complexes were tested for substrate activity towards human
cytosolic thymidine kinase (hTK1). Using this strategy we
were able to identify novel organometallic substrates for
hTK1 and qualitatively analyse structure-activity relation-
ships in a matter of hours starting from the organic azide/
alkyne building blocks and commercial Na ACHTUNGTRENNUNG[99mTcO4].


Results and Discussion


Ligand Design and Synthesis : The technetium/rhenium tri-
carbonyl core forms highly stable, low spin d6 complexes
with a wide range of ligand systems.[14–17] We have shown
that coordination of tridentate chelating systems to the
M(CO)3 core efficiently protects the metal centre from
ligand-exchange reactions, for example, with functional
groups of plasma proteins, an observation that leads to
better pharmacokinetic profiles for 99mTc(CO)3 complexes
with tridentate ligands than for complexes with bidentate li-
gands.[18] The incorporation of different tridentate chelating
systems into azido-functionalised biomolecules requires the
synthesis of suitable alkyne building blocks. For our intend-
ed purpose and as proof of concept, five suitable alkynes
were synthesised (2, 4–7), and two commercially available
compounds (1, 3) were also investigated (Table 1). The pri-


mary considerations for the synthesis of suitable alkynes
were first structural and steric variation of the ligand (and
subsequent complexes), as well as the potential to form
complexes with different overall charges and varied hydro-
philicity.
Na-Propargyl glycine 2, was prepared by alkylation of


propargyl amine with methyl bromoacetate followed by
ester hydrolysis with sodium hydroxide (1m). 2-Propargyl
malonate dimethyl ester is commercially available; the
esters were hydrolysed with four equivalents of sodium hy-
droxide (1m) to give 3. Alkynes 4 and 5 were prepared in a
single step by reductive alkylation of propargyl amine with
2-pyridine carboxaldehyde or 2-thiophene carboxaldehyde,
respectively. Selective S-alkylation of 2-(amino)ethanethiol


Table 1. EC50 values for ligands L1–L7.


Alkyne Ligand EC50
[a] [m]


1 L1 2.3K10�7


2 L2 2.1K10�7


3 L3 >1K10�3


4 L4 5.8K10�8


5 L5 n/a[b]


6 L6 3.5K10�7


7 L7 n/a[c]


[a] Ligand concentration necessary to achieve 50% radiolabelling yield if
reacted with [99mTc(CO)3ACHTUNGTRENNUNG(H2O)3]


+. [b] Not obtained owing to high lipo-
philicity of ligand and/or complex. [c] Two products are formed.
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and cysteine with propargyl bromide was achieved using
Boc protected precursors; the Boc protecting groups were
removed using a 9:1 mixture of dichloromethane and tri-
fluoroacetic acid to give 6 and 7, respectively. (See Experi-
mental Section for further details.)


Compounds 1–6 provide structural variation and a range
of donor atoms. Compound 7 is a bifunctional building
block, which in addition to being coupled to an azide, can
also be coupled to a second molecule of biological interest
through either the amine or carboxylic acid group, while still
providing a tridentate metal chelating system.


Each of the alkyne building blocks was reacted with
benzyl azide to form the model triazole containing ligands
L1–L7 (Scheme 1). The [3+2] cycloaddition reactions were


performed using similar conditions to those reported by the
Sharpless group.[6] One equivalent of azide and one equiva-
lent of alkyne were stirred at room temperature for 12 h in
a mixture of tertiary butanol and water with 0.1 equivalents
of copper acetate and 0.2 equivalents of sodium ascorbate
to generate CuI in situ. For the synthesis of L2 and L3 the


carboxylic acid groups were protected as methyl esters and
in the synthesis of L1, L6 and L7, primary amines were Boc
protected to simplify purification. The yields of the click re-
action were typically 60–90% after purification. In all cases
the syntheses could also be carried out without protecting
the carboxylate and amine groups, but this prohibited effi-
cient purification of the product.


Re(CO)3 complex formation : Rhenium tricarbonyl com-
plexes of all ligands were readily prepared as outlined in
Scheme 2 by heating one equivalent of [ReBr3(CO)3]ACHTUNGTRENNUNG[NEt4]2
with one equivalent of the ligand in methanol (L4, L5, L7)
or a mixture of methanol and water (L1, L2, L3, L6). In all
cases, HPLC analyses of the crude reaction mixtures re-
vealed quantitative formation of a single product after 2 h at
50 8C. Complexes [Re(CO)3L1], [Re(CO)3L3]NEt4, [Re
(CO)3L4]Br, [Re(CO)3L6]Br and [Re(CO)3L7]Br were puri-
fied using reverse phase Sep-Pak columns, whereas analyti-
cally pure samples of [Re(CO)3L2] and [Re(CO)3L5]Br pre-
cipitated from their reaction mixtures directly. Although
HPLC analysis confirmed quantitative formation of the
products, the isolated yields varied between 40% and 80%,
depending on the purification method. All of the complexes
were characterised by using mass spectrometry, IR spectros-
copy, NMR spectroscopy and elemental analysis. Crystals
suitable for X-ray structure determination could be obtained
for complexes [Re(CO)3L2], [Re(CO)3L3]NEt4 and [Re
(CO)3L6]Br.


Scheme 1. General synthesis of ligands L1–L7 via the CuI-catalysed [3+


2] cycloaddition reaction: a) 0.1 equiv. CuACHTUNGTRENNUNG(OAc)2, 0.1 equiv. sodium ascor-
bate, tBuOH/H2O, 12 h, room temperature. For R see Table 1.


Scheme 2. Synthesis and structures of Re(CO)3 complexes.
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Comparison of the NMR spectra of the complexes with
those of the free ligands revealed characteristic differences
in chemical shifts and coupling patterns, which allowed as-
signment of the chemical composition and structure of the
chelates. Signals in the proton NMR spectra of the com-
plexes typically occur at higher frequencies than the corre-
sponding signals in the free ligand as a result of coordina-
tion to the electron-deficient metal centre. In [Re(CO)3L1],
the bCH2 protons are no longer magnetically equivalent,
and independent resonances are observed for these protons
as well as a more complex coupling pattern for the aCH
proton, suggesting facial coordination of the tridentate
ligand. Similarly, in [Re(CO)3L2] and [Re(CO)3L4–L7]Br,
four distinguishable resonances result from the two CH2


groups of the chelate rings. In addition the structures of
[Re(CO)3L4]Br and [Re(CO)3L7]Br are sufficiently rigid in
solution that two independent signals are observed for the
benzylic CH2 protons.


In the proton NMR spectra of [Re(CO)3L1] and
[Re(CO)3L4–L7]Br recorded in [D4]MeOH, protons of the
coordinated amine are also observed, as coordination of the
amine to the metal results in much slower H/D exchange
rates than in the free ligand. Similar behaviour has been re-
ported for 99Tc/Re(CO)3 complexes containing other pri-
mary and secondary amines.[18,19] Differences between the
proton NMR spectra of the free ligand L3 and [Re
(CO)3L3]NEt4 are less pronounced than for all other com-
plexes, as a result of the higher symmetry of this complex
(Cs compared to C1 in all other complexes). The different
possible diastereoisomers of the Re(CO)3-complexes with
the ligands L2, L4, L5, L7 could not be distinguished in the
proton NMR spectra.


The reaction of the cysteine based ligand L7 gave the
complex, [Re(CO)3L7]Br, with kN3,kS,kN coordination of
the ligand and the methyl ester still intact, as evident from
NMR analyses. This type of coordination models the situa-
tion in which L7 is coupled through the carboxylic acid to
another molecule of interest. The hydrolysed ligand L7b
(L7, but without the ester group) can potentially form three,
structurally different complexes with the M(CO)3 core: two
in which the ligand is coordinated through the N3 of the tri-
azole (see Scheme 1 for numbering scheme), sulfur and
either the primary amine (kN3,kS,kN coordination) or the
carboxylate (kN3,kS,kO coordination), and one in which the
ligand is coordinated through the sulfur, primary amine and
carboxylate (kS,kN,kO coordination). However, the reaction
of L7b with [ReBr3(CO)3] ACHTUNGTRENNUNG[NEt4]2 led to the formation of
only two products after heating in methanol for 2 h as
shown by HPLC analysis (Scheme 3). Elemental analysis of
the purified mixture of products revealed both complexes
were neutral. The structures of the products were elucidated
from the proton NMR spectrum. The compound with
kN3,kS,kN coordination (60%) was identified by signals for
the amine protons as observed for [Re(CO)3L1] and
[Re(CO)3L4–L7]Br and two independent resonances for the
benzylic CH2 protons, attributed to coordination of the tria-
zole, as observed for [Re(CO)3L4]Br and [Re(CO)3L7]Br.


The complex with kS,kN,kO coordination (40%) was simi-
larly identified by coordination of the primary amine but
the equivalence in this case of the benzyl CH2 protons. The
formation of two products is interesting given that with a
structurally similar ligand, 2(-2’pyridyl)ethyl-cysteine, Kara-
giorgou et al. observed exclusive formation of a single com-
plex with kS,kN,kO coordination, without coordinative par-
ticipation of the pyridyl nitrogen.[20]


The X-ray structure analyses of [Re(CO)3L2], [Re
(CO)3L3]NEt4 and [Re(CO)3L6]Br (Figure 1) confirmed the
tridentate, facial coordination of the ligands to the metal
centre as expected from NMR analyses. All three structures
show that the 1,2,3-triazole ligand is coordinated through
N3. This is consistent with DFT calculations we have report-
ed previously, which predict that the highest electron density
is at position N3 (favouring N3 coordination) followed by
N1, with the lowest at position N2 of the triazole ring.[13]


The bond lengths between rhenium and N3 of the triazole
are between 2.15 and 2.21 N, which is in good agreement
with the Re�N bond length in the bi-1,2,3-triazole contain-
ing complex [ReClACHTUNGTRENNUNG(Bn-bta)(CO)3] (Bn-bta: 1,1-dibenzyl-4,4-
bi-1H-1,2,3-triazole) (2.176(6) N).[12] The bond lengths are
also comparable with the Re�N bond lengths in similar
Re(CO)3 complexes with imidazole or pyrazole based li-
gands, which are typically 2.19–2.21 N.[16,21] Crystallographic
data for all structures solved are reported in Table 2.


Radiolabelling of L1–L7 with [99 mTc ACHTUNGTRENNUNG(H2O)3(CO)3]
+ : Partic-


ularly for receptor targeting radiopharmaceuticals, it is im-
portant that high labelling yields can be achieved at low
ligand concentration to avoid receptor saturation. Thus, po-
tential ligand systems should form defined and stable tech-
netium complexes at micromolar concentrations or lower.
The technetium-99m complexes of ligands L1, L2, L4 and
L6 were prepared by adding a solution of [99mTc-
ACHTUNGTRENNUNG(H2O)3(CO)3]


+ to a solution of the ligand in physiological
phosphate buffer (PBS) at pH 7.4, and characterised by
comparison of their g-HPLC traces with the UV-HPLC
traces of the corresponding rhenium complexes. Labelling
yields were assessed as the ligand concentration was varied
between 10�3 and 10�8m, to give rise to step-sigmoid curves


Scheme 3. Reaction of L7b with [ReBr3(CO)3] ACHTUNGTRENNUNG[NEt4]2.
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(see the Supporting Information). This allowed the determi-
nation of EC50 values (ligand concentration necessary to
achieve 50% labelling yield; Table 1). Ligands L1, L2, L4
and L6 proved very efficient, with EC50 values in the sub-
micromolar range, which are comparable to values reported
for Nt-functionalised histidine derivatives.[13,16] The radio-


ACHTUNGTRENNUNGlabelling of L3 led to the formation of two products in a 1:1
ratio. Furthermore, a high concentration of the ligand
(10�2m) was required to yield detectable amounts of prod-
uct. The nature of the reaction with [99mTc ACHTUNGTRENNUNG(H2O)3(CO)3]


+


was surprising given that a well-defined and characterisable
Re(CO)3 complex could be synthesised, and we do not cur-
rently have a plausible explanation for the unusual behav-
iour. The problems we encountered with L3 unfortunately
precluded the use of building block 3 in our further investi-
gations. L5 is noticeably more lipophilic than all of the
other triazole containing ligands, which complicated label-
ling with the 99mTc(CO)3 core in aqueous media and analysis
of the technetium-99m complex formed by reverse phase
HPLC. The radiolabelling of L7 also led to the formation of
two products, neither of which corresponded to the rhenium
complex [Re(CO)3L7]. The g-HPLC trace in fact matched
the UV-HPLC trace of the reaction between ligand L7b and
the rhenium precursor as shown in Scheme 3, which suggest-
ed that ligand L7 was hydrolysed under the conditions used
for technetium-99m labelling. Radiolabelling of L7b con-
firmed this assumption.


Rapid identification of substrates for hTK1 using in situ
clicked and radiolabelled thymidine derivatives : Click
chemistry has already proved an effective tool for the paral-
lel synthesis of large numbers of compounds for biological
assays, and allows structure-activity information to be ob-
tained without multistep syntheses or large amounts of ma-
terial.[23] These are features that are also attractive in radio-
pharmaceutical development. In the context of the following
experiments, it is noteworthy that the reaction between
[99mTc ACHTUNGTRENNUNG(H2O)3(CO)3]


+ and the potentially bidentate alkyne
building blocks 1–6 did not result in the formation of well-
defined or stable complexes at a comparably low concentra-
tion to the tridentate, triazole ligands. The same holds true
for the azide component of the click reaction. Thus, the
presence of the triazole as a donor group appears to greatly
increase the structural uniformity and stability of the result-
ing 99mTc(CO)3 complexes. As a consequence, there is a
unique opportunity to expedite tracer development, because
even in presence of excess alkyne or azide, the click product
is preferentially labelled. We have previously reported a
one-pot, two-step procedure in which the crude click reac-
tion mixtures are labelled directly with the [99mTc
ACHTUNGTRENNUNG(H2O)3(CO)3]


+ precursor.[13] The resulting products and ra-
diolabelling yields were found to be almost identical to
those when the reactions were performed with the pre-puri-
fied, triazole containing ligands, but the one-pot procedure
avoids unnecessary purification steps. Thus, with in situ radi-
olabelling, click chemistry can rapidly provide a set of com-
pounds for preliminary in vitro screening and assessment.


As proof of the value of this one-pot procedure, we aimed
to synthesise, radiolabel and assess in vitro a set of novel
99mTc(CO)3-thymidine complexes, in order to identify the
structural and physico-chemical parameters necessary to
maintain activity towards hTK1. Technetium labelled thymi-
dine analogues have the potential to act as substrates for


Figure 1. ORTEP-3[22] representations of the neutral complex
A) [Re(CO)3L2], the complex anion B) [Re(CO)3L3]� and the complex
cation C) [Re(CO)3L6]+ , with thermal ellipsoids shown at 50% probabil-
ity. Hydrogen atoms are omitted for clarity. Selected bond lengths [N]
and angles [8]: [Re(CO)3L2] Re(1)�C(1) 1.919(3), Re(1)�C(2) 1.912(2),
Re(1)�C(3) 1.897(3), Re(1)�N(3) 2.1511(18), Re(1)�N(4) 2.2290(17),
Re(1)�O(5) 2.1405(16), C(1)�Re(1)�N(3) 171.96(8), C(3)�Re(1)�N(3)
92.75(9), C(2)�Re(1)�N(4) 170.28(9), N(3)�Re(1)�N(4) 76.53(7), C(3)�
Re(1)�O(5) 174.60(8), C(2)�Re(1)�O(5) 94.17(8), N(3)�Re(1)�O(5)
82.46(7); [Re(CO)3L3]NEt4 Re(1)�C(1) 1.905(3), Re(1)�C(2) 1.906(3),
Re(1)�C(3) 1.898(3), Re(1)�O(5) 2.118(2), Re(1)�O(7) 2.1383(18),
Re(1)�N(3) 2.199(2), C(1)�Re(1)�N(3) 176.12(11), C(3)�Re(1)�N(3)
94.34(10), C(2)�Re(1)�O(5) 175.96(10), N(3)�Re(1)�O(5) 84.87(8),
C(3)�Re(1)�O(7) 174.75(10), C(2)�Re(1)�O(7) 96.29(9), N(3)�Re(1)�
O(7) 83.06(8); [Re(CO)3L6]Br Re(1)�C(1) 1.909(2), Re(1)�C(2)
1.932(2), Re(1)�C(3) 1.936(2), Re(1)�N(3) 2.1799(16), Re(1)�N(4)
2.2074(17), Re(1)�S(1) 2.4753(5), C(1)�Re(1)�N(3) 172.28(8), C(3)�
Re(1)�N(3) 93.59(8), C(2)�Re(1)�N(4) 177.83(7), N(3)�Re(1)�N(4)
84.16(6), C(3)�Re(1)�S(1) 170.94(6), C(2)�Re(1)�S(1) 97.17(6), N(3)�
Re(1)�S(1) 78.23(4).
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human cytosolic thymidine kinase (hTK1) and therefore as
markers for cancer cell proliferation, since hTK1 shows a
higher than normal expression in a wide variety of cancer
cells.[24] However, for unknown reasons no Tc/Re-labelled
thymidine derivates tested to date have shown substrate ac-
tivity.[25] It is known that modification of thymidine at posi-
tion N3 of the pyrimidine base does not necessarily affect its
ability to act as a substrate for hTK1. Therefore we synthe-
ACHTUNGTRENNUNGsised N3 functionalised azido thymidine (dT-N3)
(Scheme 4). The synthesis is straightforward and can be


readily accomplished in four steps from commercially avail-
able thymidine. The 3’ and 5’ hydroxyl groups were protect-
ed with tert-butyldimethylsilyl groups,[26] to allow selective
alkylation at the N3 position with 1,2-dibromoethane and to
simplify purification. The azido compound is formed via nu-
cleophilic substitution of the bromide with excess sodium
azide, followed by removal of the silyl protecting groups
with tetra ACHTUNGTRENNUNGbutylammonium fluoride.


Based on the labelling profiles of the model ligands with
[99mTc ACHTUNGTRENNUNG(H2O)3(CO)3]


+ , four alkynes (1, 2, 4, 6) were selected
for reaction with the azido-thymidine derivative. Stock solu-
tions of each of the four alkynes were prepared in water (1,
2) or methanol (4, 6), along with aqueous solutions (0.01m)


of dT-N3, copper(II) acetate and sodium ascorbate. The
click reaction was performed on a 100 mL scale with one
equivalent of the relevant alkyne, 1.2 equivalents of dT-N3


(0.2 mg), 0.2 equivalents of sodium ascorbate and 0.1 equiv-
alents of copper(II) acetate. The reaction mixtures were
heated at 65 8C for 60 minutes, after which time product for-
mation was confirmed by mass spectroscopy and HPLC.
The precursor [99mTc ACHTUNGTRENNUNG(H2O)3(CO)3]


+ in PBS buffer (pH 7.4)
was added to the crude click solutions. The reaction mix-
tures were heated again at 100 8C for 60 minutes before
product formation was confirmed by g-HPLC. Labelling of
dT1, dT2, dT4 and dT6 was extremely efficient, with yields
greater than 90% in all cases. The identity of the products
was inferred from the successful labelling of the ligands with


[ReBr3(CO)3]
2�, which was carried out under the same con-


ditions (analysis by MS).
The ability of the thymidine analogues to act as substrates


for hTK1, and the influence of overall charge and/or struc-
ture of the complexes on phosphorylation were investigated
with the technetium labelled compounds as shown schemati-
cally in Figure 2. The complexes were purified by HPLC


and added to a stock solution of ATP, MgCl2 and Tris. Re-
combinant hTK1 was added, and the solutions were incubat-
ed at 37 8C for three hours before being analyzed by HPLC.


The g-HPLC traces of the enzymatic reactions of both
neutral complexes, [99mTc(CO)3dT1] and [99mTc(CO)3dT2],
revealed two distinguishable 99mTc containing complexes
after incubation with hTK1 (Figure 2A). The first complexes
eluted were identified by co-injection of the starting materi-
al as the phosphorylated thymidine analogues
[99mTc(CO)3dT1MP] and [99mTc(CO)3dT2MP]. Phosphory-
lation of the corresponding Re complex [Re(CO)3dT2] to
[Re(CO)3dT2MP] was confirmed by MS analysis. For both
[99mTc(CO)3dT1] and [99mTc(CO)3dT2] 20�5% of the start-
ing material was converted into the mono-phosphate prod-


Scheme 4. Functionalization of thymidine at the N3 position:
a) TBDMSCl, imidazole, DMF, 98% yield, b) BrCH2CH2Br, Cs2CO3,
DMF, 95% yield, c) NaN3, MeCN, 80% yield, d) NBu4F, THF, 96%
yield.


Figure 2. One pot click reaction and in situ radiolabelling of thymidine
analogues: a) 0.1 equiv Cu ACHTUNGTRENNUNG(OAc)2, 0.2 equiv sodium ascorbate, 1 h, 65 8C;
b) [99mTc ACHTUNGTRENNUNG(OH2)3(CO)3]


+ , PBS, 1 h, 100 8C. g-HPLC traces after incuba-
tion of A) [99mTc(CO)3dT2] and B) [99mTc(CO)3dT4]+ with ATP in the
presence of hTK1.
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uct. In contrast neither of the positively charged complexes
showed any phosphorylation by hTK1 under the same con-
ditions (Figure 2B). This suggests that in the case of our or-
ganometallic 99mTc/Re thymidine complexes, overall charge
rather than exact structure is more important in determining
their ability to act as substrates for hTK1. In vitro and in
silico experiments are ongoing in order to quantitatively
assess this phenomenon.


Conclusion


In this work we present an elegant strategy for the synthesis
of 1,2,3-triazole containing ligands in which the 1,2,3-triazole
is an integral part of the metal chelating system, while si-
multaneously coupling them site-specifically to azide con-
taining organic molecules. The “click-to-chelate” approach
represents a significant improvement to classical methods
for the incorporation of metal chelating systems into bio-
molecules, as the reactions are almost quantitative and do
not require protecting group chemistry. The potential of this
strategy was successfully demonstrated by the parallel syn-
thesis of a set of thymidine analogues with different chelat-
ing systems, which could be radiolabelled in situ to form
technetium complexes of different size and overall charge.
Subsequent incubation of the radiolabelled thymidine deriv-
atives with human cytosolic thymidine kinase enabled iden-
tification of the first metal containing substrates ever report-
ed for this enzyme. We have shown that the synthesis and
incorporation of different metal chelating systems and sub-
sequent radiolabelling do not have to be the rate determin-
ing steps in the development of radiopharmaceuticals; by
making functionalization of targeting molecules fast, effi-
cient and predictable, click chemistry could play a crucial
role in the future in expediting the development of potential
SPECT tracers.


Experimental Section


General methods : All reagents and solvents were obtained from commer-
cial sources (Sigma–Aldrich, Alfa Aesar, Bachem) and used as supplied
unless stated otherwise. [Re(Br)3(CO)3] ACHTUNGTRENNUNG[NEt4]2 was prepared according
to the literature procedure.[27] Na ACHTUNGTRENNUNG[99mTcO4] was eluted from a 99Mo/99mTc-
generator (Mallinckrodt–Tyco, Petten) with a 0.9% saline solution.


Reactions were monitored by means of HPLC or by using thin layer
chromatography (TLC) using precoated silica gel 60 F254 aluminium
sheets, and visualised by using UV absorption or stained with solutions of
ninhydrin or KMnO4. HPLC was performed by using a Merck–Hitachi
L-7000 system equipped with an L-7400 tuneable absorption detector
and a Berthold LB 506 B radiometric detector. Analytical HPLC was
performed by using either an XTerraO column (MSC18, 5 mm, 4.6K
150 mm, Waters) or a NucleosilO 5 C18 column (5 mm, 4.6K250 mm, Ma-
cherey-Nagel). Two HPLC solvent systems were used. System I used
aqueous triethylammonium phosphate buffer (0.05m), pH 2.25 (solvent
A), methanol (solvent B), and a gradient as follows: 0 to 15 min, 95% A
to 20% A, 1 mL/min; 15 to 20 min 100% A, 1 mL/min. System II used
water with 0.1% trifluoroacetic acid (solvent A), acetonitrile (solvent B)
and a gradient as follows: 0 to 20 min, 97% A to 0% A, 1 mL/min; 20 to
22 min, 0% A to 97% A, 1 mL/min; 22 to 25 min, 97% A, 1 mL/min.


Sep-PakO columns (Waters) were washed with methanol and water prior
to use.


Infrared spectra were recorded on a Perkin–Elmer Spectrum BX II FT-
IR, with a Pike MIRacle(TM) ATR accessory. Nuclear magnetic reso-
nance spectra were recorded with a 300 MHz Varian Gemini 2000 spec-
trometer with solvent signals as an internal standard. Chemical shifts (d)
are reported in parts per million (ppm) relative to tetramethylsilane
(0.00 ppm). Values of the coupling constant, J, are given in Hertz (Hz).
The following abbreviations are used for the description of 1H NMR
spectra: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m),
doublet of doublets (dd), broad singlet (bs). The chemical shifts of com-
plex multiplets are given as the range of their occurrence. Low resolution
mass spectra (MS) were recorded with an LCT Premier ESI-TOF instru-
ment from Waters, using either the negative or positive ionization mode.
High resolution mass spectra (HR-MS) were recorded with a Bruker
FTMS 4.7T BioAPEXII (ESI).


CAUTION : 99mTc is a g-emitter (140 keV) with a half-life of 6.01 h. All
reactions involving 99mTc were performed in a laboratory approved for
the handling of radioisotopes, and normal safety procedures were fol-
lowed at all times to prevent radioactive contamination.


N-Propargyl-glycine methyl ester (2a): Propargyl amine (1.5 mL,
23 mmol), methyl bromoacetate (3.3 mL, 35 mmol) and triethylamine
(4.9 mL, 35 mmol) were stirred in MeCN (75 mL) at 50 8C. After 12 h the
solvent was removed, and the residue redissolved in CH2Cl2. The crude
product was purified by column chromatography with CH2Cl2 and
MeOH (4%). The product was isolated as a yellow oil (2.80 g, 94%). IR
ñ=3286, 1737, 1437, 1374, 1201, 1139, 1000, 910, 769, 654 cm�1; 1H NMR
(CDCl3): d=3.74 (s, 3H), 3.52 (s, 2H), 3.48 (d, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H),
2.23 (t, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H), 1.75 ppm (bs, 1H); 13C NMR (CDCl3): d=


172.2, 81.1, 72.0, 51.8, 48.9, 37.5 ppm; MS (ES): m/z : 128.06
[C6H9NO2]H


+ .


N-Propargyl-glycine (2): 2a (105 mg, 0.83 mmol) was dissolved in MeOH
(2 mL) and 2 equivalents of NaOH (1.65 mL, 1m solution) were added.
The mixture was stirred at room temperature for 1 hour and followed by
TLC. When all of the starting material had been consumed, the pH was
decreased to approximately 6 with 1m HCl, and the solvent was removed
under vacuum. The product was purified with a Sep-Pak column. The
fractions containing the product were evaporated and the product isolat-
ed as a white powder (61 mg, 65%). IR ñ =3239, 2992, 2780, 2631, 1633,
1614, 1582, 1408, 1308, 931, 904, 741, 705, 669 cm�1; 1H NMR (D2O): d=


3.99 (d, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 2H), 3.79 (s, 2H), 3.01 ppm (t, 4J ACHTUNGTRENNUNG(H,H)=


2.6 Hz, 1H); 13C NMR (D2O): d =172.3, 79.8, 57.3, 49.5 (MeOH refer-
ence), 46.2, 37.7 ppm; MS (ES): m/z : 114.05 [C5H7NO2]H


+ .


2-Propargyl malonic acid (3): 2-Propargyl malonate dimethyl ester
(200 mg, 1.18 mmol) was dissolved in MeOH (5 mL) and 4 equivalents of
NaOH (4.71 mL, 1m solution) were added. The yellow solution was
stirred at room temperature for 1 hour and followed by TLC. When all
of the starting material had been consumed, the pH was decreased to ap-
proximately 6 with 1m HCl to give a colourless solution. The solvent was
removed under vacuum and the product was purified with a Sep-Pak
column. The fractions containing the product were evaporated under
vacuum to give the product as a white powder (126 mg, 75%). IR ñ=


3274, 1608, 1583, 1439, 1323, 1281, 1175, 62, 851, 668, 628 cm�1; 1H NMR
(D2O): d=3.32 (t, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 1H), 2.60 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.5 Hz, 4J-
ACHTUNGTRENNUNG(H,H)=2.1 Hz, 2H), 2.30 ppm (t, 4J ACHTUNGTRENNUNG(H,H)=2.1 Hz, 1H); 13C NMR
(D2O): d=177.6, 83.7, 70.62, 56.6, 49.5 (MeOH reference), 19.9 ppm; MS
(ES): m/z : 143.04 [C6H6O4]H


+ .


N-Propargyl-pyridine-2-methylamine (4): Propargyl amine (1.29 g,
23.5 mmol) and pyridine-2-carboxaldehyde (0.84 g, 7.9 mmol) were added
to MeOH (40 mL) and stirred at room temperature for 30 min.
NaCNBH3 (0.74 g, 11.8 mmol) was added and the mixture stirred at
room temperature for a further 2 h. The solvent was evaporated, and the
reaction mixture purified by column chromatography with CH2Cl2 and
MeOH (5%). The product was isolated as a dark orange liquid (0.66 g,
57%). IR ñ =3291, 1661, 1594, 1571, 1476, 1435, 1361, 1246, 1151, 1121,
1098, 1050, 1001, 759, 632 cm�1; 1H NMR (CDCl3): d=8.56 (m, 1H), 7.65
(m, 1H), 7.32 (m, 1H), 7.17 (m, 1H), 4.00 (s, 2H), 3.50 (d, 4J ACHTUNGTRENNUNG(H,H)=


2.4 Hz, 2H), 2.24 (t, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 1H), 1.89 ppm (bs, 1H); 13C NMR
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(CDCl3): d=159.3, 149.6, 136.6, 122.6, 122.2, 81.9, 71.8, 53.9, 38.0 ppm;
MS (ES): m/z : 147.08 [C9H10N2]H


+ .


N-Propargyl-thiophene-2-methylamine (5): Propargyl amine (2.17 g,
39.5 mmol) and thiophene-2-carboxaldehyde (1.48 g, 13.2 mmol) were
added to MeOH (65 mL) and stirred at room temperature for 30 min.
NaCNBH3 (1.24 g, 26.3 mmol) was added and the mixture stirred at
room temperature for a further 2 h. The solvent was evaporated, and the
reaction mixture purified by column chromatography with CH2Cl2 and
MeOH (2%). The product was isolated as a yellow liquid (0.87 g, 44%).
IR ñ =3289, 2843, 1607, 1436, 1368, 1331, 1213, 1166, 1097, 1019, 908,
852, 828, 697, 652, 636 cm�1; 1H NMR (CDCl3): d =7.24–7.18 (m, 1H),
6.96–6.90 (m, 2H), 4.04 (s, 2H), 3.40 (d, 4J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H), 1.95 ppm
(bs, 1H); 13C NMR (CDCl3): d=142.8, 126.8, 125.5, 124.9, 81.7, 72.0,
46.7, 37.0 ppm; MS (ES): m/z : 152.05 [C8H9NS]H+ .


S-Propargyl-2-(Boc-amino)ethanethiol (6a): 2-(Boc-amino)ethanethiol
(1.00 mL, 5.92 mmol) and propargyl bromide (0.45 mL, 5.99mmol) were
added to a solution of triethylamine (1.25 mL, 8.99mmol) in MeCN
(50 mL). The reaction mixture was stirred at 50 8C and followed by TLC.
After 2 h the solvent was removed and the reaction mixture purified by
column chromatography with a mixture of hexane and EtOAc (20%) to
give the product as a pale yellow liquid (1.01 g, 80%). IR ñ =3298, 2977,
2930, 2359, 1694, 1508, 1456, 1392, 1366, 1339, 1251, 1163, 1047, 949, 863,
781, 734, 635 cm�1; 1H NMR (CDCl3): d=4.90 (bs, 1H), 3.38 (m, 2H, 3J-
ACHTUNGTRENNUNG(H,H)=6.4 Hz), 3.26 (d, 2H, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz), 2.83 (t, 2H, 3J ACHTUNGTRENNUNG(H,H)=


6.4 Hz), 2.26 ppm (t, 1H, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz); 13C NMR (CDCl3): d=155.9,
99.3, 80.0, 71.6, 32.2, 28.6, 25.2, 19.2 ppm; MS (ES): m/z : 238.07
[C10H17NO2S]Na+ .


S-Propargyl-2-aminoethanethiol (6): 6a (1.12 g, 5.21 mmol) was dissolved
in CH2Cl2/TFA (9:1; 50 mL) and stirred at room temperature overnight.
The solvent was removed and the crude product purified by column chro-
matography with CH2Cl2 and MeOH (9%) to give the TFA salt of the
product as orange oil. The free amine was obtained by dissolving the
TFA salt in 1m sodium hydroxide (10 mL) and extracting into CH2Cl2.
The organic phase was washed twice with water. The aqueous phases
were basified with aqueous NaOH and re-extracted into CH2Cl2. The or-
ganic phases were collected, dried over Na2SO4 and evaporated to give a
pale yellow oil (395 mg, 98%). IR ñ=3280, 2922, 1657, 1602, 1442, 1414,
1331, 1232, 1184, 1125, 1022, 988, 802, 713, 648 cm�1; 1H NMR (CDCl3):
d=3.26 (d, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 2H), 2.96 (t, 3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H), 2.81 (t,
3J ACHTUNGTRENNUNG(H,H)=6.3 Hz, 2H) 2.25 (t, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H), 1.87 (bs, 2H),
1.42 ppm (s, 9H); 13C NMR (CDCl3): d=80.2, 71.3, 40.9, 36.0, 19.1 ppm;
MS (ES): m/z : 116.06 [C5H9NS]H+ .


S-Propargyl-N-Boc-cysteine methyl ester (7a): N-Boc-cysteine methyl
ester (1.5 mL, 7.29 mmol) was dissolved in DMF (15 mL). Cs2CO3


(2.38 g, 7.30 mmol) and propargyl bromide (0.5 mL, 6.66 mmol) were
added and the mixture was stirred at room temperature and followed by
TLC. After 3 h the reaction mixture was diluted with water (30 mL) and
the product extracted into EtOAc (50 mL). The organic phase was
washed twice with a 1m NaHCO3 solution and dried over Na2SO4. The
crude product was purified by column chromatography with CH2Cl2 and
MeOH (2%) to give a pale yellow solid (1.11 g, 61%). IR ñ=3373, 3258,
2986, 2955, 1743, 1681, 1518, 1436, 1422, 1395, 1370, 1320, 1296, 1250,
1238, 1206, 1165, 1079, 1042, 1020, 979, 876, 860, 829, 783, 745, 719,
690 cm�1; 1H NMR (CDCl3): d=5.35 (d, 1H, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz), 4.60–4.54
(m, 3J ACHTUNGTRENNUNG(H,H)=4.8, 7.4 Hz, 1H), 3.77 (s, 3H), 3.31 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.9, 4J-
ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H), 3.23 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.9, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H),
3.21–3.04 (m, 3J ACHTUNGTRENNUNG(H,H)=4.8 Hz, 2J ACHTUNGTRENNUNG(H,H)=22.7 Hz, 1H), 2.91 (d, 2J-
ACHTUNGTRENNUNG(H,H)=22.7 Hz, 1H), 2.28 (t, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H), 1.44 ppm (s, 9H);
13C NMR (CD3OD): d=171.6, 154.6, 80.3, 79.3, 53.2, 52.7, 33.7, 28.4,
19.9 ppm; MS (ES): m/z : 296.07 [C12H19NO4S]Na+ .


S-Propargyl-cysteine methyl ester (7): 7a (100 mg, 0.45 mmol) was dis-
solved in CH2Cl2/TFA (9:1; 5 mL) and stirred at room temperature over-
night. The solvent was removed and the crude product purified by
column chromatography with CH2Cl2 and MeOH (5%) to give a yellow
solid (50 mg, 92%). IR ñ =2961, 1748, 1668, 1524, 1441, 1330, 1245, 1184,
1133, 839, 799, 722, 648 cm�1; 1H NMR (CD3OD): d =4.35 (dd, 3J ACHTUNGTRENNUNG(H,H)=


4.6, 8.0 Hz, 1H), 3.87 (s, 3H), 3.41 (d, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 2H), 3.36 (dd, 2J-
ACHTUNGTRENNUNG(H,H)=14.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=4.6, 1H), 3.15 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.9 Hz, 3J-


ACHTUNGTRENNUNG(H,H)=8.0 Hz, 1H), 2.74 ppm (t, 4J ACHTUNGTRENNUNG(H,H)=2.6 Hz, 1H); 13C NMR
(CD3OD): d =169.6, 79.6, 73.7, 53.9, 53.1, 32.2, 19.9 ppm; MS (ES): m/z :
174.03 [C7H11NO2S]H


+ .


General procedure A : Cycloaddition reaction between alkynes and
benzyl azide : The alkyne (1 equivalent) and benzyl azide (1 equivalent)
were added to a 1:1 mixture of tBuOH and water to form a 0.1 mm solu-
tion. 0.1 equivalents of Cu ACHTUNGTRENNUNG(OAc)2.H2O and 0.2 equivalents of sodium as-
corbate were added and the mixture stirred at room temperature for
12 h. The product was extracted into EtOAc and washed twice with aque-
ous NaCl. The aqueous phases were re-extracted with EtOAc. The organ-
ic phases were combined, dried over Na2SO4 and evaporated. The prod-
uct was purified by column chromatography with a mixture of CH2Cl2
and MeOH.


N-Boc-2-(1-benzyl-1H-[1,2,3]triazol-4-ylmethyl)-glycine (L1a): As per
general procedure A, with benzyl azide (375 mg, 2.82 mmol) and N(a)-
Boc-L-propargylglycine (600 mg, 2.82 mmol). The crude product was pu-
rified by column chromatography with CH2Cl2 and MeOH (20%) to give
the Boc-protected intermediate as a pale yellow solid (577 mg, 59%). IR
ñ=3359, 2977, 2927, 1691, 1562, 1402, 1051 cm�1; 1H NMR (CD3OD): d=


7.74 (s, 1H), 7.36–7.28 (m, 5H), 5.55 (s, 2H), 4.30 (bs, 1H), 3.27–3.01 (m,
2H), 1.36 ppm (s, 9H); 13C NMR (CD3OD): d=157.6, 136.8, 130.0, 129.5,
129.0, 124.8, 80.4, 62.7, 54.9, 30.2, 28.7 ppm; MS (ES): m/z : 347.05
[C17H22N4O4]H


+ .


2-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-glycine (L1): L1a (577 mg,
1.67 mmol) was dissolved in CH2Cl2/TFA (9:1; 100 mL) and stirred at
room temperature overnight. The solvent was removed under reduced
pressure and the residue redissolved in MeOH. After several dissolutions,
followed by removal of the solvent, the product precipitated from MeOH
as a grey powder. The precipitate was collected and dried under vacuum
(258 mg, 63%). IR ñ=3130, 2930, 2859, 1674, 1592, 1198, 1137, 718 cm�1;
1H NMR (D2O/DCl): d =7.96 (s, 1H), 7.40–7.25 (m, 5H), 5.56 (s, 2H),
4.36 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz), 3.37 ppm (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=6.2 Hz);
13C NMR (D2O/DCl): d =170.4, 140.6, 134.4, 129.1, 128.8, 128.1, 125.4,
116.1, 54.2, 52.2, 25.3 ppm; HR-MS (ES): m/z : 247.1185 [C12H14N4O2]H


+


(calcd. 247.1195).


N-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-glycine methyl ester L2a : As
per general procedure A, with benzyl azide (108 mg, 0.87 mmol) and 2a
(110 mg, 0.81 mmol). The crude product was purified by column chroma-
tography with CH2Cl2 and MeOH (5%). The product was isolated as a
yellow oil (120 mg, 57%). IR ñ=2952, 1737, 1497, 1456, 1436, 1354, 1331,
1214, 1138, 1078, 1049, 1028, 1002, 801, 720, 197, 670 cm�1; 1H NMR
(CD3OD): d=7.87 (s, 1H), 7.36–7.34 (m, 4H), 5.58 (s, 2H), 3.87 (s, 2H),
3.68 (s, 3H), 3.41 ppm (s, 2H). 13C NMR (CDCl3): d=172.4, 146.6, 134.7,
129.1, 128.7, 128.1, 121.8, 54.1, 51.9, 49.9, 44.2 ppm; MS (ES): m/z : 261.40
[C13H16N4O2]H


+ .


N-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-glycine (L2): L2a (110 mg,
0.42 mmol) was dissolved in a 1:1 mixture of MeOH and water (4 mL)
and 2 equivalents of NaOH (34 mg, 0.85 mmol) were added. The mixture
was stirred at room temperature for 2 h and followed by TLC. When all
of the starting material had been consumed, the pH was decreased to ap-
proximately 6 with 1m HCl. The white solid which precipitated was col-
lected by filtration and dried under vacuum (61 mg, 60%). IR ñ =2853,
2780, 1586, 1557, 1495, 1440, 1397, 1320, 1206, 1122, 1078, 1057, 1018,
906, 862, 842, 718, 692, 669 cm�1; 1H NMR (CD3OD): d=7.89 (s, 1H),
7.39–7.31 (m, 4H), 5.59 (s, 2H), 3.84 (s, 2H), 3.16 ppm (s, 2H); 13C NMR
(D2O/DCl): d =168.3, 137.3, 134.3, 129.0, 128.7, 128.0, 126.6, 54.2, 46.4,
41.2 ppm; MS (ES): m/z : 247.11 [C12H14N4O2]H


+ .


(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-malonate dimethyl ester (L3a):
As per general procedure A, with benzyl azide (299mg, 2.25 mmol) and
2-propargyl malonate dimethyl ester (382 mg, 2.25 mmol). The crude
product was purified by column chromatography with CH2Cl2 and
MeOH (5%). The methyl ester protected product was isolated as a
yellow oil (608 mg, 89%). IR ñ=1743, 1728, 1457, 1436, 1325, 1271, 1238,
1219, 1193, 1175, 1148, 1094, 964, 858, 717, 698, 660 cm�1; 1H NMR
(CD3OD): d=7.75 (s, 1H), 7.42–7.22 (m, 5H), 5.57 (s, 2H), 3.67 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.8 Hz, 1H), 3.26 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 2H); 13C NMR
(CD3OD): d =170.4, 145.5, 136.9, 129.9, 129.5, 128.9, 124.2, 54.8, 53.0,
52.6, 30.7 ppm; MS (ES): m/z : 304.10 [C15H17N3O4]H


+.
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(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-malonic acid (L3): L3a (500 mg,
1.65 mmol) was dissolved in a 1:1 mixture of MeOH and water and 4
equivalents of NaOH (264 mg, 6.60 mmol) were added. The mixture was
stirred at room temperature and followed by TLC. After 2 h, the pH was
decreased to approximately 6 with 1m HCl and the solvent removed
under vacuum. The product was purified with a Sep-Pak column. The
fractions containing the product were evaporated and dried under
vacuum to give a white crystalline solid (286 mg, 63%). IR ñ =2981,
1976, 1731, 1720, 1558, 1431, 1272, 1231, 1174, 1074, 952, 854, 716, 698,
667, 646 cm�1; 1H NMR (CD3OD): d=7.74 (s, 1H), 7.39–7.25 (m, 4H),
5.55 (s, 1H), 3.73 (t, 1H, 3J ACHTUNGTRENNUNG(H,H)=7.7 Hz), 3.22 ppm (d, 2H, 3J ACHTUNGTRENNUNG(H,H)=


7.7 Hz); 13C NMR (CD3OD): d=172.0, 136.8, 130.0, 129.5, 128.9, 124.3,
54.8, 53.0, 26.0 ppm; MS (ES): m/z : 276.06 [C13H13N3O4]H


+ .


N-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-pyridine-2-methylamine (L4):
As per general procedure A, with benzyl azide (182 mg, 1.4 mmol) and 4
(200 mg, 1.4 mmol). The crude product was purified by column chroma-
tography with CH2Cl2 and MeOH (10%) to give a brown oil (253 mg,
66%). IR ñ =2926, 1591, 1570, 1456, 1434, 1329, 1219, 1127, 1049, 1029,
994, 759, 720 cm�1; 1H NMR (CDCl3): d =8.49 (m, 1H), 7.58 (m, 1H),
7.37 (s, 1H), 7.34–7.29 (m, 3H), 7.20–7.23 (m, 3H), 7.10 (m, 1H), 5.45 (s,
2H), 3.89 (s, 4H), 1.79 ppm (bs, 1H); 13C NMR (CDCl3): d=149.3, 136.6,
129.1, 128.7, 128.2, 122.5, 122.1, 121.8, 54.4, 54.1, 44.3 ppm. HR-MS (ES):
m/z : 280.1562 [C16H17N5]H


+ (calcd. 280.1557).


N-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-thiophene-2-methylamine
(L5): As per general procedure A, with benzyl azide (138 mg, 1.0 mmol)
and 5 (157 mg, 1.0 mmol). The crude product was purified by column
chromatography with CH2Cl2 and MeOH (3%) to give a yellow oil
(131 mg, 46%). IR ñ =2963, 1670, 1497, 1455, 1330, 1260, 1218, 1096,
1047, 798, 695 cm�1; 1H NMR (CDCl3): d =7.38–7.36 (m, 4H), 7.29–7.25
(m, 2H), 7.21–7.19 (m, 1H), 6.95–6.91 (m, 2H), 5.51 (s, 2H), 4.01 (s, 2H),
3.92 (s, 2H), 1.57 ppm (bs, 1H); 13C NMR (CDCl3): d=ppm. HR-MS
(ES): m/z : 285.1171 [C15H16N4S]H


+ (calcd. 285.1168).


S-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-2-(Boc-amino)ethanethiol
(L6a): As per general procedure A, with benzyl azide (346 mg,
2.60 mmol) and 6a (560 mg, 2.60 mmol). The crude product was purified
by column chromatography with CH2Cl2 and MeOH (5%) to give a
yellow oil (560 mg, 62%). IR ñ=2976, 1698, 1508, 1456, 1391, 1365, 1341,
1270, 1250, 1165, 1048, 1029, 951, 743, 709 cm�1; 1H NMR (CDCl3): d=


7.44 (s, 1H), 7.40–7.25 (m, 5H), 5.50 (s, 2H), 4.95 (bs, 1H), 3.79 (s, 2H),
3.30 (m, 3J ACHTUNGTRENNUNG(H,H)=6.6, 6.1 Hz, 2H), 2.63 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H),
1.43 ppm (s, 9H); 13C NMR (CDCl3): d =129.3, 128.9, 128.2, 121.9, 54.4,
39.6, 31.9, 28.5, 25.8 ppm; MS (ES): m/z : 349.50 [C17H24N4O2S]H


+ .


S-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-2-(amino)ethanethiol (L6):
L6a (460 mg, 1.32 mmol) was dissolved in CH2Cl2/TFA (9:1; 13 mL) and
stirred at room temperature overnight. The solvent was removed and the
crude product purified by column chromatography with CH2Cl2 and
MeOH (10%) to give a yellow oil (248 mg, 85%). IR ñ =3036, 1673,
1457, 1434, 1200, 1179, 1129, 1057, 837.8, 799, 722 cm�1; 1H NMR
(CDCl3): d =7.40 (s, 1H), 7.35–7.22 (m, 5H), 5.45 (s, 2H), 3.75 (s, 2H),
3.20 (t, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 2H), 2.86 (t, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 2H), 2.27 ppm
(bs, 2H); 13C NMR (CDCl3): d=162.8, 145.2, 134.4, 129.2, 128.9, 128.2,
122.5, 54.3, 38.8, 28.8, 25.4 ppm; HR-MS (ES): m/z : 271.0983
[C12H16N4S]Na+ (calcd. 271.0988).


N-Boc-S-(1-benzyl-1H-[1,2,3]triazol-4-ylmethyl)-cysteine methyl ester
(L7a): As per general procedure A, with benzyl azide (202 mg,
1.52 mmol) and 7a (419 mg, 1.52 mmol). The crude product was purified
by column chromatography with CH2Cl2 and MeOH (5%) to give a pale
yellow solid (544 mg, 88%). IR ñ=3388, 3130, 2980, 2932, 2097, 1764,
1685, 1513, 1462, 1436, 1413, 1394, 1370, 1347, 1318, 1285, 1257, 1216,
1169, 1150, 1062, 1052, 1025, 989, 889, 862, 817, 783, 755, 732, 716,
695 cm�1; 1H NMR (CDCl3): d=7.41 (s, 1H), 7.40–7.26 (m, 5H), 5.51 (s,
2H), 5.41–5.36 (s, 1H), 4.55–4.51 (s, 1H), 3.80 (s, 2H), 3.73 (s, 3H), 2.98
(dd, 2J ACHTUNGTRENNUNG(H,H)=13.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=5.1 Hz, 1H), 2.90 (dd, 2J ACHTUNGTRENNUNG(H,H)=


13.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 1H),1.43 ppm (s, 9H); 13C NMR (CDCl3): d=


171.4, 145.3, 134.5, 129.2, 129.0, 128.2, 122.0, 54.4, 53.5, 52.7, 34.2, 28.5,
26.9 ppm; MS (ES): m/z : 408.12 [C19H26N4O4S]H


+ .


S-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-cysteine methyl ester (L7):
L7a (400 mg, 0.98 mmol) was dissolved in CH2Cl2/TFA (9:1; 10 mL) and


stirred at room temperature overnight. The solvent was removed and the
crude product redissolved in CH2Cl2. The product precipitated as a white
solid, which was washed well with CH2Cl2 and dried under vacuum
(240 mg, 79%). IR ñ =3081, 2954, 2029, 1743, 1660, 1525, 1455, 1436,
1330, 1268, 1248, 1179, 1135, 1086, 1052, 986, 900, 869, 833, 802, 748, 721,
712, 700, 641 cm�1; 1H NMR (CD3OD): d=7.91 (s, 1H), 7.47–7.29 (m,
5H), 5.59 (s, 2H), 4.32 (dd, 3 J ACHTUNGTRENNUNG(H,H)=8.1, 4.5 Hz), 3.92 (d, 2J ACHTUNGTRENNUNG(H,H)=


14.8 Hz, 1H), 3.86 (d, 2J ACHTUNGTRENNUNG(H,H)=14.8 Hz, 1H), 3.81 (s, 3H), 3.17 (dd, 2J-
ACHTUNGTRENNUNG(H,H)=14.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=4.5 Hz, 1H), 3.00 ppm (dd, 2J ACHTUNGTRENNUNG(H,H)=14.9 Hz,
3J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 1H); 13C NMR (CD3OD): d=169.7, 146.0, 136.7, 130.1,
129.7, 129.2, 124.3, 55.1, 53.9, 53.3, 32.8, 26.7 ppm; HR-MS (ES): m/z :
307.1219 [C14H18N4O2S]H


+ (calcd. 307.1223).


S-(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-cysteine (L7b): L7 (209 mg,
0.68 mmol) was dissolved in a 1:1 mixture of MeOH and water (5 mL)
and 2 equivalents of NaOH (54 mg, 1.36 mmol) were added. The mixture
was stirred at room temperature for 2 h and followed by TLC. When all
of the starting material had been consumed, the pH was decreased to ap-
proximately 6 with 1m HCl. The white precipitate was collected by filtra-
tion and dried under vacuum (94 mg, 47%). IR ñ =3060, 1579, 1483,
1413, 1394, 1341, 1302, 1265, 1245, 1212, 1199, 1128, 1104, 1060, 1029,
961, 908, 896, 856, 787, 764, 727, 705, 643, 617 cm�1; 1H NMR (D2O): d=


7.88 (s, 1H), 7.38–7.25 (m, 5H), 5.51 (s, 2H), 3.74 (s, 2H), 3.25 (dt, 3J-
ACHTUNGTRENNUNG(H,H)=5.3, 6.9 Hz, 1H), 2.69 (dd, 2J ACHTUNGTRENNUNG(H,H)=27.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=5.3 Hz,
1H), 2.60 ppm (dd, 2J ACHTUNGTRENNUNG(H,H)=27.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=6.9 Hz, 1H); MS (ES):
m/z : 293.06 [C13H16N4O2S]H


+ .


General procedure B : Re(CO)3 complex formation : One equivalent of
the ligand and one equivalent of [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 were added to a
1:1 mixture of methanol and water to form a 0.1 mm solution and stirred
at 65 8C. The reaction was followed by HPLC. After 3 h all of the starting
material had been consumed. The solvent was removed under reduced
pressure, and the residue redissolved in water. The product was purified
with a Sep-Pak column and eluted with a 1:2 ratio of water to methanol.
The fractions containing the product were combined and the solvent re-
moved under reduced pressure to give [Re(CO)3L] as a white powder.


[Re(CO)3L1]: As per general procedure B, with L1 (9.5 mg, 0.04 mmol)
and [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 (27 mg, 0.04 mmol). [Re(CO)3L1] was isolated
as a white powder (15 mg, 82%). IR ñ=2923, 2022, 1902, 1867, 1633,
1074, 734 cm�1; 1H NMR (CD3OD): d=7.97 (s, 1H), 7.49–7.33 (m, 5H),
5.88 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.8 Hz, 2J ACHTUNGTRENNUNG(H,H)=11.2 Hz, 1H), 5.64 (s, 2H), 5.20 (d
2J ACHTUNGTRENNUNG(H,H)=11.2 Hz, 1H), 4.14–4.04 (m, 1H), 3.36–3.29 (m, 1H), 3.22 ppm
(dd, 2J ACHTUNGTRENNUNG(H,H)=17.7, 3J ACHTUNGTRENNUNG(H,H)=4.0 Hz, 1H); 13C NMR (CD3OD): d=


198.3, 197.5, 196.7, 184.7, 144.1, 135.4, 130.2, 130.1, 129.6, 126.4, 56.0,
52.7, 27.5 ppm; HR MS (ES): m/z : 515.0370 [C15H12N4O5Re]�(calcd.
515.0371); elemental analysis (%) calcd. for C15H13N4O5Re: C 34.95, H
2.54, N 10.87; found: C 34.52, H 2.72, N 10.59.


[Re(CO)3L2]: L2 (50 mg, 0.20 mmol) and [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 (157 mg,
0.20 mmol) were dissolved in a 1:1 mixture of methanol and water
(18 mL) and stirred at 65 8C for 3 h. HPLC analysis confirmed comple-
tion of the reaction. The solvent was removed under reduced pressure,
and the residue redissolved in methanol. The white precipitate was col-
lected by filtration, washed well with methanol and CH2Cl2 and dried
under vacuum (80 mg, 78%). IR ñ=2021, 1921, 1893, 1864, 1658, 1615,
1363, 1343, 1128, 898, 764, 726, 717, 653, 644 cm�1; 1H NMR
([D6]DMSO): d=8.41 (s, 1H), 7.45–7.37 (m, 4H), 7.35–7.31 (m, 1H),
5.75 (s, 2H), 4.25 (d, 2J ACHTUNGTRENNUNG(H,H)=16.2 Hz, 1H), 4.17 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.2 Hz,
3J ACHTUNGTRENNUNG(H,H)=4.8 Hz, 1H), 3.55 (dd, 2J ACHTUNGTRENNUNG(H,H)=16.9 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.7 Hz,
1H), 3.26 ppm (d, 2J ACHTUNGTRENNUNG(H,H)=16.9 Hz, 1H); 13C NMR ([D6]DMSO): d=


197.5, 197.0, 196.8, 179.2, 148.7, 134.5, 129.0, 128.7, 128.4, 123.6, 55.0,
54.3, 51.9 ppm; MS (ES): m/z : 517.03 [C15H13N4O5Re]H+ ; elemental anal-
ysis (%) calcd. for C15H13N4O5Re: C 34.95, H 2.54, N 10.87; found: C
34.91, H 2.54, N 10.73. Crystals suitable for X-ray diffraction were ob-
tained by diffusion of hexane into a solution of the complex in EtOH.


[Re(CO)3L3]NEt4 : (36 mg, 0.13 mmol) was dissolved in a 1:1 mixture of
methanol and water (13 mL). The solution was neutralised with aqueous
NEt4OH. [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 (100 mg, 0.13 mmol) was added and the
mixture stirred at 65 8C for 3 h. HPLC analysis confirmed the completion
of the reaction. The solvent was removed under reduced pressure, and
the residue redissolved in water. The crude product was purified with a
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Sep-Pak column and eluted with a 1:2 ratio of water to methanol. The
fractions containing the product were combined and the solvent removed
under reduced pressure to give [Re(CO)3L3]NEt4 as a white powder
(50 mg, 57%). IR ñ =3386, 2020, 1885, 1609, 1582, 1434, 1417, 1393, 1297,
1162, 1026, 1001, 900, 729, 698 cm�1; 1H NMR (CD3OD): d =7.95 (s, 1H),
7.41–7.38 (m, 4H), 5.64 (s, 2H), 3.54 (t, 3J ACHTUNGTRENNUNG(H,H)=4.6 Hz, 1H), 3.35 (d, 3J-
ACHTUNGTRENNUNG(H,H)=4.6 Hz, 2H), 3.32–3.25 (m, 8H), 1.31–1.25 ppm (m, 12H);
13C NMR (CD3OD): d =7.6, 27.0, 53.3, 55.9, 126.9, 129.6, 130.1, 130.2,
135.6, 147.3, 179.9, 197.8, 198.4 ppm; HR-MS (ES): m/z : 544.0739
[C16H11N3O7Re]�(calcd. 544.0160); elemental analysis (%) calcd. for
C24H31N4O7Re: C 42.79, H 4.64, N 8.32; found: C 41.31, H 4.99, N 8.00.


[Re(CO)3L4]Br : As per general procedure B, with L4 (35 mg,
0.13 mmol) and [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 (97 mg, 0.13 mmol). The reaction
was carried out in methanol. [Re(CO)3L4]Br was isolated as a white
powder (51 mg, 65%). IR ñ =3014, 2873, 2023, 1906, 1494, 1447, 1154,
1112, 1052, 1044, 888, 772, 732, 696, 637, 626 cm�1; 1H NMR (CD3OD):
d=8.77 (m, 4J ACHTUNGTRENNUNG(H,H)=5.6 Hz, 1H), 7.99 (s, 1H), 7.93 (m, 4J ACHTUNGTRENNUNG(H,H)=


7.8 Hz, 3J ACHTUNGTRENNUNG(H,H)=1.5 Hz, 1H), 7.57 (d, 4J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H), 7.36–7.31
(m, 4H), 7.12–7.09 (m, 2H), 5.60 (d, 2J ACHTUNGTRENNUNG(H,H)=14.8 Hz, 1H), 5.53 (d, 2J-
ACHTUNGTRENNUNG(H,H)=14.8 Hz, 1H), 4.75 (d, 2J ACHTUNGTRENNUNG(H,H)=17.0 Hz, 1H), 4.66 (d, 2J ACHTUNGTRENNUNG(H,H)=


17.0 Hz, 1H) 4.48 (d, 2J ACHTUNGTRENNUNG(H,H)=16.6 Hz, 1H), 4.33 ppm (d, 2J ACHTUNGTRENNUNG(H,H)=


16.6 Hz, 1H); 13C NMR (CD3OD): d =161.9, 153.3, 150.9, 141.4, 135.5,
130.1, 130.0, 129.0, 124.6, 124.2, 63.8, 56.2, 53.0 ppm (carbonyl carbons
not observed); HR-MS (ES): m/z : 550.0890 [C19H17N5O3Re]+ (calcd.
550.0884); elemental analysis (%) calcd. for C19H17BrN5O3Re: C 36.25, H
2.72, N 11.13; found: C, 36.66, H 2.92, N 10.68.


[Re(CO)3L5]Br : L5 (100 mg, 0.35 mmol) and [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2
(271 mg, 0.35 mmol) were dissolved in methanol (35 mL) and stirred at
65 8C. A precipitate began to form after approximately 1 hour. After 2 h
the reaction mixture was cooled to room temperature and the white pre-
cipitate collected by filtration, washed well with methanol and CH2Cl2
and dried under vacuum (120 mg, 54%). IR ñ=2016, 1913, 1875, 1456,
14334, 1248, 1156, 1138, 1109, 1028, 991, 964, 820, 720, 701, 679, 660, 645,
633 cm�1; 1H NMR ([D6]acetone): d=8.17 (s, 1H), 7.53 (dd, 4J ACHTUNGTRENNUNG(H,H)=


5.1 Hz, 3J ACHTUNGTRENNUNG(H,H)=1.0 Hz, 1H), 7.43–7.39 (m, 5H), 7.34 (dd, 4J ACHTUNGTRENNUNG(H,H)=


3.5 Hz, 3J ACHTUNGTRENNUNG(H,H)=1.0 Hz, 1H), 7.08 (dd, 4J ACHTUNGTRENNUNG(H,H)=5.1, 3.5 Hz, 1H), 5.77
(s, 2H), 4.84–4.76 (m, 2H), 4.59–4.52 (m, 2H) 4.08–4.00 ppm (m, 1H);
13C NMR ([D6]acetone): d=197.7, 196.5, 192.3, 149.3, 139.2, 135.5, 130.3,
129.9, 129.6, 129.2, 128.2, 127.8, 123.3, 55.9, 55.6, 48.4 ppm; HR-MS (ES):
m/z : 555.0489 [C18H16N4O3ReS]+ (calcd. 555.0494); elemental analysis
(%) calcd. for C18H16N4O3ReS: C 34.07, H 2.54, N 8.83; found: C 33.96,
H 2.61, N 8.62.


[Re(CO)3L6]Br : As per general procedure B, with L6 (78 mg,
0.33 mmol) and [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 (242 mg, 0.33 mmol). Analytically
pure [Re(CO)3L6]Br was obtained by washing the Sep-Pak purified
product with CH2Cl2 to remove traces of NEt4Br (65 mg, 40%). 1H NMR
(CD3OD): d=8.18 (s, 1H), 7.45–7.41 (m, 5H), 5.70 (s, 2H), 5.26 (bs,
1H), 4.73 (bs, 1H), 4.43 (d, 2J ACHTUNGTRENNUNG(H,H)=17.0 Hz, 1H), 4.21 (d, 2J ACHTUNGTRENNUNG(H,H)=


17.0 Hz, 1H), 2.98–2.84 (m, 3H), 2.13–2.02 ppm (m, 1H); 13C NMR
(CD3OD): d =194.6, 192.9, 192.6, 151.6, 135.0, 130.3, 130.25, 129.8, 124.8,
56.7, 44.2, 39.1, 34.2 ppm; MS (ES): m/z : 519.05 [C15H16N4O3ReS]+ ; ele-
mental analysis (%) calcd. for C15H16BrN4O3ReS: C 30.10, H 2.69, N
9.36; found: C 30.20, H 2.80, N 9.20. Crystals suitable for X-Ray diffrac-
tion were obtained by slow evaporation of a solution of the complex in
ethanol.


[Re(CO)3L7]Br : As per general procedure B, with L7 (9.5 mg,
0.04 mmol) and [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 (27 mg, 0.04 mmol). The reaction
was carried out in methanol. [Re(CO)3L7]Br was isolated as a white
powder (15 mg, 82%). 1H NMR (CD3OD): d=8.21 (s, 1H), 7.46–7.40
(m, 5H), 5.73 (d, 2J ACHTUNGTRENNUNG(H,H)=14.7 Hz, 1H), 5.68 (d, 2J ACHTUNGTRENNUNG(H,H)=14.7 Hz,
1H), 5.59–5.52 (m, 1H), 5.40–5.35 (m, 1H), 4.55 (d, 2J ACHTUNGTRENNUNG(H,H)=17.3 Hz,
1H), 4.24 (d, 2J ACHTUNGTRENNUNG(H,H)=17.3 Hz, 1H), 3.23–3.07 ppm (m, 3H); 13C NMR
(CD3OD): d=194.2, 192.5, 192.2, 170.9, 151.4, 135.0, 130.3, 130.2, 129.9,
125.0, 58.1, 56.8, 53.6, 39.9, 34.5 ppm; MS (ES): m/z : 577.01
[C17H18N4O5ReS]+ .


[Re(CO)3L7b]Br : As per general procedure B, with L7b (46 mg,
0.16 mmol) and [Re(CO)3Br3] ACHTUNGTRENNUNG[NEt4]2 (121 mg, 0.16 mmol). [Re
(CO)3L7b]Br was isolated as a white powder (51 mg, 58%). Compound


Table 2. Crystal structure parameters.


[Re(CO)3L2] [Re(CO)3L3]NEt4 [Re(CO)3L6]Br


formula C15H13N4O5Re C49H64Cl2N8O14Re2 C15H16BrN4O3ReS
Mr 515.49 1432.38 598.49
size [mm] 0.13K0.13K0.09 0.35K0.22K0.15 0.45K0.17K0.04
description colourless block colourless prism colourless plate
system monoclinic triclinic monoclinic
space group P21/c P1̄ I2/a
a [N] 9.5972(1) 12.8499(15) 20.3718(2)
b [N] 14.2008(2) 15.4486(13) 6.59104(7)
c [N] 24.1727(2) 15.5010(14) 28.9051(4)
a [8] 90 110.452(8) 90
b [8] 91.7106(9) 92.469(8) 105.3580(14)
g [8] 90 105.905(9) 90
V [N3] 3292.98(6) 2739.7(5) 3742.53(7)
Z 8 2 8
1c [gcm


�3] 2.080 1.736 2.124
m ACHTUNGTRENNUNG[mm�1] 7.415 4.582 8.762
F ACHTUNGTRENNUNG(000) 1968 1420 2272
q range [8] 2.56 to 30.51 2.40 to 33.14 2.84 to 36.32
reflections measured 40584 360688 58404
independent reflections 10048 20900 9054
Rint 0.0342 0.0408 0.0469
reflections observed 7409 15711 6991
completeness [%] 99.9 100 100
rel. max. and min. transmission 1.0000 and 0.8493 1.0000 and 0.6207 1.0000 and 0.2186
data/restraints/parameters 10048/0/451 13602/0/684 9054/0/233
goodness of fit on F2 0.895 1.130 1.044
final R indices [I>2s(I)] R1=0.0208, wR2=0.0323 R1=0.0278, wR2=0.0813 R1=0.0260, wR2=0.0635
R indices (all data) R1=0.0374, wR2=0.0338 R1=0.0417, wR2=0.0919 R1=0.0407, wR2=0.0683
residual electron [eN�3] 0.809 and �0.821 3.313 and �1.313 2.082 and �3.612
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A : 1H NMR (CD3OD) d=8.02 (s, 1H), 7.46–7.39 (m, 5H), 5.89 (m, 1H),
5.74 (d, 2J ACHTUNGTRENNUNG(H,H)=14.7 Hz, 1H), 5.66 (d, 2J ACHTUNGTRENNUNG(H,H)=14.7 Hz, 1H), 4.42 (d,
2J ACHTUNGTRENNUNG(H,H)=17.2 Hz, 1H), 4.12 (d, 2J ACHTUNGTRENNUNG(H,H)=17.2 Hz, 1H), 3.90 (m, 1H),
3.47–3.41 (m, 1H), 3.28 (dd, 2J ACHTUNGTRENNUNG(H,H)=13.3 Hz, 3J ACHTUNGTRENNUNG(H,H)=4.8 Hz, 1H),
3.03 ppm (dd, 2J ACHTUNGTRENNUNG(H,H)=13.3 Hz, 3J ACHTUNGTRENNUNG(H,H)=7.4 Hz, 1H); Compound B :
1H NMR (CD3OD) d =8.17 (s, 1H), 7.46–7.39 (m, 5H), 5.70ACHTUNGTRENNUNG(s, 2H), 5.17
(m, 1H), 4.60 (m, 1H), 4.46 (d, 2J ACHTUNGTRENNUNG(H,H)=17.5 Hz, 1H), 4.24 (d, 2J-
ACHTUNGTRENNUNG(H,H)=17.5 Hz, 1H), 3.32–3.31 (m, 1H), 2.88 (dd, 2J ACHTUNGTRENNUNG(H,H)=14.2 Hz, 3J-
ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H), 2.50 ppm (m, 1H); 13C NMR (CD3OD): d =194.9,
193.1, 193.0, 152.1, 150.9, 135.1, 135.0, 130.4, 130.3, 130.2, 129.9, 129.8,
125.3, 124.5, 56.7, 43.0, 41.3, 34.5, 34.1 ppm; MS (ES): m/z : 562.77
[C16H16N4O5ReS]+ ; elemental analysis (%) calcd. for C16H15N4O5ReS: C
34.22, H 2.69, N 9.98; found: C 34.38, H 2.94, N 9.82.


X-ray crystallography : Crystallographic data were collected at 183(2) K
by using an Oxford Diffraction Xcalibur system with a Ruby detector
(MoKa radiation, l =0.7107 N) by using graphite-monochromated radia-
tion. Suitable crystals were covered with oil (Infineum V8512, formerly
known as Paratone N), mounted on top of a glass fibre and immediately
transferred to the diffractometer. The program suite CrysAlisPro was used
for data collection, semi-empirical absorption correction and data reduc-
tion.[28] Structures were solved with direct methods using SIR97[29] and
were refined by full-matrix least-squares methods on F2 with SHELXL-
97.[30] The structures were checked for higher symmetry with the help of
the program Platon.[31] CCDC 680569 ([Re(CO)3L2]), 680568 ([Re-
(CO)3L3]NEt4) and 680570 ([Re(CO)3L6]Br) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. The crystal structure parameters
can be found in Table 2.


Labelling with [99 mTc ACHTUNGTRENNUNG(OH2)3(CO)3]
+ : The precursor [99mTc-


ACHTUNGTRENNUNG(OH2)3(CO)3]
+ was prepared according to the literature procedure.[32]


[99mTcO4]
� (1 mL) in NaCl (0.9%) was added to the IsoLink(TM) kit


(Mallinckrodt–Tyco, Petten, Holland) through a septum. The reaction
was heated for 20 min at 100 8C. The solution was cooled and neutralised
to pH 7.2 with a mixture of HCl (1m) and phosphate buffer (1m, pH 7.4).


Stock solutions (10�2 to 10�7m) of ligands L1–L8 were prepared in PBS,
pH 7.4. A solution of [99mTc(CO)3 ACHTUNGTRENNUNG(OH2)3]


+ (50 mL; �500 MBqmL�1) was
added to the relevant ligand (50 mL) diluted with PBS (400 mL, pH 7.4)
to give final concentrations between 10�3 and 10�8m. The reaction mix-
tures were heated for 60 min at 100 8C. Radiolabelling yields were deter-
mined by HPLC. The identity of the products was confirmed by compari-
son of the g-traces of the 99mTc complexes with the UV traces of the cor-
responding Re complexes.
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Introduction


The genera Providencia, Morganella, and Proteus belong to
a unique Proteeae tribe of Gram-negative bacteria within
the family Enterobacteriaceae. Under favorable conditions,
they cause several types of infections, mainly urinary tract


infections, wound infections, and enteric diseases. Bacteria
of the genus Providencia are associated with diarrhea in
travelers and children, but can be found also in non-diarrhe-
ic stool specimens.[1] The genus Providencia is subdivided
into six species, including P. alcalifaciens, P. rustigianii, P.
stuartii, P. heimbachae, P. rettgeri, and P. vermicola.[2,3] The
existing serological scheme of three Providencia species
used in serotyping of clinical isolates is based on the lipopo-
lysaccharide O-antigens and flagella H-antigens and includes
63 O-serogroups and 30 H-serogroups.[3,4] Serological rela-
tionships are observed between different Providencia strains
as well as between strains of Providencia and Proteus, Mor-
ganella, Escherichia coli, Salmonella, and Shigella.


Lipopolysaccharide (LPS) is the major component of the
outer membrane of the cell wall and is considered as a viru-
lence factor of Gram-negative bacteria, including Providen-
cia.[1] The full LPS molecule is composed of three structural
domains: O-polysaccharide (O-antigen), which is built up of
oligosaccharide repeating units (O-units), a core oligosac-
charide, and lipid A. A number of LPS molecules are
devoid of any O-polysaccharide chain (R-type LPS) and in
others the O-antigen is represented by only one O-unit (SR-
type LPS).


Abstract: A lipopolysaccharide isolated
from an opportunistic pathogen of the
Enterobacteriaceae family Providencia
rustigianii O34 was found to be a mix-
ture of R-, SR-, and S-forms consisting
of a lipid moiety (lipid A) that bears a
core oligosaccharide, a core with one
O-polysaccharide repeating unit at-
tached, and a long-chain O-polysaccha-
ride, respectively. The corresponding
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spray ionization mass spectrometry. As
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At present, 28 unique O-polysaccharide structures from
35 Providencia O-serogroups have been established (see ref-
erence [5] and references therein). Recently, high-resolution
mass spectrometry was successfully employed for screening
of the LPS core oligosaccharides from 29 Providencia
strains, which represents different O-serogroups. A structur-
al variability of the outer core region within the genus was
demonstrated, and core structures in three serogroups have
been determined by NMR spectroscopy.[6,7] However, the
site of the attachment of the O-polysaccharide to the core
and the structure of the biological O-unit, that is, the oligo-
saccharide that is assembled and then polymerized into the
O-polysaccharide in the LPS biosynthesis, are known for
only one Providencia strain.[7]


Herein, we report on the structures of a new O-polysac-
charide and the LPS core of P. rustigianii O34 as well as the
structure of the biological O-unit and the mode of the link-
age between the O-polysaccharide and the core.


Results


The LPS was isolated from dry bacterial cells of P. rustigia-
nii O34 by the phenol–water extraction.[8] Mild acid hydroly-
sis of the LPS cleaved the acid-labile glycosidic linkages of
3-deoxy-d-manno-oct-2-ulosonic acid (Kdo) residues, includ-
ing the linkage between the core and lipid A. The subse-
quent fractionation of the carbohydrate portion by gel-per-
meation chromatography on Sephadex G-50 resulted in a
high-molecular-mass polysaccharide and two oligosaccharide
fractions, which corresponded to a core oligosaccharide
(fraction B) and a core bearing one O-unit (fraction A). The
polysaccharide and the oligosaccharides were derived evi-
dently from the S-, R-, and SR-forms of LPS, respectively.
The fraction-B oligosaccharide has been investigated by us
previously,[6] and the O-polysaccharide and fraction-A oligo-
saccharide were studied in this work.


Structure elucidation of the S-
form LPS-derived O-polysac-
charide : Sugar analysis of the
polysaccharide by using gas–
liquid chromatography (GLC)
of the alditol acetates showed
the presence of fucose (Fuc),
mannose (Man), glucose (Glc),
glucosamine (GlcN), and galac-
tosamine (GalN) in the ratio of
approximately
1.7:1.0:1.1:0.9:0.8, respectively.
In addition, glucuronic acid
(GlcA) was identified by anion-
exchange chromatography by
using a sugar analyzer. The
l configuration of Fuc and the
d configuration of Man, Glc,
and GlcA were determined by


GLC of the acetylated (S)-2-octyl glycosides, whereas the
d configuration of the amino sugars was established by anal-
ysis of the 13C NMR chemical shifts in the polysaccharide by
using known regularities in glycosylation effects.[9,10] GLC–
MS of the partially methylated alditol acetates derived from
the methylated polysaccharide revealed 2-substituted and
3,4-disubstituted Fuc, 2-substituted Man and Glc, terminal
GalN and 3-substituted GlcN.


The 13C NMR spectrum of the polysaccharide (Figure 1)
demonstrated a regular structure. It contained signals for
seven sugar residues, including those for seven anomeric
carbon atoms at d=99.3–104.9 ppm, two nitrogen-bearing
carbon atoms (C2 of GalN and GlcN) at d=50.8 and
55.7 ppm, two CH3�C groups (C6 of Fuc) at d=16.2 and
16.3 ppm, one C�CO2H group (C6 of GlcA) at d=


174.3 ppm, and two N-acetyl groups at d=23.3, 23.8 (both
CH3), 175.3, and 175.7 ppm (both CO). As judged by the ab-
sence of signals for non-anomeric sugar carbons from the
region d=82–88 ppm, all sugar residues are in the pyranose
form.[11] The 1H NMR spectrum of the polysaccharide
showed, amongst other things, signals for seven anomeric
protons at d=4.54–5.27 ppm, two CH3�C groups (6-H of
Fuc) at d=1.22 and 1.33 ppm, and two N-acetyl groups at
d=2.04 and 2.08 ppm.


The 1H and 13C NMR spectra of the polysaccharide were
assigned by using two-dimensional 1H,1H COSY, TOCSY,
NOESY, and H-detected 1H,13C HSQC experiments
(Table 1). The COSY and TOCSY spectra revealed spin-sys-
tems for three sugar residues with the gluco configuration
(GlcAV, Glc X, and GlcN W), three residues with the galac-
to configuration (Fuc T, Fuc Y, and GalN R), and mannose
(Man S). As determined by the J1,2 coupling constants of 7–
8 Hz, all residues with the gluco configuration (V, X, W) are
b-linked, whereas all those with the galacto configuration
characterized by J1,2<4 Hz are a-linked. The a configura-
tion of Man S was inferred by the H5 and C5 chemical
shifts dH =3.89 ppm and dC =74.4 ppm (compare published


Figure 1. 13C NMR spectrum of the O-polysaccharide from P. rustigianii O34. The capital letters refer to the
carbons in the sugar residues that are denoted by letters as shown in Table 1.
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data dH =3.82 and 3.38 ppm,[12] dC =74.2 and 77.4 ppm[10] for
a- and b-mannopyranose, respectively).


Significant downfield displacements of the signals for b-
GlcAV C4, a-Fuc T C3 and C4, a-Man S C2, a-Fuc Y C2,
b-Glc X C2, and b-GlcNAc W C3 (GlcNAc=N-acetylglu-


Table 1. 1H and 13C NMR chemical shifts (d, ppm) of the products from the S- and SR-form of LPS from P. rustigianii O34.[a]


Sugar residue Nucleus 1 2 3 4 5 (5a) 6 (6a,5b) 6b (7a) 7b (8a) 8b


O polysaccharide 1!4)-b-GlcA-(1! V 1H 4.56 3.48 3.67 3.42 3.45
13C 104.9 74.6 74.7 81.4 78.5 174.3


!3,4)-a-l-Fuc-(1! T 1H 4.98 3.95 4.04 4.10 4.44 1.33
13C 99.3 69.6 74.5 81.0 68.8 16.3


a-GalNAc-(1! R 1H 5.16 4.15 3.86 4.03 4.10 3.75 3.75
13C 99.8 50.8 68.6 70.1 72.7 63.0


!2)-a-Man-(1! S 1H 5.20 4.08 3.97 3.80 3.89 3.84 3.84
13C 100.3 77.4 71.0 67.8 74.4 61.7


!2)-a-l-Fuc-(1! Y 1H 5.27 3.93 3.84 3.80 4.33 1.22
13C 99.6 74.7 70.5 73.5 67.8 16.2


!2)-b-Glc-(1! X 1H 4.67 3.48 3.67 3.42 3.45 3.79 3.92
13C 101.1 78.6 78.0 71.5 76.9 61.9


!3)-b-GlcNAc-(1! W 1H 4.54 3.79 3.95 3.51 3.54 3.76 3.95
13C 102.3 55.7 79.3 69.7 76.8 61.9


Fraction-A O-unit-core oligosaccharides 2
b-GlcA-(1! V 1H 4.62 3.47 3.56 3.66 3.87


13C 104.9 74.5 76.1 72.7 77.3 173.8
!3,4)-a-l-Fuc-(1! T 1H 4.98 3.96 4.05 4.13 4.48 1.33


13C 99.4 69.4 75.3 81.5 68.8 16.2
a-GalNAc-(1! R 1H 5.15 4.15 3.89 3.91 3.98


13C 100.0 50.9 68.7 69.8 71.0
!2)-a-Man-(1! S 1H 5.19 4.08 3.99 3.80 3.81


13C 100.4 77.5 70.9 67.3 74.1
!2)-a-l-Fuc-(1! Y 1H 5.24 3.95 3.81 3.79 4.33 1.23


13C 99.8 74.5 70.6 73.4 67.9 16.2
!2)-b-Glc-(1! X 1H 4.68 3.48 3.67 3.38 3.46 3.73 3.93


13C 101.1 78.7 77.8 71.3 76.9 61.7
!3)-b-GlcNAc-(1! W 1H 4.55 3.84 3.96 3.51 3.53 3.76 3.95


13C 102.5 55.9 78.8 69.5 76.8 61.6
a-Glc-(1! I 1H 5.23 3.57 3.81 3.44 3.97


13C 96.7 72.6 74.1 70.5 73.1
a-GlcNAc-(1! J 1H 5.20 4.01 3.85 3.51 3.90


13C 94.2 54.3 72.3 71.0 71.7
!2,4)-a-Glc-(1! M/M’ 1H 5.48/5.63 3.77 4.06 3.68 3.87/3.74


13C 93.1/91.2 75.3/73.7 70.9/71.4 79.3 73.5
!2)-a-Gal-(1! L/L’ 1H 5.79/5.70 3.96/3.91 4.10/3.98 4.06/4.05 4.32/4.43 3.77/3.76 3.77/3.76


13C 96.2 74.5/74.3 68.7/69.2 70.2 71.7/71.3 62.0
!3)-a-Glc-(1! H/H’ 1H 5.32 3.62/3.69 4.07 3.47 3.87


13C 101.4 71.6 77.5 72.2 73.5
b-GalA-(1! K 1H 4.51 3.62 3.78 4.30 4.33


13C 103.8 71.6 73.7 71.0 75.8 175.7
b-Ara4N-(1! Z 1H 5.05 3.79 4.22 3.77 3.86 4.16


13C 99.4 69.2 66.8 53.1 59.3
!7)-a-Hep-(1! G 1H 4.96 4.03 3.85 3.92 3.67 4.30 3.92 4.11


13C 100.7 71.1 72.0 67.4 73.1 68.7 72.9
!3,7)-a-Hep6P-(1! F 1H 5.20 4.42 4.11 4.09 3.84 4.79 3.76 3.85


13C 103.9 70.5 78.9 66.7 72.8 72.6 66.7
!3)-a-Hep4PP-(1! E 1H 5.16 4.03 4.01 4.67 3.78 4.17 3.73 3.78


13C 100.9 71.9 77.9 72.6 72.9 69.6 63.7
!5)-a-anhKdo C 1H [b] 4.64 4.20 4.16 4.27 3.72 3.87


13C [b] 79.6 87.6 78.3 83.7 68.9
EtN on E 1H 4.26 3.36


13C 63.5 41.3
EtN on F 1H 4.22 3.36


13C 63.2 41.3


[a] The data are for the O-polysaccharide 1 and the major fraction-A O-unit-core oligosaccharides 2 with anydrous Kdo at the reducing end and the
PPEtN group at Hep E. The presence of two series of signals for the outer core monosaccharide residues (H/H’, L/L’, and M/M’) reflect heterogeneity
owing to alternation of Glc I and GlcNAc J. All monosaccharides are in the pyranose form and have the d configuration unless otherwise stated. Addi-
tional signals for the N-acetyl groups are at dH =1.95–2.08, dC =22.7–23.8 (CH3), and 175–176 (CO). [b] Signals for H3 and C3 of Kdo in an anhydrous
form (anhKdo) were not seen in the NMR spectra.
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cosamine) to d=81.4, 74.5, 81.0, 77.4, 74.7, 78.6, and
79.3 ppm, respectively, from their positions in the corre-
sponding non-substituted monosaccharides at d=72.69,
70.30, 72.80, 71.69, 69.90, 75.20, and 74.81 ppm,[12] respec-
tively, revealed the glycosylation pattern of the monosac-
charides in the polysaccharide, which is in agreement with
methylation analysis data (see above). The C2–C6 chemical
shifts of a-GalNAc R were similar to those in non-substitut-
ed 2-acetamido-2-deoxy-a-galactopyranose,[12] thus confirm-
ing that this sugar residue occupies the terminal position in
the side chain.


The NOESY spectrum
showed inter-residue cross-
peaks between the anomeric
protons and protons at the link-
age carbons, which, taking into
account the positions of glyco-
sylation of the monosacchar-
ides, could be interpreted as
follows: b-GlcA V H1,a-Fuc T
H4 at d=4.56/4.10 ppm; a-Fuc
T H1,a-Man S H2 at d=4.98/
4.08 ppm; a-Man S H1,a-Fuc Y
H2 at d=5.20/3.93 ppm; a-Fuc
Y H1,b-Glc X H2 at d=5.27/
3.48 ppm; b-Glc X H1,b-
GlcNAc W H3 at d=4.67/
3.95 ppm; b-GlcNAc W H1,b-
GlcA V H4 at d=4.54/
3.42 ppm, and a-GalNAc R H1,
a-Fuc T H3 at d=5.16/
4.04 ppm. These data defined
the monosaccharide sequence
in the branched repeating unit
of the polysaccharide.


A relatively large (by the ab-
solute value) negative b-effect
of glycosylation on C4 of
GlcNAc W (�1.7 ppm) corre-
sponds to the same absolute
configurations of the sugar resi-
dues in the b-d-Glc-(1!3)-b-
GlcNAc disaccharide fragment.
A relatively large positive
a-effect of glycosylation
(+7.7 ppm) on C1 of GalNAc R
is characteristic for different ab-
solute configurations of the mon-
osaccharides in the a-GalNAc-
(1!3)-a-l-Fuc disaccharide frag-
ment. Therefore, both amino
sugars in the polysaccharide have
the d configuration.


The data obtained indicated
that the O-polysaccharide of P.
rustigianii O34 has the structure
1 shown in Figure 2.


Structure elucidation of the SR-form LPS-derived oligosac-
charides : The ESI-FT mass spectrum (Figure 3) showed
that fraction A from P. rustigianii O34 includes several
oligosaccharides, which differ in the presence of Kdo
in regular and anhydrous forms (Dm=18 u), the content
of phosphoethanolamine (PEtN) (Dm=123 u), and alter-
nation of Glc and GlcNAc (Dm=41 u). The same char-
acter of heterogeneity has been reported for
Sug1Hex3HexA1Hep3Kdo1Ara4N1P1PEtN1–2 (Sug=Hex or
HexNAc) core oligosaccharides in fraction B from the same


Figure 2. Structures of the O-polysaccharide 1 and fraction A of the O-unit-core oligosaccharides 2 from P.
rustigianii O34, respectively. All monosaccharides are in the pyranose form and have the d configuration
unless stated otherwise. The outer core monosaccharide residues denoted by nonprimed and primed letters H/
H’, L/L’, and M/M’ enter into the oligosaccharides with Glc I and GlcNAc J (Sug I/J), respectively. Substitu-
tion of Hep4P E with PEtN is non-stoichiometric.


Figure 3. Charge-deconvoluted negative-ion ESI-FTMS of the fraction-A O-unit-core oligosaccharides from P.
rustigianii O34. MHex and MHexNAc are mass peaks for the major compounds that contain Glc I and GlcNAc J
in the outer-core region, respectively (for the structures, see Figure 2). The mass difference of 38 Da reflects
the presence of both acidic forms and K salts of the oligosaccharides. Ir = relative intensity.
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strain reported by us earlier.[6] The intensity of the mass
peaks suggested that the two glycoforms are present in ap-
proximately equal amounts. The molecular mass of each oli-
gosaccharide with anhydrous Kdo and the highest content
of PEtN, 3275.96 and 3316.99 Da (MGlc and MGlcNAc; the cal-
culated masses were 3275.94 and 3316.97 Da, respectively),
was higher than the molecular mass of the corresponding
core oligosaccharide by 1198.42 Da. This difference corre-
sponds to the Glc1Man1Fuc2GlcNAc1GalNAc1GlcA1 hepta-
saccharide O-unit of the Providencia O34-polysaccharide
(calculated molecular mass=1198.41 Da).


Detailed structural analysis of the oligosaccharides was
performed by 1H, 13C, and 31P NMR spectroscopy, including
two-dimensional 1H,1H COSY, TOCSY, NOESY, 1H,13C
HSQC-DEPT, HSQC-TOCSY, 1H,31P HMQC and HMQC-
TOCSY experiments, as described previously,[6,7, 13] and the
computer program PRONTO[14] was used for the assignment
of the spectra. The 1H and 13C NMR chemical shifts
(Table 1) as well as TOCSY, NOESY (Figure 4), and 1H,31P
HMQC correlation patterns for the inner core region (resi-
dues of Kdo C, l-glycero-d-manno-heptose (Hep) E–G,
GalA K, and 4-amino-4-deoxy-l-arabinose (Ara4N) Z)


were essentially the same as in the fraction-B core oligosac-
charides from various Providencia LPSs.[6] Particularly, the
NMR data confirmed the heterogeneity owing to the pres-
ence of Kdo C in multiple forms and a non-stoichiometric
content of PEtN on Hep4P E.


Furthermore, essentially the same NMR patterns were ob-
served also for the outer core region (residues of Glc H/H’,
M/M’ and I, Gal L/L’, and GlcNAc J) of fraction-A oligo-
saccharides from P. rustigianii O34 studied herein and P. rus-
tigianii O14 studied earlier.[7] In agreement with the MS
data (see above), the Glc I and GlcNAc J residues alternate
at position 2 of the Glc M/M’ residue giving rise to two
series of the 1H and 13C NMR signals for the outer core
monosaccharides Glc H/H’, Glc M/M’, and Gal L/L’.


A comparison of the 1H and 13C NMR spectral data of the
O-unit in the fraction-A oligosaccharides and the repeating
unit of the O-polysaccharide (Table 1) indicated that they
have the same structure, including the same configurations
of all glycosidic linkages. The only difference is that the b-
GlcA V residue is terminal in the oligosaccharides and 4-
substituted in the O-polysaccharide. This was determined
from the much lower-field position, owing to the a-effect of


Figure 4. Parts of two-dimensional TOCSY (gray) and NOESY (black) spectra of the fraction-A oligosaccharides from P. rustigianii O34. The corre-
sponding parts of the 1H NMR spectrum are shown along the axes. The capital letters refer to the protons in sugar residues denoted by letters as shown
in Table 1.
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glycosylation, of the C4 signal of this residue at d=81.4 ppm
in the latter case as compared with its position at d=


72.7 ppm in the former case. Accordingly, the b-GlcNAc W
H1,b-GlcA V H4 correlation was observed in the NOESY
spectrum of the O-polysaccharide but not of the fraction-A
oligosaccharide. This finding showed that b-GlcA V is the
last and, hence, b-GlcNAc W is the first monosaccharide of
the biological O-unit. The latter was confirmed by a correla-
tion between b-GlcNAc W 1-H and a-Glc M/M’ 4-H in the
NOESY spectrum (Figure 4), which also defined the site of
the attachment of the O-unit to the core at position 4 of the
a-Glc M/M’ residue. This was confirmed by a significant
downfield displacement of the signal for Glc M/M’ C4 to
d=79.3 ppm from its positions at d=70.71 ppm in the non-
substituted a-Glcp.[12] The same linkage mode between the
O-unit and the core has been reported for the LPS of P. rus-
tigianii O14.[7]


Therefore, the fraction-A oligosaccharides from P. rusti-
gianii O34 have the structures 2, as is shown in Figure 2.


Discussion


P. rustigianii O34, as most other Providencia O-serogroups
studied,[6,7] produce three types of LPS, R-, S-, and SR-type,
which differ in the size and character of the carbohydrate
chain. The R-type LPS contains lipid A and the core without
any O-antigen, whereas in the S- and SR-type LPS, the core
bears either a long-chain O-polysaccharide or one non-poly-
merized O-unit. This feature is characteristic of the O-anti-
gen polymerase (Wzy)-dependent biosynthesis pathway in
which the O-unit is first assembled on a lipid carrier on the
inner surface of the periplasmic membrane and then translo-
cated through the membrane and ligated, before or after
polymerization, to the independently preassembled core–
lipid A moiety.


The O-antigen is a highly variable cell-surface constituent
and its diversity provides the basis for O-serotyping schemes
of Gram-negative bacteria, including Providencia. It is be-
lieved that the existence of many different O-antigen forms
within a species results from intense selection by the host
immune system and bacteriophages and can confer selective
advantage to bacteria for adaptation in their ecological
niche.[15] The O-antigen diversity is introduced at all of the
stages of biosynthesis: before, during, and/or after polymeri-
zation of the O-unit. The size of the O-unit involved in the
Wzy-dependent pathway usually ranges from tri- to hexasac-
charide, but in a few cases is higher, for example, as in P.
rustigianii O34, which has a heptasaccharide repeat. Various
unusual monosaccharides and non-sugar components occur
in many Providencia O-antigens (see reference [5] and refer-
ences therein) but the O34-polysaccharide is devoid of any
of them and is composed only of monosaccharides that are
rather common in bacterial O-antigens, including d-Glc, d-
Man, d-GlcA, d-GlcNAc, d-GalNAc, and l-Fuc.


In most Enterobacteriaceae members studied, the first
monosaccharide of the O-unit, whose transfer to the lipid


carrier initiates the O-antigen biosynthesis, is either GlcNAc
or GalNAc.[16–18] This is also the case in P. rustigianii O34,
which was studied herein and P. rustigianii O14, which was
studied by us earlier.[7] Both of which have b-GlcNAc at the
reducing end of the O-unit. The glycosidic linkage of this
sugar, which connects the single O-unit in the SR-type LPS
and the first O-unit in the S-type LPS to the core, is in the
b form in all known instances. In contrast, the linkage be-
tween the interior units in the long-chain O-antigen can be
any, that is, the same as in the first O-unit or different as in
P. rustigianii O34 and O14, respectively. This is accounted
for by the independent linkage specificities of ligase and O-
antigen polymerase.


The core moiety of enterobacterial LPS, especially the
inner part, which consists of Hep and Kdo, is structurally
more conserved than the O-antigen. The Providencia LPS
has the same inner core as all other family members, but is
distinguished by decoration of Hep E with PPEtN and Hep
F with PEtN. The former has been reported in the LPS core
of Salmonella, E. coli, and some other enteric bacteria of
the so-called Salmonella group.[19] Hep F with PEtN is the
obligatory component of the Proteus LPS core from the
non-Salmonella group[20] in which both PPEtN and PEtN
occupy the same positions on the same Hep residues.
Hence, with respect to the phosphorylation pattern of the
inner core, Providencia shares peculiar features of both the
Salmonella and non-Salmonella-group.


The outer core region may show a limited variability, as in
E. coli, in which five core glycoforms are known[19] for about
200 O-antigen forms. It may even vary to almost the same
extent as the O-antigen, as in Proteus.[20] In Providencia, a
significant outer-core diversity has been revealed by mass
spectrometric screening of fraction-B core oligosaccharides
derived from R-type LPS.[6] However, in the SR-type LPS,
in which the core is substituted with an O-unit, the outer-
core region is reduced when compared with the R-type LPS
and is therefore less variable.[7] Thus, in two Providencia
SR-type LPS studied in detail, P. rustigianii O34 (this work)
and O14,[7] the outer-core region has the same structure, in-
cluding such peculiar feature as alternation of the terminal
Glc and GlcNAc residues. Moreover, the same outer core
composition and, most likely, the same structure is most typ-
ical among the SR-type (and, hence, also the S-type) LPS of
Providencia O-serogroups studied, though other core glyco-
forms evidently exist in this species.[7]


Lipid A was not studied in this work but the full structure
of Providencia lipid A has been established earlier in a P. re-
ttgeri strain.[21] The same structure, including non-stoichio-
metric substitution with hexadecanoic acid, has also been re-
ported for lipid A of Proteus mirabilis,[22] which, together
with Providencia, Morganella, and other Proteus species, be-
longs to the Proteeae tribe. There are numerous other exam-
ples that show that the lipid A structure is conserved within
a genus or even a higher taxon of Gram-negative bacteria,
and it is likely that the P. rustigianii O34 strain studied in
this work shares the lipid A structure with P. rettgeri strain
studied earlier.[21] The structure of the Kdo region of the
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core that is proximal to lipid A consists of an a-2,4-inter-
linked Kdo disaccharide,[19] and the mode of the linkage be-
tween the core and lipid A are highly conserved and are the
same in all members of the Enterobacteriaceae and some
other families. Combining these data together with the O-
polysaccharide and core structures and the mode of the link-
age between the O-antigen and the core established in this
work enable inferring the full long-chain LPS structure of P.
rustigianii O34 shown in Figure 5. Elucidation of the LPS
structure opens the way for experimental studies on contri-
bution of various LPS parts to Providencia virulence.


Experimental Section


Bacterial strains, growth, and isolation of LPS : Providencia rustigia-
nii O34: H� strain Hart obtained from the Hungarian National Collection
of Medical Bacteria (National Institute of Hygiene, Budapest) was culti-


vated under aerobic conditions in tryptic soy broth supplemented with
0.6% yeast extract. The bacterial mass was harvested at the end of the
logarithmic growth phase, centrifuged, washed with distilled water, and
lyophilized. The LPS was isolated in a yield of 9.5% of dry bacterial
weight by the phenol–water extraction[8] followed by dialysis of the ex-
tract without layer separation and freed from insoluble contaminations
by centrifugation. The resultant crude LPS solution was treated with cold
aqueous 50% CCl3CO2H; after centrifugation, the supernatant was dia-
lyzed and freeze dried.


Mild acid degradation of LPS : A portion of the LPS (160 mg) was
heated with 2% AcOH for 2.5 h at 100 8C and a lipid precipitate was re-
moved by centrifugation at 13,000Lg for 20 min. The carbohydrate-con-
taining supernatant was fractionated by GPC on a column (60L2.5 cm)
of Sephadex G-50 (Amersham Biosciences, Sweden) in 0.05m pyridinium
acetate buffer solution (pH 4.5) to give a high-molecular-mass O-polysac-
charide, two oligosaccharide fractions (A and B), and low-molecular-
mass compounds. The yields of the polysaccharide, fractions A and B
were 27, 14.3, and 12% of the lipopolysaccharide weight, respectively.


For MS studies, fraction A was used without further purification. For
NMR spectroscopic studies, it was purified by anion-exchange chroma-
tography on a 5mL HiTrap Q column (Amersham Biosciences, Sweden)


Figure 5. The proposed full structure of the lipopolysaccharide of P. rustigianii O34.
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with a gradient of 0!1m NaCl over 1 h at a flow rate 3 mLmin�1. Desalt-
ing was performed by gel filtration on a column (50L1.6 cm) of Sephadex
G-15.


Chemical methods : For sugar analysis, the polysaccharide was hydrolyzed
with 2m CF3CO2H (120 8C, 2 h), the products were reduced by an excess
of NaBH4 (20 8C, 2 h), acetylated with a 1:1 Ac2O/pyridine mixture
(100 8C, 1 h) and analyzed by GLC on a DB-5 fused-silica capillary
column (25 mL0.25 mm) by using a Hewlett-Packard 5880 instrument
(USA) and a temperature gradient from 160 8C (1 min) to 250 8C at
3 8Cmin�1. Glucuronic acid was identified by using a Biotronic LC-2000
sugar analyzer as described.[23] For determination of the absolute configu-
rations of the monosaccharides, the polysaccharide was either hydrolyzed
with 2m CF3CO2H as above (for neutral sugars) or subjected to metha-
nolysis (1m HCl in methanol, 80 8C, 16 h) (for glucuronic acid). The prod-
ucts were heated with (+)-2-octanol[24] (100 mL) in the presence of
CF3CO2H (15 mL) at 120 8C for 16 h, acetylated, and analyzed by GLC as
described above.


Methylation of the polysaccharide was performed according to the Hako-
mori procedure,[25] the products were recovered by using a Sep-Pak car-
tridge. Partially methylated monosaccharides were derived by hydrolysis
with 2m CF3CO2H, converted into the alditol acetates, and analyzed by
GLC–MS on a Hewlett-Packard 5880 chromatograph (USA) equipped
with a NERMAG R10–10 L mass-spectrometer (France) under the same
chromatographic conditions as used for GLC.


NMR spectroscopy : Samples were freeze dried twice from a 2H2O solu-
tion and dissolved in 99.96% 2H2O with internal acetone (dH =2.225,
dC =31.45) as the reference. NMR spectra of the polysaccharide were re-
corded at 60 8C on a Bruker DRX-500 spectrometer by using a SGI Indy/
Irix 5.3 workstation and xwinnmr software. Mixing times of 150 and
200 ms were used in NOESY and TOCSY experiments, respectively.
Other NMR spectroscopic experimental parameters were essentially as
described previously.[26] NMR spectra of the fraction-A oligosaccharides
were measured at 25 8C on a Varian UNITY/Inova 500 spectrometer
(USA). Mixing times of 120, 300, and 80 ms were used in TOCSY,
NOESY, and HSQC-TOCSY/HMQC-TOCSY experiments, respectively.


Mass spectrometry : Negative-ion ESI-FTMS of the oligosaccharides was
performed by using an APEX II Instrument (Bruker Daltonics, USA)
equipped with a 7 T magnet and an Apollo ion source. Mass spectra
were acquired by using standard experimental sequences as provided by
the manufacturer. Mass scale was calibrated externally with a Re-LPS of
known structure. Samples (�10 ngmL�1) were dissolved in a 50:50:0.001
(v/v/v) mixture of 2-propanol, water, and triethylamine and sprayed at a
flow rate of 2 mLmin�1. Capillary entrance and exit voltage was set to
3.8 kV and �100 V, respectively; the drying gas temperature was 150 8C.
The spectra that showed several charge states for each component were
charge deconvoluted by using Bruker xmass 6.0.0 software, and the mass
numbers given refer to monoisotopic molecular masses.
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Introduction


A non-aqueous sol–gel process has been reported by Kem-
nitz et al.[1] for the preparation of X-ray-amorphous metal
fluorides with high-surface-area and exhibiting very strong
Lewis acidity. In the first step, an incomplete reaction be-
tween a metal alkoxide and hydrofluoric acid takes place in
an organic solvent: M(OR)3+xHF!MFx(OR)3�x+xROH.
Whereas the formation of the M�F bond is thermodynami-
cally favoured when compared to the M�OR bond, the for-
mation of a gel limits the OR/F substitution. After drying
this gel by heating up to 70 8C, a powdered metal alkoxy
fluoride, named dry gel, with the general formula
MFx(OR)3�x·yROH can be obtained. In a second step, a
post-fluorination treatment, using gaseous CFCs or anhy-
drous HF, is performed to replace the remaining alkoxy
groups by fluoride anions and to obtain pure high-surface-
area aluminium fluoride (HS-AlF3).


Abstract: A non-aqueous sol–gel Al-
based fluoride has been subjected to
the microwave solvothermal process.
The final material depends on the tem-
perature heat treatment used. Three
types of material have been prepared:
1) for low temperature heat treatment
(90 8C) X-ray amorphous alkoxy fluo-
ride was obtained; 2) for the highest
temperature used (200 8C) the metasta-
ble form b-AlF3 was obtained with a
very large surface area of 125 m2g�1.
The mechanism of the amorphousQ
crystalline transformation has been ra-
tionalised by the occurrence of a de-
composition reaction of the gel fluoride


induced by the microwave irradiation.
3) Finally, at intermediate temperature
(180 8C) a multi-component material
mixture exhibiting a huge surface area
of 525 m2g�1 has been obtained and
further investigated after mild post-
treatment fluorination using F2 gas.
The resulting aluminium-based fluoride
still possesses a high-surface-area of
330 m2g�1. HRTEM revealed that the


solid is built from large particles
(50 nm) identified as a-AlF3, and small
ones (10 nm), relative to an unidenti-
fied phase. This new high-surface-area
material exhibits strong Lewis acidity
as revealed by pyridine adsorption and
catalytic tests. By comparison with
other materials, it has been shown that
whatever the composition/structure of
the Al-based fluoride materials, the
number of strong Lewis acid sites is re-
lated to the surface area, highlighting
the role of surface reconstruction oc-
curring on a nanoscopic scale on the
formation of the strongest Lewis acid
sites.


Keywords: fluorides · high surface
area · Lewis acids · microwave sol-
vothermal processes · nanostruc-
tures · sol–gel processes
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At every step, those parameters which could have an in-
fluence on the properties of HS-AlF3 have been fully inves-
tigated regarding the surface area and the reactivity proper-
ties of the final solid.[2] Concerning the liquid-phase fluori-
nation step, the authors have pointed out a minor effect on
the final solid properties of parameters such as the sol–gel
synthesis temperature, the concentration, and even the
nature of the alkoxide.


On the other hand, due to the peculiar heating mode[3] re-
sulting from the interaction between the material and the
electric field component, microwave-assisted synthesis has
proved to be a promising new technique.[4] Recently, this mi-
crowave-assisted solvothermal route was successfully ap-
plied to the synthesis of nanosized, crystalline aluminium
hydroxy fluorides.[5]


The present work deals with the transformation under mi-
crowave heating of a fluoride gel obtained through the sol–
gel process previously described. The influence of the tem-
perature heat treatment on the final product will be dis-
cussed. In addition, the morphology and some catalytic
properties of a high-surface-area aluminium fluoride ob-
tained by fluorination of the dry gel using F2 gas is reported.
(Herein, for the sake of simplicity the material is quoted as
“aluminium fluoride” even if it contains traces of
hydroxyls).


Experimental Section


Synthesis procedure : A wet gel, obtained by reacting aluminium isoprop-
oxide dissolved in isopropanol with an anhydrous HF/diethyl ether mix-
ture in the molar concentration ratio CHF/CAl=3, was used as the starting
precursor. Syntheses were conducted inside a microwave digestion
system (MARS 5, CEM Corporation). The microwave procedure consist-
ed of two steps, both in the same system: a heat treatment and a drying
step. The heat treatment was performed in solvothermal conditions, that
is, in a closed system, for one hour. The gel (50 mL) was enclosed in a
PTFE container. The temperature was monitored by an optical fibre and
was regulated by percent increments of the microwave power (300 W,
2.45 GHz frequency). Four different temperatures were used: 90, 130,
180, and 200 8C. The internal pressure was measured by a pressure
sensor. After the heat treatment, the gel was allowed to cool down to
room temperature prior to the drying step. Such a second microwave
treatment was performed at T=90 8C by using a specific device in which
solvents were evaporated through primary vacuum and argon flow. It
should be noted that there is no modification induced on the final com-
pound by the drying conditions. To ascertain this, various drying tempera-
tures were used (50<T<150 8C) and no influence on the final state of
the compound was observed. In the present work, only the influence of
the heat treatment parameters on the final compound properties will be
discussed. Finally, the obtained dry gel, a white powder, was outgassed in
a conventional oven at 200 8C for 4 h under primary vacuum.


Characterisations


X-ray diffraction analysis : Powder X-ray diffraction patterns were record-
ed on a Philips PW1820, PANalytical XRPert diffractometer in a Bragg-
Brentano geometry (q-2q), using CuKa1/a2 radiation (l=1.54051 S).


Textural measurements : N2 adsorption isotherms were recorded at 77 K
on an ASAP 2000 instrument from Micromeritics. The powder sample
ACHTUNGTRENNUNG(~200 mg) was evacuated overnight at 473 K under 0.1 Pa pressure, prior
to N2 adsorption. The total pore volume, Vpore, was calculated from the
volume of nitrogen adsorbed at relative pressure P/P8=0.99. The appar-
ent specific surface area, SBET, was calculated from the BET method ap-


plied in the P/P8 range between 0.03 and 0.25. The pore size distribution
was obtained taking the Barrett–Joyner–Halenda (BJH) algorithm using
the adsorption branch. In Table 1, the mesopore size was taken as the
value at the “top” of the (dV/d logD) plot, in which D is the pore diame-
ter.


Post-fluorination treatment : The sample was placed in a Ni crucible and
was outgassed at 80 8C for 1 h. Undiluted F2 gas was introduced with a
flow of 10 mLmin�1. The temperature was increased to 225 8C and main-
tained for 5 h. At the end of the experiment, unreacted F2 gas was elimi-
nated from the oven by a N2 flow and reacted on soda lime.
High Resolution Transmission Electron Microscopy (HRTEM): HRTEM
was performed on TECNAI F20 equipment with a field emissive gun, op-
erating at 200 kV and with a point resolution of 0.24 nm. TEM samples
were prepared by dispersing a few milligrams of powder in isopropanol.
The dispersion was then immersed for ten minutes in an ultrasonic bath
in order to disagglomerate the powder particles. Finally, one drop was de-
posited on a Formvar/carbon copper grid.


FT-IR spectroscopy : Approximately 20 mg of powder was pressed into a
self-supported disc (2 cm2 area). Transmission IR spectra were recorded
in the 500–5600 cm�1 range with a 4 cm�1 resolution on a Nicolet Nexus
spectrometer. The cell was connected to a vacuum line for the evacuation
and activation steps. Samples were activated at 300 8C for 4 h under
vacuum.


After activation, the acidity of the material was studied by IR spectrosco-
py, with adsorbed pyridine as a spectroscopic probe. Pyridine (Aldrich,
99+ % grade) was dried on molecular sieves prior to use. Introduction of
pyridine was performed at equilibrium pressure (133 Pa) and then evacu-
ated under vacuum at increasing temperatures to remove physisorbed
species.


Catalytic tests : Dismutation of CHClF2 was performed in a continuous-
flow fixed-bed reactor. A mixture of CHClF2:N2 (5:20 mLmin�1) was
passed through the sample. The temperature was increased stepwise and
held at each respective temperature for 20 min. After reaching 99% con-
version, the reactor was cooled down to 50 8C.


The isomerisation of 1,2-dibromohexafluoropropane CBrF2CBrFCF3 was
tested at room temperature. Inside a glove box, the sample (20 mg) was
placed in a flask equipped with a magnetic stirrer. The flask was then
sealed with a rubber septum cap. CBrF2CBrFCF3 (~300 mL) was added
through the septum by using a mL syringe and the mixture was stirred at
ambient temperature for 2 h. The yield of the target product was deduced
by 19F NMR spectroscopy (solvent: CDCl3).


Elemental analysis : Fluorine and aluminium contents were quantified by
the Service Central of Analysis (SCA-CNRS, Vernaison): F titration with
a specific electrode and Al by ICPMS. The carbon content was deter-
mined by the combustion method using LECO CHNS-932 apparatus.


Results and Discussion


Microwave-assisted synthesis


Synthesis features and characterisation of the dry gel : During
the solvothermal step, the synthesis temperature was tuned
at four levels: 90, 130, 180, and 200 8C. Table 2 summarises
the internal pressure measured during the heat treatment.


Table 1. Porosity measurements by N2 isotherm results.


Heating temperature Vpore SBET Pore size
[8C] ACHTUNGTRENNUNG[mLg�1] ACHTUNGTRENNUNG[m2g�1] [nm]


90 0.43 425 4.1
130 0.62 470 5.3
180 0.76 525 7.4
200 0.77 125 �50
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The state of the gel observed after the corresponding treat-
ment is also noted. Based on these observations, it is clear
that the synthesis temperature is a crucial parameter.
Whereas at temperatures below 200 8C the gel state remains,
for T=200 8C a liquid is obtained after reaction, which is in
contrast with the initial gel state of the starting material. It
should be noted that a high pressure is measured under the
latter conditions (see Table 2).


After the final microwave-assisted drying, the nature of
the obtained solid depends on the synthesis temperature.
From the powder X-ray diffraction patterns displayed in
Figure 1, three steps can be distinguished. At 90 and 130 8C,
X-ray amorphous materials are obtained. At 180 8C the crys-


tallisation has started, as revealed by two well-defined X-ray
lines at approximately 2q=25 and 518, which are related to
the main lines of the thermodynamically stable a-AlF3


phase.[6] Several additional broad X-ray peaks, located at 4.7
and 3.1 S and marked by asterisks in Figure 1, were detect-
ed, but no satisfactory indexing could be found using the
JCPDS data files. A derived rutile aluminium oxy fluoride
has been reported[7] and the main X-ray peak of this phase
is close to the peak detected at 3.1 S. These peaks present
large full width at half maximum (FWHM) values compared
to those of a-AlF3, suggesting that this unknown phase con-


sists of smaller particles. Final-
ly, when the reaction tempera-
ture is 200 8C, a very crystal-
line aluminium fluoride is
formed that exhibits the hex-
agonal tungsten bronze type
structure, that is, b-AlF3.


[8]


This evolution of the crystal-
line features can be related to
the increase of the F/Al molar
ratio, as displayed in Table 2.


A slight increase of the fluorine content from 1.5 to 1.7 is
observed when the heat treatment temperature is increased
from 90 to 130 8C. Treatments at higher temperature greatly
improve the fluorine content. Moreover, the F/Al molar
ratio increases sharply from 2 to 2.7 when the temperature
is increased from 180 to 200 8C. In addition, the content of
organic moieties can be basically quantified by measuring
the weight loss after outgassing at 200 8C under dynamic
vacuum (Table 2). A general trend can be observed: the
higher the fluorine content, the lower the weight loss and
the lower the organic content. For dry gels obtained at high
temperatures (180 and 200 8C), the carbon contents were
measured to be 12.7 and below 0.1 wt%, respectively. Such
results imply the formation of intermediate alkoxy fluorides
with the already reported general formula AlF3�x-
ACHTUNGTRENNUNG(OiPr)x·y iPrOH[9] when the synthesis was conducted below
200 8C. The 0.1 wt% C content is clear evidence that the
phase obtained at 200 8C is no longer an alkoxy fluoride, but
is more likely to be an oxy or hydroxy fluoride.


Concerning the textural properties of the obtained dry
gels, the nitrogen adsorption–desorption isotherms, as well
as the derived pore size distribution, are collected in Fig-
ure 2A. The BET specific surface area, total pore volume,
and mesopore size are listed in Table 1.


The most salient observation is the very large surface area
of the obtained materials. As far as the textural properties
are concerned, a clear distinction can be made between the
sample prepared at 200 8C and those obtained at lower tem-
peratures. Samples prepared below 200 8C are mesoporous
materials exhibiting a type IV isotherm with a well-defined
plateau and an H2-type (IUPAC) hysteresis loop. When the
treatment temperature is raised from 90 to 180 8C, the total
pore volume increases from 0.43 to 0.76 mLg�1, whereas the
surface area only increases from 425 to 525 m2g�1. This is as-
cribed to an enlarging of the width of the mesopores, which
is directly confirmed by a shift of the hysteresis loop toward
higher relative pressures. The mesoporous network could be
described by a distribution of mesopores centred at increas-
ing width, from 3.7 to 6.3 nm (Figure 2B).


The sample prepared at 200 8C also exhibits a type IV iso-
therm, but with a very different shape and an H1-type loop
observed at high relative pressures (above �0.95). So it can
be observed in Figure 2B that this material exhibits a very
broad distribution of wide pores. The decrease of the surface
area down to 125 m2g�1 while a high pore volume is pre-
served (0.77 mLg�1) is consistent with the completion of a


Figure 1. X-ray diffraction powder patterns of samples obtained after mi-
crowave irradiation at various temperatures (* refers to an unknown
phase).


Table 2. Experimental parameters of the microwave process. The reported chamber pressure was measured
before the end of the heat treatment. The appearance of gel was noted after cooling down to room
temperature.


Heating tem-
perature (8C)


Chamber pres-
sure (bars)


Appearance after solvo-
thermal treatment


Final F/Al molar ratio
of the dry gel


Weight loss (%) of the
dry gel at 200 8C


90 <1 Gel 1.5 50
130 4–5 viscous gel 1.7 42
180 16–18 viscous gel 2 (C: 12 wt%) 26
200 48–51 liquid 2.7 (C: 0.1 wt%) 5
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crystallisation process, in agreement with the very well crys-
tallised state of this material.


From amorphous to crystalline materials—proposed mecha-
nisms : Based on the above results, it appears that the tem-
perature at which the microwave treatment is performed is
the main factor that drives the nature of the final product.
However, the temperature factor seems to induce a complex
mechanism involving the different constituents of the mix-
ture, and this point will be discussed below.


At 90 and 130 8C, the fluorination of the alkoxide remains
very low and the resulting aluminium alkoxy fluoride is X-
ray amorphous due to the presence of a large number of or-
ganic moieties, which limit the coherence length of the crys-
tallites. At these temperatures, the dry gel should exhibit the
topology of the original gel, which consists of an AlACHTUNGTRENNUNG(F,OR)3
network. An increase of the synthesis temperature up to
180 8C favours the formation of higher fluorinated species,
as revealed by the increase of the F/Al molar ratio up to 2
(Table 2). This increase in fluorine content is simultaneous
with the appearance of crystalline domains, most of them
being the a-AlF3. The appearance of this phase within an
amorphous matrix reveals the inhomogeneity of the activat-
ed gel mixture. Such inhomogeneities have also been dem-
onstrated by 27Al NMR spectroscopy on the dry gel pre-
pared with a low CHF/CAl molar ratio (R=2). Aluminium


species with various anionic environments,[2] that is, fluori-
nated species located at �10 ppm and oxygenated species at
14 ppm, are highlighted. Regarding the rather low FWHM
for the X-ray peaks of the a-AlF3 phase obtained at 180 8C
(Figure 1), it is clear that this phase consists of large parti-
cles relative to the other constituents. The other constituents
of this sample should be considered as an AlF3�xACHTUNGTRENNUNG(OiPr)x
and/or an Al oxy fluoride phase with very small particle size
giving rise to the extremely high-surface-area (525 m2g�1).


The crystallisation process begins between 130 and 180 8C
and induces an increase of the kinetics of fluorination and,
surprisingly, an increase of the surface area. It can be sug-
gested that the densification of a-AlF3 particles implies a
migration of matter which results in a high improvement of
the porous volume associated with only a slight increase of
the surface area.


Finally, the sample obtained at 200 8C preserves a high
pore volume (0.77 mLg�1), but the surface area is decreased
by a factor of 4.2, from 525 to 125 m2g�1. This drastic de-
crease of the surface area is consistent with the completion
of a full crystallisation process, which is also unambiguously
highlighted by several factors: 1) the appearance of the b-
AlF3 phase revealed by the XRD pattern (Figure 1), 2) the
strong increase of the fluorine content (Table 2), 3) the dis-
appearance of organic moieties revealed by the very low
carbon content (C%=0.1 wt%) and 4) a strong increase of
the internal pressure, from 20 to 50 bar. The last two fea-
tures suggest that between 180 and 200 8C, the decomposi-
tion of the organic constituents takes place thanks to the
high energy brought to the system. The strong increase of
the internal pressure is indicative of a decomposition reac-
tion. It has already been reported that microwave irradia-
tion is able to induce side reactions: decomposition of or-
ganics molecules,[10] redox processes[5] and decomposition of
ionic liquids.[11] The reaction mixture also contained some
diethyl ether molecules as solvent, which are considered as
inert under microwave irradiation since they are non-polar.
Therefore, it can be assumed that diethyl ether molecules
are not decomposed under microwave irradiation. Addition-
ally, during the microwave synthesis of oxides, K. J. Rao et
al.[12] reported the formation of diethyl ether molecules by
condensation of alcohol molecules. Moreover, MS-coupled
DTA/TG-investigations on the dry aluminium alkoxy fluo-
ride clearly showed the formation of diethyl ether and water
as result of Lewis acid (Al3+) induced alcohol condensa-
tion.[9] Hence, it is considered likely that such a mechanism
occurs here too: 2R-OH!R-O-R+H2O. The released
water can thus favour the hydrolysis of the alkoxy fluoride
species as follows: AlF3�xACHTUNGTRENNUNG(OiPr)x+xH2O!AlF3�x(OH)x+


x iPrOH. The kinetics of fluorination can thus be improved
by the decrease of steric hindrance induced by alkoxy li-
gands. Taking into account the already mentioned MS-cou-
pled thermal investigations,[9] an alternative reaction path
can be discussed. In this investigation, most of the solvated
isopropanol molecules were desorbed between 100 and
150 8C; then the formation of propene as well as a very
small amount of diethyl ether was detected between 175 and


Figure 2. A) N2 adsorption isotherms of materials prepared at various
temperatures. Filled symbols correspond to the adsorption branch and
empty symbols to the desorption branch. For the sake of readability the
isotherms are shifted upwards for nV100 mLg�1. B) Pore size distribu-
tion.
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225 8C. Consequently, in this temperature range a fluorinat-
ing gas must be provided to complete the fluorination. This
conclusion is in full agreement with the synthesis procedure.
By analogy with the thermal decomposition mechanism of
the aluminium alkoxy fluoride, the process inducing the
transformation of an amorphous phase into crystalline fluo-
rides from microwave heating can be described as follows:
1) the increase of the synthesis temperature up to 180 8C fa-
vours the fluorination of the already formed aluminium
alkoxy fluorides; thermal motions induced by the microwave
irradiation increase the reactivity of fluoride anions toward
the alkoxy group substitution; 2) at temperatures above
180 8C, breaking of the Al-OiPr bonds can be considered to
occur. In this scheme, bonds are cleaved forming propene
and OH groups, as previously reported:[9] Al�O�CH-
ACHTUNGTRENNUNG(CH3)2!Al�OH+CH2=CH�CH3. This scheme is in good
agreement with the drastic increase of the internal pressure
occurring between heat treatments performed at 180 and
200 8C. The textural properties of the solid obtained at
200 8C exhibit a large pore size (50 nm in Table 1), which is
consistent with the decomposition reaction that occurs. Ad-
ditionally, after cooling down to room temperature, an inter-
nal pressure still remains inside the vessel, suggesting the
presence of a gas phase.


Another remarkable point is that the decomposition of
solvent molecules occurring between 180 and 200 8C induces
a dissolution/recrystallisation process, leading to the meta-
stable phase b-AlF3 and the disappearance of the thermody-
namically stable phase a-AlF3. This reaction could be com-
pared with the synthesis of nano-structured aluminium hy-
droxy fluorides by using microwave irradiation of a solution
containing nitrate as the aluminium precursor in alcohol.[5]


During such a synthesis an exothermic phenomenon occurs,
involving the reduction of the nitrate precursor into ammo-
nium species coupled with the oxidation of isopropanol. In
this case also, the synthesis of the metastable beta phase im-
plies a side reaction, which, finally, through drastic variation
of the thermodynamic state (P, T), provides the required
energy for the stabilisation of such a metastable b-form.


High-surface-area AlF3 and acidic properties


Post-fluorination treatment using F2 gas : It has been shown
above that the microwave-assisted sol–gel synthesis leads to
fluoride materials exhibiting a high-surface-area (above
500 m2g�1). However, such a material still contains large
numbers of organic moieties, since the carbon content is still
around 12 wt% after microwave treatment at 180 8C
(Table 2). To remove these species while retaining the high-
surface-area, a low-temperature fluorination was performed
with gaseous F2. The sample obtained at 180 8C was selected
because of its high-surface-area of up to 525 m2g�1. To avoid
a full crystallisation process, a medium temperature (225 8C)
was chosen for the fluorination.


This post-fluorinated sample still exhibits a high-surface-
area 330 m2g�1, providing a suitable material for catalytic
ability. It should be noted that the decrease of the surface


area occurs along with a slight increase of both the pore size
(8.5 nm) and the porous volume (0.87 mLg�1) ascribed to
the substitution of fluorine species for alkoxy groups. All
the carbon atoms were removed, showing that the post-fluo-
rination treatment enables the complete removal of organic
moieties. No significant change was observed by X-ray dif-
fraction analysis except for the detection of a peak located
at 9.4 S and noted with a sign “+” in Figure 3. The broad


peaks located at around 4.7 and 3.1 S are still present (as-
terisks in Figure 3). It should be noted that these three
peaks can be indexed as multiples of reticular planes with
d=9.4 S.


Figure 4 displays some TEM images of the F2-treated
sample. The solid consists of agglomerates built from large
and small particles, denoted 1 and 2 in Figure 4A, respec-
tively. Some of these large particles (50 nm) are displayed in
Figure 4B. A zoom on a particle with a rodlike structure,
50 nm in length, shows interplanar distances of approximate-
ly 3.5–3.7 S (insert in Figure 4B), which correspond to (012)
inter-reticular distances of a-AlF3. These large particles can
therefore be ascribed to a-AlF3 in agreement with the
narrow FWHM of their X-ray peaks. The second type of
particle, consisting of small crystalline domains of about
10 nm or less, are shown in Figure 4C. These domains pres-
ent some interplanar distances of about 3 S (Inset, Fig-
ure 4C). Such a distance is very close to the X-ray peak de-
tected at 3.1 S, which, in turn, is considered to characterise
this phase. According to the high-surface-area of the solid, it
is clear that these small particles of around 10 nm should be
preponderant in the material.


Surface acidic properties : The surface acidic properties of
this new high-surface-area aluminium fluoride (330 m2g�1)
have been investigated by catalytic tests and adsorption of
pyridine by means of FT-IR spectroscopy.


First, catalytic tests were performed regarding the catalyt-
ic activity upon the CHClF2 dismutation reaction. According
to the data given in Table 3, the full catalytic activity of
CHClF2 dismutation proceeds after an activation period at
200 8C. This inductive period is required to remove water


Figure 3. X-ray diffraction powder pattern of samples, a) microwave
treated at 180 8C and b) after fluorination with undiluted F2 gas at 225 8C
(* unknown phase, + shoulder at 9.4 S).
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molecules adsorbed on the surface. Once the catalyst is
active, the dismutation reaction proceeds to completion
even at 50 8C, showing high catalytic properties.


The isomerisation of 1,2-dibromohexafluoropropane has
also been tested. This reaction is a good indicator of the
presence of very strong Lewis acid sites, since it takes place
only in presence of the strongest Lewis acids (amorphous
HS-AlF3, SbF5, aluminium chloro fluoride). The rate of con-
version is found to be 18% and accounts for the presence of
strong Lewis acid sites.


The type of surface acidic sites (Lewis or Brønsted) and
their number have been determined by using pyridine (Py)
adsorption at room temperature. The high-surface AlF3


sample was outgassed at 300 8C prior to pyridine adsorption
at room temperature. The spectrum obtained after introduc-
tion of 1 torr of pyridine and followed by evacuation at
room temperature is shown in Figure 5. The 1400–1800 cm�1


range displayed contains typical
vibration modes of coordinated
pyridine. It is concluded that
only Lewis acid sites are detect-
ed, since no band due to pyri-
dine protonation (Brønsted
acid site) was detected. Pyridi-
nium species are indeed charac-
terised by bands occurring
around 1540 and 1640 cm�1.


The wavenumber of the two
bands at 1619 and 1453 cm�1


(n8a and n19b modes, respec-
tively, of coordinated Py spe-
cies) accounts for the strength
of the Lewis acid sites,[13] that


is, the higher the wavenumber, the stronger the Lewis acidi-
ty. They are close to those previously reported for the b-
AlF3 compound,[14] and higher than those characterising the
Lewis acidity of alumina[15] (1614 and 1448 cm�1). Pyridine
desorption at a higher temperature increases the n8a and
n19b wavenumbers (Table 4). This phenomenon can be ex-
plained either by the site heterogeneity, by the weakest sites
being liberated first, or by the pyridine inductive effects,
which depend on the amount of adsorbed pyridine. The con-
centration of Lewis acid sites, estimated from the integrated


Table 3. Catalytic activities of post-fluorinated high-surface-area AlF3


(330 m2g�1) sample toward the dismutation reaction of CHClF2 and the
isomerisation of 1,2-dibromohexafluoropropane (1,2-DBP).


CHClF2


dismutation
1,2-DBP


isomerisation


T [8C] 100 150 200 150 100 50
conversion
rate [%]


2 2 97–98 �100 �100 �100 18


Figure 5. IR spectrum recorded after introduction of 1 torr of pyridine at
room temperature on high-surface-area AlF3 after outgassing at 300 8C
followed by evacuation at room temperature.


Figure 4. A) Transmission electron micrograph, B) and C) HRTEM image of high-surface-area aluminium fluoride.


Table 4. Strength and concentration of Lewis acid sites detected by pyridine adsorption on fluorinated materi-
als and alumina. F samples and alumina were pre-treated under vacuum at 300 and 500 8C, respectively.


Outgassing
temperature


HS AlF3


(330 m2g�1)
LS b-AlF3


(20 m2g�1)
HS b-AlF3


(82 m2g�1)
Pyrochlore
(130 m2g�1)


a-AlF3


(60 m2g�1)
g-Alumina
(290 m2g�1)


19b band wave-
numbers [cm�1]


RT 1453 1454 1453.5 1451.5 1453 1448
200 8C 1455.5 1455 1455 1454.5 1455 1454
300 8C 1456 1456.5 1457 1456 1456 1455


Site numbers
[mmolg�1]


RT 615 35 200 336 158 480
200 8C 283 20 100 137 63 110
300 8C 203 10 43 77 32 40


Site numbers
[per nm2][a]


RT 1.12 1.05 1.47 1.56 1.59 1.00
200 8C 0.52 0.60 0.73 0.63 0.63 0.23
300 8C 0.37 0.30 0.32 0.36 0.32 0.08


[a] Estimated standard deviation: 6%.
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area of the n19b band assuming a molar absorption coeffi-
cient value of 1.8 cmmmol�1,[14] is equal to about
615 mmolg�1, or 1.1 sitenm�2.


It was important to compare the strength and the number
of strong Lewis acid sites determined for this high-surface-
area AlF3 sample to those measured for other divided AlF3


materials. Table 4 reports the strength and number of Lewis
acid sites determined as reported above from the wavenum-
ber and the intensity of the n19b band after pyridine desorp-
tion at RT, 200, and 300 8C. The quoted AlF3 materials are:
1) the post-fluorinated sample exhibiting a high-surface-area
(330 m2g�1) and therefore denoted HS-AlF3, 2) two HTB
samples with different surface areas[14,5] (20 and 82 m2g�1)
denoted LS (low surface area) and HS (high surface area)
b-AlF3, respectively, 3) a hydroxy fluoride exhibiting the py-
rochlore type-structure[16] (130 m2g�1) and 4) a derived form
of a-AlF3 (60 m2g�1).[17]


As far as the AlF3 samples are concerned, the signal for
the n19b band after pyridine outgassing at RT is shifted to a
slightly lower wavenumber in the case of the pyrochlore
sample. This can be related to the low fluorine content (F/
Al=1.8) of this material by comparison with the other com-
pounds (F/Al>2.5). The inductive effect of fluoride ions is
also evidenced by the position of the n19b band of g-Al2O3,
which possesses weaker Lewis acid sites than fluorinated
materials.[16]


After pyridine desorption at 300 8C, the position of the
n19b band of the residual adsorbed species is similar what-
ever the sample, showing that the Lewis acid sites present
similar strengths. This point should be regarded carefully
and specified by adsorption of other probes like CO, which
enables the discrimination between Lewis sites with differ-
ent acid strengths.


The thermodesorption performed at 300 8C characterises
the strongest Lewis acid sites. The ratio between the
number of sites measured after thermodesorption at 300 8C
and those measured after evacuation at RT enables the
quantification of the proportion of strong Lewis acid sites
exhibited by each solid. The highest proportion of strong
Lewis acid sites is found on the HS-AlF3 material, with 33%
of the Lewis acid sites being strong. This result suggests the
occurrence of more homogeneous Lewis acid sites on the
HS-AlF3 material than on the other materials. In agreement
with the promoting effect of fluoride ions, g-alumina pos-
sesses the lowest fraction of strong Lewis acid sites, just 8%
of the total number of sites.


The most interesting result presented in Table 4 relates to
the concentrations of Lewis acid sites per gram of material.
They are much higher on HS-AlF3 whatever the tempera-
ture of pyridine evacuation. Figure 6 clearly shows that the
number of Lewis acid sites is correlated to the specific area.


This is the first time that such a correlation has been ex-
emplified. This result underlines the interest of probe mole-
cules adsorption/desorption experiments for characterising
the number and strength of Lewis acidic sites in highly di-
vided fluorine-based materials. Finally, it is worth noting
that the number of strongest Lewis acid sites (Py outgassed


at 300 8C) does not depend on the origin of the AlF3 sam-
ples, as illustrated in the case of the pyrochlore sample. The
latter indeed exhibits a large number of Lewis acid sites
after thermodesorption at 300 8C. This fact can be rational-
ised by considering the finite size effect. The increase of the
surface area is basically related to a decrease of the particle
sizes. Chaudhuri et al.[18] have clearly shown that a decrease
of the particle size was correlated with an increase of the
number of under-coordinated Al3+ ions, that is, potential
strong Lewis acid sites. Surface reconstruction taking into
account the nanometric scale led to five- and even fourfold
coordinated Al3+ ions, which should be regarded as very
strong Lewis acid sites. This is consistent with our results, in
which we find that the number of strong Lewis acid sites is
related to the surface area, that is, to the particle size.


Conclusion


This work was based on the combination of two synthesis
methods in which non-aqueous sol–gel fluoride material was
further subjected to microwave irradiation. The crystalline
state of the final material depends on the microwave-tem-
perature treatment. An amorphous product is achieved at
90 8C and a crystalline phase exhibiting the HTB type struc-
ture at 200 8C. The mechanism of the amorphousQcrystal-
line transformation of the gel under microwave irradiation
has been discussed. It has been suggested that the decompo-
sition of the gel induces the crystallisation process of the
HTB phase.


In addition to a high-surface-area b-AlF3, (125 m2g�1), a
multi-component material exhibiting a huge surface area of
525 m2g�1 has been prepared. This material contains residu-
al organic moieties that were completely removed by low-
temperature fluorination by using F2 gas. This technique
allows preservation of a surface area as high as 330 m2g�1.
From HRTEM experiments this material is shown to be
built of two types of nano-particles: 50 nm crystallites ascri-


Figure 6. Dependence of the concentration of Lewis acid sites detected
by pyridine adsorption on the specific area. Filled symbols: pyridine out-
gassed at room temperature; empty symbol: pyridine outgassed at 300 8C.
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bed to a-AlF3, and smaller particles of about 10 nm related
to an unidentified phase.


This work has also confirmed that the microwave-assisted
synthesis is a suitable route to achieve high-surface-area ma-
terials. This method is a fast and simple procedure that
could be easily applied to the synthesis of other high-sur-
face-area metal fluorides. It opens a promising way to devel-
op more divided materials and stabilise novel phases. Since
the interaction between the microwaves and the mixture is a
decisive step on the final stabilised material, further work
should be performed incorporating different organic sol-
vents such as butanol or ionic liquids to tune the reactivity
and the behaviour of the mixture under microwave irradia-
tion. The ability of solvents to generate heat under micro-
wave irradiation could be one way to obtain new alumini-
um-based fluoride frameworks, as well as highly divided ma-
terials.


FT-IR spectroscopy on Al-based fluorides materials shows
for the first time that the number of strong Lewis acid sites
is primarily related to the surface area, whatever the struc-
ture/composition of the compound. This result highlights the
role of surface reconstruction occurring on a nanoscopic
scale leading to the formation of the strongest Lewis acid
sites.
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Introduction


Diproline segments have emerged as important templates in
the design of synthetic peptides with defined structures.
While homochiral l-Pro-l-Pro segments have been ad-
vanced as potential nucleator of helical conformations,[1] the
heterochiral d-Pro-l-Pro segments are effective templates
for b-hairpin formation.[2] Proline is unique among the 20
genetically coded amino acids in possessing a covalent link-
age between the side chain and the backbone nitrogen
atom. The direct consequence of the formation of the pyrro-
lidine ring, is the restriction imposed on the torsional free-
dom about the N�Ca bond, limiting the dihedral angle f to
values of �60�308 for l-Pro. The restraint imposed on con-
formational freedom makes proline the most frequently ob-
served residue in turn segments of proteins[3] and also the
most widely used residue in the design of well structured
peptides.[4] Three distinct conformations have been charac-
terized, corresponding to i) polyproline (PII, f ~�708, y ~
+1208), ii) g-turn (C7, f ~�708, y ~+708) and iii) helical (aR,


Abstract: Diproline segments have
been advanced as templates for nuclea-
tion of folded structure in designed
peptides. The conformational space
available to homochiral and heterochi-
ral diproline segments has been probed
by crystallographic and NMR studies
on model peptides containing l-Pro-l-
Pro and d-Pro-l-Pro units. Four dis-
tinct classes of model peptides have
been investigated: a) isolated d-Pro-l-
Pro segments which form type II’ b-
turn; b) d-Pro-l-Pro-l-Xxx sequences
which form type II’-I (bII’-I, consecutive
b-turns) turns; c) d-Pro-l-Pro-d-Xxx
sequences; d) l-Pro-l-Pro-l-Xxx se-
quences. A total of 17 peptide crystal


structures containing diproline seg-
ments are reported. Peptides of the
type Piv-d-Pro-l-Pro-l-Xxx-NHMe are
conformationally homogeneous, adopt-
ing consecutive b-turn conformations.
Peptides in the series Piv-d-Pro-l-Pro-
d-Xxx-NHMe and Piv-l-Pro-l-Pro-l-
Xxx-NHMe, display a heterogeneity of
structures in crystals. A type VIa b-
turn conformation is characterized in
Piv-l-Pro-l-Pro-l-Phe-OMe (18), while
an example of a 5!1 hydrogen


bonded a-turn is observed in crystals
of Piv-d-Pro-l-Pro-d-Ala-NHMe (11).
An analysis of pyrrolidine conforma-
tions suggests a preferred proline puck-
ering geometry is favored only in the
case of heterochiral diproline segments.
Solution NMR studies, reveal a strong
conformational influence of the C-ter-
minal Xxx residues on the structures of
diproline segments. In l-Pro-l-Pro-l-
Xxx sequences, the Xxx residues
strongly determine the population of
Pro-Pro cis conformers, with an over-
whelming population of the trans form
in l-Xxx = l-Ala (19).
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f ~�608, y ~�308) structures. Proline has been considered
as a secondary structure breaker in proteins and is generally
disfavored in both regular a-helices and b-sheets.[5] This is
largely a consequence of the absence of the NH group, im-
peding intramolecular hydrogen bonding, an interaction
characteristic of polypeptide secondary structures. Proline is
however observed at the N-terminus (N-cap) region of heli-
ces.[6] This is readily rationalized by the fact that the back-
bone torsion angles required for a-helix formation are readi-
ly adopted by proline and that the N-terminus NH group
does not participate in intramolecular hydrogen bonding.
Proline is indeed a more decisive breaker of b-sheets, where
both the hydrogen bonding and torsion angle requirements
are not accommodated. The use of proline containing pep-
tides, which inhibit amyloid fibre formation is a notable ex-
ample in which the poor b-sheet forming propensity of this
residue has been cleverly exploited.[7] In proteins, proline
occurs widely in loops and in the turn regions which facili-
tate polypeptide chain reversal, thus permitting the forma-
tion of globular structures. Two residue turns (b-turns) are
the best characterized short range structural features in pro-
teins. Since their original description by Venkatachalam,
nearly four decades ago, based on an analysis of the sterical-
ly allowed intramolecular hydrogen bonded conformation of
the three linked trans planar peptide units,[8] a wide variety
of b-turn families have been characterized in protein crystal
structures.[3b] Several insights have emerged from this large
body of published work. Notably, l-Pro has the greatest pro-
pensity among the twenty genetically coded amino acids to
occur at the i+1 position of type I/III and type II b-turns.
When proline occurs at the i+2 position, the preceding X-
Pro peptide bond is invariably cis and the resultant intramo-
lecular 4!1 hydrogen bonded structure has been termed as
a type VI b-turn.[3b] These conformational properties of pro-
line residues have stimulated a large number of studies di-
rected towards the use of proline containing sequences in
the “first principles design” of folded peptide structures.
Diproline segments constitute a chain fragment with con-


siderably reduced conformational choices. Figure 1, illus-
trates the allowed regions of f, y space for both l- and d-
proline residues. The possible conformations of both homo-
chiral and heterochiral diproline segments are indicated, al-
lowing a choice of only PII/PII’ and aL/aR conformations. In a
study published as early as 1979 from this laboratory, a two
hydrogen bonded conformation was proposed for the model
sequence Piv-l-Pro-l-Pro-l-Ala-NHMe. The conformation
suggested on the basis of the NMR data available at that
time, consisted of two consecutive b-turns resulting in the
formation of an incipient 310-helical structure.[1a] In this
structure, all the three residues must occupy the aR region
of conformational space. No cis conformer was detected;
leading to the conclusion that the Pro-Pro bond exclusively
adopted a trans geometry. This finding was followed up by
Kemp and co-workers[1c–e,9] who designed a synthetic tem-
plate based on a diproline segment in which two pyrrolidine
rings were covalently linked by a thiomethylene bridge. The
success of KempKs template in nucleating helix formation in


model peptide in aqueous solution is well documented.[1c–e]


Hanessian successfully explored the development of synthet-
ic diproline based organic templates in helix nucleation.[10]


A recent study from our laboratory revisited the use of un-
constrained diproline segments placed at the N-terminus of
the model hexapeptide (Piv-l-Pro-l-Pro-Aib-Leu-Aib-Phe-
OMe) in nucleating folded structures. While helix formation
could be demonstrated over the segments 2 to 6, Pro(1)
adopts a polyproline (PII) conformation in both crystals and
in solution.[1b]


The ability of d-Pro-Gly sequences to form type I’/II’ b-
turns, provided the first successful approach to the design of
stable, well characterized b-hairpin structures in short oligo-
peptides.[11] A large body of subsequent work has estab-
lished the utility of centrally positioned d-Pro-Xxx sequen-
ces to facilitate sharp polypeptide chain reversal, thus facili-
tating the design of isolated b-hairpins[2b,4c,d,11e–h,12] and
multi-stranded b-sheets.[2b,11h,13] The heterochiral d-Pro-l-
Pro unit is an extremely efficient nucleator of b-hairpin
structures since the segment has a marked propensity for
type II’ b-turn conformations.[14] Figure 2, illustrates the
crystallographic characterization of a d-Pro-l-Pro segment
as a nucleating unit in a synthetic hairpin and also provides
an example of a l-Pro-l-Pro segment at the N-terminus of a
helical segment in a protein.[15] Marshall and co-workers
have suggested that l-Pro-l-Pro and d-Pro-d-Pro segments


Figure 1. Ramachandran maps for d-Pro and l-Pro residues showing the
available conformational space for proline. Arrows are used to roughly
indicate the locations of the i+1 and i+2 residues in f,y space. The let-
ters shown against the arrows indicate the diproline conformations. The
possible conformation for diproline segments are indicated A) PII–PII, B)
PII–aR, C) aR–aR, D) PII’–aR, E) PII–aL. Note that the aR–PII combination
is not observed in any diproline segment in the PDB.[1b]


Chem. Eur. J. 2008, 14, 6192 – 6204 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6193


FULL PAPER



www.chemeurj.org





are poor turn constraining units, due to enhanced cis–trans
isomerism and small energy differences between turn-like
and extended structures.[16] A recent study from this labora-
tory has demonstrated the ability of the d-Pro-l-Pro-d-Ala
segment to form a three residue connecting loop in a well
registered b-hairpin.[2c] Despite the widespread interest in
diproline segments, systematic experimental investigations
of model systems are lacking.
We present in this report conformational studies on 23


peptides containing diproline segments.[17] The crystal struc-
tures of 17 peptides (1–8, 10–15, 18, 20 and 23) designed to
probe the allowed conformational space for both homochi-
ral and heterochiral diproline units are presented. We also
describe NMR studies, of some chosen sequences, to evalu-
ate the occurrence of cis Pro-Pro conformations and the for-
mation of type VI b-turns. The results demonstrate the im-
portance of the C-terminus flanking residues as conforma-
tional determinants. The peptides examined are: Piv-d-Pro-
l-Pro-NHMe (1) ; Piv-d-Pro-l-Pro-l-Xxx-OMe [l-Xxx = l-
Val (2), l-Phe (3)]; Piv-d-Pro-l-Pro-d-Ala-OMe (4); Piv-l-
Pro-d-Pro-l-Ala-OMe (5) ; Piv-d-Pro-l-Pro-l-Xxx-NHMe
[l-Xxx = l-Val (6), l-Leu (7), l-Phe (8), Gly (9), Aib (10)];
Piv-d-Pro-l-Pro-d-Xxx-NHMe [d-Xxx = d-Ala (11), d-Val
(12), d-Leu (13), d-Phe (14)]; Piv-l-Pro-d-Pro-l-Val-OMe
(15) ; Piv-l-Pro-l-Pro-l-Xxx-OMe [l-Xxx = l-Ala (16), l-
Val (17), l-Phe (18)]; Piv-l-Pro-l-Pro-l-Xxx-NHMe [l-Xxx =


l-Ala (19), l-Val (20), l-Leu (21), l-Phe (22), Aib (23)].
The use of the Piv group at the N-terminus restricts the


Piv-Pro tertiary amide bond to the trans conformation, a
feature essential for the formation of b-turn structures with
Pro(1) occupying the i+1 position.[1a,18]


Results and Discussion


Attempts were made to obtain diffraction quality single
crystals for all the peptides studied. Heterochiral diproline
peptides appeared to crystallize more readily than their ho-
mochiral counterparts. In some cases, enantiomeric peptides
were synthesized and recrystallization of peptide racemates
was attempted. A brief report on the use of racemic mix-
tures in facilitating recrystallization and exploring multiple
conformational states in proline peptides is presented else-
where.[17] The backbone torsion angles in all the crystalline
peptides and the relevant intramolecular hydrogen bonds
are listed in Table 1. A complete list of hydrogen bond pa-
rameters for the crystal structures is provided as Supporting
Information (Table S3).


Crystal structures of d-Pro-l-Pro segments


Type II’ b-turns : Figure 3 illustrates the molecular confor-
mations observed in crystals of peptides 1–5. Peptide 1, Piv-
d-Pro-l-Pro-NHMe is the prototypic, heterochiral diproline
segment. The structure determination of 1 reveals two mole-
cules in the asymmetric unit both of which adopt a type II’ b


turn conformation, with a single intramolecular 4!1 hydro-
gen bond between Piv C=O and NHMe (Table 1 and Sup-
porting Information, Table S3). Similar conformations are
observed in the tripeptide esters Piv-d-Pro-l-Pro-Xxx-OMe
(Xxx=l-Val 2, l-Phe 3, d-Ala 4). Interestingly, the crystal
structures of peptides 2 and 4 reveal multiple molecules in
the asymmetric unit, three in the case of 2 and two in the
case of 4. A structure determination of peptide 5, Piv-l-Pro-
d-Pro-l-Ala-OMe yielded as anticipated, a type II b-turn
structure (Figure 3e). The well-defined conformation of the
heterochiral diproline segment is apparent when the eight
independent molecules in the structure of peptides 1 to 4
are superposed yielding a RMSD value of 0.211 L for the d-
Pro-l-Pro segment.


Consecutive b-turns : Protected tripeptide N-methylamides
of the type Piv-d-Pro-l-Pro-l-Xxx-NHMe fold into a con-
secutive b-turn (bII’-I) conformation because of the presence
of a donor NH group at the C-terminus which permits the
formation of an additional 4!1 hydrogen bond. This struc-
tural feature was first characterized in Piv-d-Pro-l-Pro-l-
Ala-NHMe in crystals[14] (Figure 2d). The conformations de-
termined in crystals for peptides Piv-d-Pro-l-Pro-l-Val-
NHMe (6), Piv-d-Pro-l-Pro-l-Leu-NHMe (7), Piv-d-Pro-l-
Pro-l-Phe-NHMe (8) and Piv-d-Pro-l-Pro-Aib-NHMe (10)
are illustrated in Figure 4. In all the cases, the molecules
adopt the consecutive b-turn conformation (bII’-I), with two
intramolecular 4!1 hydrogen bonds (Table 1 and Table S3
in the Supporting Information). The superposition of the
five independent molecules in Figure 4e with the parent Piv-
d-Pro-l-Pro-l-Ala-NHMe establishes their close conforma-
tional similarity, with an RMSD of 0.387 L.


Figure 2. a) b-hairpin conformation of Piv-Leu-Phe-Val-d-Pro-l-Pro-Leu-
Phe-Val-OMe in crystals,[2c] b) Pro–Pro segment in an a-helix. PDB ID:
1QQF A (1250–1251),[15] c) Crystal state conformation of Piv-Pro-Pro-
Aib-Leu-Aib-Phe-OMe,[1b] d) Consecutive b-turn conformation (bII’-I) in
the crystal structure of Piv-d-Pro-l-Pro-l-Ala-NHMe (DPPAN).[14]
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Effect of residue 3 configuration on d-Pro-l-Pro conforma-
tions : Figure 5a shows the molecular conformation of Piv-d-
Pro-l-Pro-d-Ala-NHMe (11). The d-Pro(1)-l-Pro(2) seg-
ment in this structure forms a type II’ b-turn conformation
as anticipated, with a 4!1 (C10) hydrogen bond between
the Piv C=O and d-Ala(3) NH groups. The d-Ala residue
adopts an unusual conformation (f=129.4, y=34.18),
which lies in the sterically allowed region of f,y space. This
results in the formation of a strong 5!1 intramolecular hy-
drogen bond between the Piv C=O and methylamide NH
groups (N···O=2.849 L). Consideration of the structure of
the peptide suggests that although the Piv C=O group par-
ticipates in bifurcated interactions with two hydrogen bond
donors, the dominant interaction is of the 5!1 (C13) type.
Such structures have been observed in proteins and are clas-
sified as a-turns.[19] Isolated a-turn structures have thus far
not been observed in crystal structures of short peptides and


peptide 11 provides the first example of such a conforma-
tional feature. An enantiomeric peptide Piv-l-Pro-d-Pro-l-
Ala-NHMe was synthesized and yielded single crystals with
identical cell dimensions suggesting an identity of molecular
conformation. The structure of peptide 11 may be compared
with the methyl ester analog Piv-d-Pro-l-Pro-d-Ala-OMe
(5) in which a single d-Pro(1)-l-Pro(2) type II’ b-turn is ob-
served. Clearly, the additional hydrogen bond donor in pep-
tide 11 is an important conformational determinant.
The peptide Piv-d-Pro-l-Pro-d-Val-NHMe[17] (12) pro-


vides an example of an unusual conformation in which the
d-Pro-l-Pro peptide bond adopts a cis geometry, with the
absence of any intramolecular hydrogen bonding interaction
(Figure 5b). Surprisingly, the enantiomeric peptide Piv-l-
Pro-d-Pro-l-Val-NHMe[17] reveals the expected type II b-
turn conformation at the l-Pro-d-Pro segment (Figure 5c).
Undoubtedly, the hydration of central peptide unit observed


Table 1. Torsion angles [8] and intramolecular hydrogen bonds.


Sequence Residue 1 Residue 2 Residue 3 Intramolecular 4!1
d-Pro/l-Pro d-Pro/l-Pro Hydrogen bonds


f y w f y w f y w Donor Acceptor N···O
Distance [L]


type II’/II b-turns
1
molecule A 56.3 �139.2 178.4 �83.8 13.9 173.1 – – – N(3) O(0) 2.903
molecule B 57.7 �134.7 179.9 �81.5 5.3 175.3 – – – N(6) O(3) 2.926
2
molecule A 61.5 �133.2 180.0 �73.2 �7.3 �175.8 �115.5 177.6 178.3 N(3) O(0) 3.013
molecule B 60.5 �138.1 �177.6 �87.4 14.1 �180.0 �95.6 �46.6 �175.5 N(7) O(4) 3.122
molecule C 59.5 �139.4 �179.8 �80.4 �4.4 �175.3 �72.5 135.6 176.8 N(11) O(8) 3.033
3 59.8 �137.6 �178.1 �81.4 0.7 �179.2 �83.5 177.2 �173.4 N(3) O(0) 3.052
4
molecule A 57.6 �144.7 �179.7 �82.9 �0.6 �178.5 55.9 �139.4 178.0 N(3) O(0) 3.095
molecule B 57.0 �143.3 �179.0 �82.8 0.7 �175.2 63.4 �149.9 �175.1 N(6) O(00) 3.114
5 �64.8 137.3 177.8 85.3 �6.1 176.0 �68.9 160.4 176.2 N(3) O(0) 3.147
consecutive b-turns
6 57.0 �135.3 �170.9 �72.7 �4.6 175.8 �116.8 17.5 172.5 N(3) O(0) 3.168


N(4) O(1) 3.148
7
molecule A 65.0 �135.7 �178.8 �69.3 �6.7 172.2 �92.7 4.3 177.3 N(3) O(0) 3.024


N(4) O(1) 2.974
molecule B 56.9 �141.7 �178.9 �68.3 �9.5 174.9 �85.1 �6.6 177.3 N(7) O(4) 3.051


N(8) O(5) 3.019
8 62.1 �141.0 �175.2 �68.3 �12.3 176.7 �75.5 �17.9 �179.9 N(3) O(0) 3.144


N(4) O(1) 3.109
10 59.5 �153.6 177.7 �75.2 �16.0 179.4 �60.2 �35.7 �177.5 N(3) O(0) 3.262


N(4) O(1) 3.445
effect of residue 3[b]


11[a] 60.7 �153.5 �180.0 –85.7 30.5 168.8 129.4 34.1 175.3 N(3) O(0) 3.291
12 66.4 �141.2 8.4 �78.1 158.5 170.8 77.7 �159.2 �176.8 – – –


94.1 �167.5 �179.9
13[17] 68.5 �165.5 �178.4 �64.8 137.7 �178.4 89.6 �2.7 �178.4 N(4) O(1) 3.184
14[17] 63.9 �141.0 12.6 �76.9 139.5 168.9 118.7 �151.8 �175.7 – – –
15 �62.8 143.0 �9.4 78.1 �153.0 �169.9 �87.1 169.4 176.8 – – –
homochiral l-Pro-l-Pro sequences
18
molecule A �54.5 141.4 11.0 �88.5 2.9 177.6 �74.4 �156.3 177.9 N(3) O(0) 2.865
molecule B �52.4 141.4 7.5 �90.8 8.1 168.3 �74.8 �3.1 �177.2 N(7) O(4) 2.857
20 �75.3 137.4 170.5 �63.5 �30.5 �175.7 �135.5 116.0 �179.2 – – –
23 �95.9 173.3 168.8 �57.1 136.4 174.1 57.1 34.5 172.8 N(4) O(1) 3.273


[a] In addition to the 4!1interaction there is also 5!1 intramolecular hydrogen bond between N(4) and O(0) with a N···O distance of 2.849 L.
[b] Effect on the configuration of d-Pro-l-Pro segment.
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in the d-l-d peptide 12, result in an unfolded backbone con-
formation. In order to evaluate the role of terminal methyla-
mide NHMe group, the crystal structure of the correspond-
ing tripeptide ester Piv-l-Pro-d-Pro-l-Val-OMe (15) was
solved. The molecular conformation shown in Figure 5d re-
veals a cis l-Pro-d-Pro bond with the absence of any intra-
molecular hydrogen bond. This conformation is remarkably
similar to that observed in the tripeptide (Piv-d-Pro-l-Pro-
d-Val-NHMe). The crystal structure determination of a crys-
talline racemate containing both the l-d-l and the d-l-d
peptides revealed only the type II/II’ b-turn conformation
with the enantiomeric molecules related by inversion sym-
metry.[17] These observations suggest that the multiple con-
formational states that exist in solution may crystallize pref-
erentially under specific conditions. Interestingly, the crystal
structure of the peptide Piv-d-Pro-l-Pro-d-Leu-NHMe[17]


(13) does not show the anticipated d-Pro-l-Pro type II’ b-


turn (Figure 5e). Instead, the l-Pro-d-Leu segment adopts a
type II b-turn conformation with d-Pro(1) taking up a d-
ProII conformation (f=68.88, y=�167.58). Notably, in the
d-Pro-l-Pro-d-Xxx-NHMe series, completely distinct con-
formers have been characterized for d-Xxx = d-Ala, d-Val
and d-Leu. In contrast, in the case of d-Pro-l-Pro-l-Xxx-
NHMe series, all the peptides studied (l-Xxx = l-Ala, l-
Val, l-Phe, l-Leu and Aib) yielded the same conformation
in crystals. In attempting to obtain suitable single crystals
for X-ray diffraction studies, we have investigated the utility
of racemic mixtures formed by using equimolar amounts of
pure peptide enantiomers. The crystal structures of three
racemic peptides in which the residue configurations alter-
nate (d-l-d/l-d-l) that have been discussed elsewhere may
provide a means of exploring polymorphic forms in which
multiple conformational states may be definitively charac-
terized.[17] Notably, for the racemic mixture involving l/d-
Phe[17] (14), the asymmetric unit contains a single peptide
molecule, which adopts an open structure lacking any intra-
molecular hydrogen bond (Figure 5f).


Homochiral l-Pro-l-Pro sequences : The structures of three
independent peptides Piv-l-Pro-l-Pro-l-Phe-OMe (18), Piv-
l-Pro-l-Pro-l-Val-NHMe (20) and Piv-l-Pro-l-Pro-Aib-
NHMe (23) are shown in Figure 6. In peptide 18, both mole-
cules in the crystallographic asymmetric unit adopt a type
VIa b-turn conformation[3c,4b,20] (fi+1=�608, yi+1=1208 ;
fi+2=�908, yi+2=08), in which the l-Pro-l-Pro peptide
bond is cis (w=11.08 in the case of molecule A and 7.58 in
the case of molecule B). A 4!1 hydrogen bond between
the Piv C=O and the Phe(3) NH is observed (Table 1 and
Supporting Information, Table S3). A similar conformation
has been characterized in the peptide ferrocenyl-Pro-Pro-
Phe-OBzl.[21] Interestingly, earlier studies on small linear
peptides and protein structures have revealed a tendency for
the Xaa-Pro peptide bond to adopt a cis geometry when the
proline residue is preceded by an aromatic residue.[22] A
structure devoid of any intramolecular hydrogen bonds is
observed in peptide 20. Pro(1) adopts a PII conformation
with Pro(2) lying in the helical aR region and Val(3) in the
extended b-sheet region. In peptide 23, a Pro(2)-Aib(3) type
II b-turn is observed with a 4!1 intramolecular hydrogen
bond between Pro(1) C=O and the methylamide NH group.
Pro(1) adopts a conformation which is considerably distort-
ed from that observed for proline residues (f=�95.98, y=


173.38). In this case the Pro(1) ring exhibits an unusual
puckering (c1=37.88, c2=�33.98, c3=17.08, c4=7.58, q=


�28.58 for the first proline ring and c1=�22.48, c2=35.68,
c3=�34.58, c4=21.28, q=0.68 for the second proline ring).
Notably, in all the three cases of homochiral tripeptides 18,
20 and 23 a water of hydration is observed in the crystals.
This lone water molecule is hydrogen bonded to the Pro(1)
C=O group in all the three peptides. In the case of peptide
18, the asymmetric unit contains two molecules of the pep-
tide and only one molecule of water. In peptide 20, the
water molecule interacts with both the free NH groups of
Val(3) and the methylamide group. In peptide 23, the intra-


Figure 3. Molecular conformation of peptides in crystals containing heter-
ochiral diproline segments a) Piv-d-Pro-l-Pro-NHMe (1), b) Piv-d-Pro-l-
Pro-l-Val-OMe (2), c) Piv-d-Pro-l-Pro-l-Phe-OMe (3), d) Piv-d-Pro-l-
Pro-d-Ala-OMe (4), e) Piv-l-Pro-d-Pro-l-Ala-OMe (5), f) superposition
of the structures of peptides 1–5.
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molecular b-turn hydrogen
bond appears weak with a
N···O distance of 3.273 L, pre-
sumably as a consequence of a
strong bifurcated interaction of
Pro(1) C=O with the hydrating
water molecule.


Conformations of the proline
ring : The puckering of the
five-membered pyrrolidine
ring in proline residues has
been the subject of investiga-
tion for almost four deca-
des.[23g] Important studies
which define proline ring con-
formations merit mention. In
1970 Ramachandran and co-
workers[23a] established two
major conformational states
which describe the relative po-
sitions of the Cg and the C’
atoms with respect to the
mean plane formed by the


other four atoms of the five-membered ring as A (Cg/C’
atoms on opposite side, Cg-exo) and B (Cg/C’ atoms on same
side, Cg-endo). Subsequently, an incisive study by Ashida
and Kakudo[23b] described Cs-C


g-exo, Cs-C
g-endo, Cs-C


b-exo,
Cs-C


b-endo, C2-C
g-exo-C2-C


b-endo and C2-C
g-endo-C2-C


b-exo.
In an important contribution Scheraga and co-workers[23c,d]


defined these states using the nomenclature up and down. A
generalized description of five-membered ring conforma-
tions introduced by Cremer and Pople[23e] which uses two
parameters (the amplitude q and the phase angle f) has
sometimes been used for the description of the proline ring.


Figure 4. Molecular conformation of peptides in crystals containing consecutive b-turns a) Piv-d-Pro-l-Pro-l-
Val-NHMe (6), b) Piv-d-Pro-l-Pro-l-Leu-NHMe (7), c) Piv-d-Pro-l-Pro-l-Phe-NHMe (8), d) Piv-d-Pro-l-Pro-
Aib-NHMe (10), e) superposition of the structures of peptides 6–10 and DPPAN.


Figure 5. Molecular conformation of peptides in crystals containing a d-
residue succeeding the heterochiral diproline segments a) Piv-d-Pro-l-
Pro-d-Ala-NHMe (11), b) Piv-d-Pro-l-Pro-d-Val-NHMe (12),[17] c) Piv-l-
Pro-d-Pro-l-Val-NHMe,[17] d) Piv-l-Pro-d-Pro-l-Val-OMe (15), e) Piv-d-
Pro-l-Pro-d-Leu-NHMe,[17] (13), f) racemic mixture of Piv-d-Pro-l-Pro-
d-Phe-NHMe + Piv-l-Pro-d-Pro-l-Phe-NHMe[17] (14). Only the d-l-d
enantiomer has been shown.


Figure 6. Molecular conformation of peptides in crystals containing ho-
mochiral diproline segments a) Piv-l-Pro-l-Pro-l-Phe-OMe (18), b) Piv-
l-Pro-l-Pro-l-Val-NHMe (20), c) Piv-l-Pro-l-Pro-Aib-NHMe (23).
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A study published in 1977 by De Tar and Luthra[23f] effec-
tively identified two major states of the proline ring. More
recent theoretical[23h] and database analysis[23i,j] studies have
focused on an analysis of the coupling between the proline
ring geometry and the polypeptide backbone. While many
descriptions of ring geometry have been advanced, it is con-
venient to adopt a classification scheme which is based on
endocyclic torsion angles since these readily permit visuali-
zation of the distortions of the five-membered pyrrolidine
ring from planarity. The availability of a large number of
structurally characterized diproline segments in the present
study prompted us to revisit the analysis of the proline ring
geometry. In particular, most observed forms of the proline
ring are simply visualized by considering the Ca-N-Cd plane
as a reference and describing the positions of the Cb and the
Cg atoms with respect to this plane. For example, values of
c4 close to zero immediately indicate that the Cg atom lies in
the plane and that the puckering must be localized at Cb.
Similarly, a value of q close to zero is an indicator of Cg


puckering with the Cb atom lying in the plane. Cases where
both c4 and q are greater than 108 are immediately diagnos-
tic of twisted proline geometry, in which both Cb and Cg


atoms lie out of plane. A few cases are also observed where
c4~q ~08, which corresponds to an almost flattened, nearly
planar ring conformation.
Peptide crystal structures, determined at atomic resolution


provide a wealth of data on proline rings. Table 2 summariz-
es the observations on proline rings in diproline segments
characterized crystallographically. A total of 44 diproline
segments have been examined in acyclic compounds out of
which 21 have been extracted from the Cambridge Crystal-
lographic Database.[24] The classification of ring conforma-
tions in individual residues and in diproline segments are
given as Supporting Information (Tables S4–S6). Investiga-
tion of the ring conformations reveals six distinct conforma-
tional states. Two states which are maximally populated cor-
respond to displacement of only one of the ring atoms from
the mean plane, that is, Cs-C


g-exo(19) and Cs-C
b-exo(21).


Significant populations of four more states are also noted.
These are Cs-C


g-endo, two twisted states in which both the
Cg and the Cb atoms are move out of the plane and a near
planar geometry of the five-membered ring. Significantly, an
almost planar five-membered ring is observed in as many as
13 out of 88 proline rings. Indeed a planar proline ring has
also been characterized in a high resolution structure of the
protein, triosephosphate isomerase.[25] Interestingly, there is
no example of a state which can be characterized as Cs-C


b-
endo. Examination of the conformations of proline rings in
diproline segments does not reveal any dramatic preference
for a specific state, in the case of homochiral segments.
However, in the case of heterochiral diproline segments
there is a preponderance of the Cg-exo/Cb-exo combination.
Figure 7 illustrates the six major classes of observed ring
conformational states. It is necessary to draw attention to
the structure of Boc-Pro-Pro-OH (CSD ID-BOCPRO01) in
which four independent dipeptide molecules constitute the
crystallographic asymmetric unit. While molecules 3 and 4


have been taken into the dataset for the preceding analysis,
molecules 1 and 2 are considered separately. In this case,
the following ring torsion angles are observed [molecule 1:
Pro(1): c1=25.88,c2=�34.48, c3=29.78, c4=�13.38, q=


�7.58, Pro(2): c1=24.68,c2=�15.28, c3=0.08, c4=16.68, q=


�25.88 ; molecule 2: Pro(1): c1=26.38,c2=�33.88, c3=27.18,
c4=�10.38, q=�9.78, Pro(2): c1=24.18,c2=�13.98, c3=0.28,
c4=14.48, q=�21.98]. In both the molecules Pro(1) is classi-
fied as twisted Cg-endo. However, Pro(2) in both the cases
has a c3 ~08 which is directly indicative of the fact that the
atoms N-Cd-Cg and Cb lie in a plane with the ring being dis-
torted by the movement of Ca atom out of the plane
(Figure 7). This is a rare example of a geometry which arises
from puckering at Ca. The pyrrolidine ring conformations
within diproline segments do not show a strong co-relation
to the backbone structural feature in which they are found.
It is likely that five membered rings have a considerable
plasticity of structure and are readily deformed in order to
accommodate a variety of energetically preferred backbone
conformations.


Solution conformations of peptides with diproline segments :
Crystallographic studies, described in the preceding section,
establish distinct conformational preferences in model pep-
tides containing d-Pro-l-Pro and l-Pro-l-Pro sequences. An
important feature to emerge from these studies is that con-
formational diversity is observed in the solid state, especially
in the case of d-Pro-l-Pro-d-Xxx and l-Pro-l-Pro-l-Xxx se-
quences, suggesting that in solution, multiple conformational
states are almost certainly likely to be populated. NMR
studies have therefore, been undertaken in order to probe
the nature of the conformations populated in solution, in or-
ganic solvents. The existence of hydrogen bonded conforma-
tions have been probed using solvent dependence of amide
NH chemical shifts, while specific nuclear Overhauser ef-
fects (NOEs) are used as a diagnostic for determining local
residue conformations.


Heterochiral d-Pro-l-Pro sequences : Table 3 lists the ob-
served chemical shift for the two amide protons and the
values for the change in chemical shift on going from pure
CDCl3 to a mixture containing an appreciable concentration
of high [D6]DMSO (21.7% v/v). The addition of varying
concentrations of the strongly hydrogen-bonded solvent
DMSO to the peptides in the poorly interacting solvent,
CDCl3 is expected to cause a large downfield shift of the
solvent exposed protons as a consequence of the interaction
with the added solvent. Inspection of Dd values listed in
Table 3 clearly reveals that in the d-Pro-l-Pro-l-Xxx series,
where l-Xxx = l-Val (6), l-Leu (7), l-Phe (8), Gly (9), Aib
(10), the Dd values are exceedingly small (0.02 to 0.11 ppm).
This strongly suggests that both the NH groups are solvent
shielded, supporting their involvement in strong intramolec-
ular hydrogen bonding. These results suggest that the con-
secutive type II’–I b-turn structures observed in crystals of 6,
7, 8 and 10 are indeed maintained in solution. NOE studies
of the peptide Piv-d-Pro-l-Pro-l-Phe-NHMe (8), reveals in-
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tense NOEs between Pro(1) CaHQPro(2)CdH confirming
the trans geometry about the Pro(1)-Pro(2) bond. Further,


the Pro(2)CaHQPhe(3)NH and Phe(3)NHQNHMe NOEs
are consistent with b-turn conformations.
Interestingly, in the case of the d-Pro-l-Pro-d-Xxx-NHMe


series, the Dd values observed for d-Xxx NH are extremely
small (�0.06 to 0.10 ppm), while the values for methylamide
NH are appreciably larger (0.26 to 0.36 ppm) indicative of a
greater degree of solvent exposure of the C-terminal amide.


Table 2. Puckering states of the proline ring.


Ring conformation Number of
proline rings [a]


Average ring torsional parameters [8] Combination No. of examples
in homochiral diproline
segments[a]


No. of examples in
heterochiral diproline
segments[a]


A)
Cs-C


g-exo
or 8+11=19 c1=�20.4, c2=32.9, c3=�32.0, AC 2 4+1
Cg-exo c4=19.5, q=0.4 BB – 2


AG – 1+1
B)
Cs-C


g-endo GC 1 1
or 7+1=8 c1=22.6, c2=�33.1, c3=30.2, BC – 1
Cg-endo c4=�16.0, q=�4.0 BF – 2


GF 3 2
EC 2+1 1


C)
Cs-C


b-exo 11+10=21 c1=34.1, c2=�36.7, c3=24.3, GE 1 –
c4=�2.2, q=�20.1 AF – 2


FC – 2+1
D)
Cs-C


b-endo – – AB 1 –
CC 1 –


E)
twisted Cg-exo-Cb-endo FA 1 –
or 5+5=10 c1=�29.7, c2=38.7, c3=�32.2, AE 3 –
C2-C


g-exo-C2-C
b-endo c4=13.9, q=9.8 FF 1 –


AA – 1
F)
twisted Cg-endo-Cb-exo FC 1 –
or 9+8=17 c1=30.5, c2=�38.1, c3=30.4, GG 1 –
C2-C


g-endo-C2-C
b-exo c4=�11.6, q=�11.7 EF – 1


EG – 1
G)
planar 6+7=13 c1=6.2, c2=�5.1, c3=1.7, CA 1 –


c4=2.6, q=�5.5


[a] Numbers highlighted in bold font are examples from CSD.


Figure 7. Puckering states of proline rings.


Table 3. NMR parameters for the peptides Piv-d-Pro-l-Pro-l-Xxx-
NHMe and Piv-d-Pro-l-Pro-d-Xxx-NHMe.


Chemical shift [ppm] [a]


Residues NH Dd [ppm] [b]


Xxx Xxx NHMe Xxx NHMe


Piv-d-Pro-l-Pro-l-Xxx-NHMe
Gly (9) 7.84 7.01 0.06 0.11
Aib (10) 6.85 6.96 0.02 0.05
l-Val (6) 6.99 6.76 0.04 0.08
l-Leu (7) 7.25 6.91 0.06 0.07
l-Phe(8) 7.38 6.85 0.04 0.08


Piv-d-Pro-l-Pro-d-Xxx-NHMe
d-Ala (11) 7.52 7.01 0.03 0.27
d-Val (12) 7.62 7.02 �0.04 0.28
d-Leu (13) 7.48 7.11 0.04 0.26
d-Phe(14) 7.46 6.99 0.08 0.28


[a] CDCl3. [b]Dd is chemical shift difference for NH protons in CDCl3
and 21.7% [D6]DMSO/CDCl3 (v/v) solutions.
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Significantly, the crystal structure determination of the three
members of this group d-Xxx = d-Ala (11), d-Val (12), d-
Leu (13) revealed three distinct structures. In the case of the
peptide d-Xxx = d-Ala (11), both the amide NH groups
are involved in intramolecular hydrogen bonding. But in the
case of d-Xxx = d-Val (12), neither of the amide NH(s)
were hydrogen bonded, while in d-Xxx = d-Leu (13), a
single intramolecular hydrogen bond involving a methyl
amide NH group was observed. The NMR results suggest
that in solution, the d-Pro-l-Pro b-turn is stabilized by a 4!
1 hydrogen bond between Piv C=O and d-Xxx NH group
and is maintained in all the cases with a degree of conforma-
tional variability involving the C-terminal residue. Notably,
in the three crystal structures which have been determined
in this series the d-Xxx, d-Ala residue, adopts a conforma-
tion of (f=1298 and y=348) in the relatively unpopulated,
but nevertheless allowed, regions of the Ramachandran
map. In contrast, the d-Leu residue in peptide 13, adopts an
aL conformation, while the d-Val residue in peptide 12
adopts an extended conformation, (f ~90–1108 and y ~140–
1608), in two distinct structures observed in pure enantio-
mers and racemic mixtures. Thus, the heterogeneity of the
conformations in the d-Pro-l-Pro-d-Xxx-NHMe series in-
volving residue 3 observed in the crystalline state undoubt-
edly manifests itself also in solution, as evidenced by moder-
ately high Dd values, observed in the solvent titration ex-
periments. NOE studies in the d-Pro-l-Pro-d-Xxx-NHMe
series of the peptides revealed strong Pro(1) CaH–Pro(2)
CdH NOEs, confirming that the Pro(1)�Pro(2) bond is pre-
dominantly trans. Indeed, there is little evidence for the
presence of a minor cis conformation in all the peptides
studied. Curiously, the structure of the pure enantiomer,
Piv-d-Pro-l-Pro-d-Val-NHMe
(12) determined in single crys-
tals obtained from the mixture
of a ethyl acetate and petrole-
um ether reveals a cis Pro(1)�
Pro(2) peptide bond in the
crystalline state. In peptides 11
and 12, relatively intense
NOEs were observed between
Pro(2) CdHQXxx NH, Pro(2)
CaHQ Xxx NH and Xxx
NHQNHMe. The simultaneous
observation of these NOEs is a
clear indication of the popula-
tion of multiple conformational
states in solution. While the d-
Pro-l-Pro sequence appears to
have a strong propensity for
forming type II’ b-turns, the
Pro(2)-d-Xxx(3) segment is
less constrained, with the
nature of d-Xxx residue being
a determining feature.


Homochiral l-Pro-l-Pro sequences : The delineation of sol-
vent shielded NH groups was carried out by monitoring the
downfield shift of NH resonances upon addition of strongly
hydrogen bonded solvent [D6]DMSO to the peptide solution
in CDCl3. Representative solvent titration curves are shown
in the Figure 8. The population of cis conformer about Pro�
Pro bond was evident in all the sequences by the appearan-
ces of additional resonances. The assignment of the resonan-
ces of the cis form is based on the observation of a NOE be-
tween Pro(1) and Pro(2) CaH protons. Further, HSQC
(1H–13C) spectra of peptides 19 and 22, permitted the assign-
ment of Cb and Cg carbon resonances. In the case of the cis
conformer of peptide 22, the Cb resonances of Pro(2) ap-
pears at 31.6 ppm while Cg resonances appear at 21.2 ppm.
In contrast, trans form of peptide 19, the Cb chemical shift
of Pro(2) is at 29.3 ppm while Cg appears at 24.2 ppm (see
Supporting Information, Table S7). A large Dd (Cb�Cg) of
~10 ppm is characteristic of a cis X-Pro bond.[26] Table 4
summarizes the 1H NMR parameters determined for the
series of peptides Piv-l-Pro-l-Pro-l-Xxx-NHMe/OMe. In a
study of l-Xxx= l-Ala peptide (19) published over 25 years
ago, two strongly hydrogen bonded NH groups were identi-
fied and the consecutive type III–III b-turn conformation
was assigned. Reinvestigation of this peptide, synthesized
afresh, revealed that both NH groups are involved in intra-
molecular hydrogen bonding. Furthermore, the NMR spec-
trum revealed an overwhelming presence of trans confor-
mer, now conclusively established by the Pro(1)CaH
QPro(2)CdH NOEs. Careful examination of the spectrum
reveals that the cis conformer is populated to an extent of
5%. Interestingly, in all other peptides in these series, a sig-
nificantly higher proportion of cis conformer was observed.


Figure 8. Representative experiments showing the solvent dependence of NH chemical shifts at varying con-
centrations of [D6]DMSO in CDCl3 to probe solvent exposed verses hydrogen bonded amides. * Corresponds
to cis conformation. a) 19, b) 20, c) 21, d) 23.


www.chemeurj.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6192 – 62046200


P. Balaram, N. Shamala et al.



www.chemeurj.org





Indeed, in the case of l-Xxx = l-Val (20), l-Leu (21) and l-
Phe (22), the cis conformer is populated to a greater extent
than the trans form. Figure 9 provides a comparison of par-
tial NOE spectra, CaHQCaH region which highlights the
difference between l-Ala (19) and l-Phe (22) peptides. The
crystal structure of Piv-l-Pro-l-Pro-l-Phe-OMe (18) re-
vealed that both molecules in the asymmetric unit adopt
type VIa conformations, with Pro(1)�Pro(2) having a cis ge-
ometry.
The solvent dependence data in Figure 8 (see also Dd


values in Table 4), revealed that in the trans form, two sol-
vent shielded NH groups appear to be present only in the
case of l-Xxx = l-Ala (19). In the case of l-Xxx= l-Val
(20), l-Leu (21) and l-Phe (22), the methylamide NH of the
trans form shows considerable solvent dependence, indica-
tive of a significant fraction of non-hydrogen bonded confor-
mations. There is a marked difference in the degree of expo-
sure of l-Xxx NH and methylamide NH in case of l-Val
(20) and l-Leu (21) peptides, whereas the two NH groups
appear to be more solvent exposed in the case of l-Phe


(22). In the case of Xxx=Aib
(23), it is the Aib NH which
shows a larger solvent depend-
ence (Dd=1.41 ppm), while
the methylamide NH is hydro-
gen bonded (Dd=0.30 ppm).
This is undoubtedly a conse-
quence of the formation of a
Pro(2)-Aib(3) b-turn confor-
mation, which has been widely
characterized in crystal struc-
ture of short peptides.[1b] In all
cases, the extent of solvent de-
pendence in the case of cis
conformers is much less for
both the sets of NH protons. A
type VI b-turn conforma-
tion,[22f,h, 27] which might be an-
ticipated with l-Pro-l-Pro-l-
Xxx sequences with Pro-Pro
cis geometry, is expected to
result in solvent shielding of
the l-Xxx NH protons.
A notable feature of the


data in Table 4 for the tripep-
tide N-methylamide in CDCl3
is that the percentage of the cis
form exceeds that of the trans
conformer in case of l-Xxx=


l-Val (20), l-Leu (21) and l-
Phe (22). In contrast, for
Xxx=Aib (23), there is consid-
erable reduction in the popula-
tion of cis form and most dra-
matically for l-Xxx = l-Ala
(19), the cis population drops
to ~5%. Thus, the nature of l-


Xxx residue has a profound effect on free energy differences
between the Pro-Pro cis and trans form. Interestingly, in
[D6]DMSO, there is a substantial reduction in the popula-
tion of cis conformer in all the cases. Indeed, in case of l-
Xxx= l-Ala, the cis form is undetectable. In earlier studies
of model peptides the population of X-Pro cis conformer
has been shown to increase in polar solvents.[28] Clearly, in
the series Piv-l-Pro-l-Pro-l-Xxx-NHMe, the stabilization of
the cis form in an apolar solvent like CDCl3 is undoubtedly
driven by the favourable energy of formation of an intramo-
lecular 4!1 hydrogen bond in a type VI b-turn conforma-
tion. The effect of the alanine side chain is particularly note-
worthy, in that an all trans, incipent 310 helix is stabilized. In-
terestingly, in the corresponding ester Piv-l-Pro-l-Pro-l-
Ala-OMe, the cis conformer is populated to the extend of
56% in CDCl3, clearly suggesting that the formation of
second hydrogen bond is critical in promoting an all trans
structure in the corresponding N-methylamide (19).


Table 4. NMR parameters for the peptides Piv-l-Pro-l-Pro-l-Xxx-NHMe/OMe in CDCl3 and [D6]DMSO[a]


solutions.


Chemical shift [ppm]
Residues NH Dd ACHTUNGTRENNUNG[ppm][b]


ACHTUNGTRENNUNG(l-Xxx) Conformers Xxx NHMe Xxx NHMe cis [%] DG[c]
cis/trans


l-Ala-NHMe (19) trans 7.33 6.97 0.30 0.05 5 1.76
ACHTUNGTRENNUNG(7.32) ACHTUNGTRENNUNG(7.05) – – (–)[d] (–)[d]


cis 7.60 6.65 – – – –
(–)[d] (–)[d] – – – –


l-Val-NHMe (20) trans 7.20 6.29 0.11 1.12 54 �0.09
ACHTUNGTRENNUNG(7.61) ACHTUNGTRENNUNG(7.83) – – (11) ACHTUNGTRENNUNG(1.25)


cis 7.50 7.23 0.20 0.19 – –
ACHTUNGTRENNUNG(8.15) ACHTUNGTRENNUNG(7.47) – – – –


l-Leu-NHMe (21) trans 7.21 6.61 0.22 0.69 53 �0.07
ACHTUNGTRENNUNG(7.72) ACHTUNGTRENNUNG(7.67) – – (19) ACHTUNGTRENNUNG(0.87)


cis 7.61 7.01 0.34 0.21 – –
ACHTUNGTRENNUNG(8.41) ACHTUNGTRENNUNG(7.53) – – – –


l-Phe-NHMe (22) trans 6.55 6.58 0.64 0.74 62 �0.29
ACHTUNGTRENNUNG(7.76) ACHTUNGTRENNUNG(7.69) – – (31) ACHTUNGTRENNUNG(0.48)


cis 7.57 7.20 0.49 0.20 – –
ACHTUNGTRENNUNG(8.53) ACHTUNGTRENNUNG(7.58) – – – –


Aib-NHMe (23) trans 6.45 7.25 1.41 0.30 32 0.45
ACHTUNGTRENNUNG(8.21) ACHTUNGTRENNUNG(7.46) – – (8) ACHTUNGTRENNUNG(1.46)


cis 7.20 7.15 0.26 0.10 – –
ACHTUNGTRENNUNG(7.90) ACHTUNGTRENNUNG(7.25) – – – –


l-Ala-OMe (16) trans 7.12 – 0.59 – 56 �0.14
ACHTUNGTRENNUNG(8.20) (–) – – (21) ACHTUNGTRENNUNG(0.79)


cis 8.98 – �0.03 – – –
ACHTUNGTRENNUNG(8.82) (–) – – – –


l-Val-OMe (17) trans 7.34 – 0.30 – 21 0.79
ACHTUNGTRENNUNG(8.01) (–) – – (11) ACHTUNGTRENNUNG(1.25)


cis 8.92 – �0.04 – – –
ACHTUNGTRENNUNG(8.69) (–) – – – –


l-Phe-OMe (18) trans 7.13 – 0.37 – 67 �0.42
ACHTUNGTRENNUNG(8.13) (–) – – (33) ACHTUNGTRENNUNG(0.42)


cis 9.13 – �0.01 – – –
ACHTUNGTRENNUNG(9.00) (–) – – – –


[a] The values in parentheses correspond to those in [D6]DMSO. [b]Dd is chemical shift difference for NH
protons in CDCl3 and 21.7% [D6]DMSO/CDCl3. [c]DG [kcalmol�1] at 300 K. [d]Below the observable limit
of the present measurement.
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Conclusion


Polypeptide chain folding can be directed by the imposition
of local backbone constraints.[4] Restricting short segments
to a limited range of conformational excursions permits the
nucleation of ordered structures. For example, type I/III b-
turns can serve as a nucleus for helical folding, with the for-
mation of an incipient 310 helix when two contiguous turns
occur over a three residue segment, with the central residue
being shared between the two turns. Prime b-turns like type
I’ and II’ serve as nuclei for the generation of registered b-
hairpin structures. Diproline segments can adopt only a lim-
ited range of conformations and are accommodated into
specific b-turn structures. In segments where the residues al-
ternate in chirality (heterochiral diproline segments), type II
b-turns are strongly favored: bII’ in the case of d-l segments
and bII in the case of l–d units. In homochiral l-Pro-l-Pro
sequences, the tendency to form type I/III turns competes
with the formation of semi-extended polyproline structures.
In both the homochiral and heterochiral diproline sequen-
ces, the nature of the flanking residue has a profound influ-
ence on the conformation of the diproline segment. In the


case of d-Pro-l-Pro sequences, a variety of l-residues placed
at the C-terminus result in the formation of consecutive b-
turn structures (bII’-I) stabilized by the formation of two in-
tramolecular 4!1 hydrogen bonds. In contrast, when the C-
terminus residue has the d-configuration, the structures ob-
tained are diverse. Notably, in the case of Piv-d-Pro-l-Pro-
d-Ala-NHMe, a 5!1 hydrogen bonded a-turn (C13) struc-
ture is obtained. Proline peptides are also well disposed to-
wards adopting cis conformations about the Xaa-Pro pep-
tide bond. In the present study, cis pro-pro bonds have been
crystallographically characterized in two cases, one homo-
chiral and the other heterochiral. In the case of Piv-l-Pro-l-
Pro-l-Phe-OMe a type VIa b-turn conformation is observed
whereas in Piv-d-Pro-l-Pro-d-Val-NHMe a structure devoid
of any intramolecular hydrogen bond is observed with the
d-Pro-l-Pro peptide bond being cis. The ability to probe the
conformational space available to diproline segments is en-
hanced by the structural analysis of racemates in which
packing effects are different from those anticipated in the
case of crystals of pure enantiomers.
NMR studies in solution provide a means of characteriz-


ing multiple conformational states. In the present study, d-
Pro-l-Pro-l-Xxx sequences have been shown to be largely
conformationally homogeneous with the consecutive b-turn
also being maintained in solution. In sharp contrast, in the
l-Pro-l-Pro-l-Xxx series, the nature of the l-Xxx residue
has a significant effect on the cis–trans equilibrium about
the Pro-Pro peptide bond. l-Xxx= l-Ala is the only case
where the population of the cis conformers is extremely
small (5% in CDCl3). In all the other cases examined, cis
forms predominate in an apolar medium CDCl3, presumably
because of the formation of type VIa b-turn conformations
which are stabilized by a single 4!1 intramolecular hydro-
gen bond. In polar solvents like DMSO that compete for hy-
drogen bonding backbone sites, the population of cis con-
formers shows a dramatic decrease. The results of the pres-
ent study provide a detailed view of the possible conforma-
tional states of heterochiral and homochiral diproline se-
quences. The results also suggest that diproline segments
can be effectively used in the design of short well-structured
peptide sequences, especially when the role of the C-termi-
nus flanking residue is appreciated. The successful design of
a b-hairpin peptide with a three residue connecting loop is
an illustrative example of this approach.[2c] The body of evi-
dence presented in this paper on the conformations of
model peptides containing diproline sequences suggests that
unanticipated structures may yet be revealed by X-ray dif-
fraction analysis of short peptides. The results also empha-
size the subtle role of sequence effects in modulating the
conformations of short, constrained peptide segments.


Experimental Section


Peptide synthesis : All the peptides reported were synthesized by conven-
tional solution phase methods using a fragment condensation strategy.
The pivaloyl (Piv) group was used for the N-terminus, while the C-termi-


Figure 9. Partial 500 MHz NOESY spectra of the peptides Piv-l-Pro-l-
Pro-l-Phe-NHMe (22) (top) and Piv-l-Pro-l-Pro-l-Ala-NHMe (19)
(bottom) illustrating Pro(1) CaHQ Pro(2) CaH and Pro(1) CaHQ Pro(2)
CdH in CDCl3. * Corresponds to cis conformation
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nus was protected as an N-methylamide. Couplings were mediated by di-
cyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/HOBT).[29] All the
intermediates were characterized by 1H NMR (80 MHz) and TLC (silica
gel, chloroform/methanol 9:1) and were used without further purification.
The final peptides were purified by silica-gel column chromatography fol-
lowed by HPLC (C18, 5–10m), employing methanol/water gradients. The
homogeneity of the purified peptides was ascertained by analytical
HPLC. The purified peptides were characterized by electrospray ioniza-
tion mass spectrometry.[29]


X-ray diffraction : Single crystals suitable for X-ray diffraction were ob-
tained by slow evaporation from petroleum ether/ethyl acetate and meth-
anol/water mixtures. X-ray diffraction data were collected at room tem-
perature on a Bruker AXS SMART APEX CCD diffractometer using
MoKa radiation (l=0.71073 L). All the structures were solved by direct
methods using SHELXS-97[30a] and refined against F2, with full-matrix
least-squares methods using SHELXL-97.[30b] The crystal and diffraction
parameters and refinement statistics for 14 peptide crystal structures are
provided as Supporting Information (Table S2, Supporting Information).


CCDC 645999 (1), 646000 (2), 646001 (3), 646002 (4), 646003 (5), 646004
(6), 646005 (7), 646006 (8), 646007 (10), 646008 (11), 646009 (15), 646010
(18), 646011 (20) and 646012 (23) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.


NMR spectroscopy: NMR experiments were carried out on a Bruker
DRX500 spectrometer. 1D and 2D spectra were recorded at a peptide
concentration of ~3 mm in CDCl3, at 300 K. Delineation of exposed NH
groups was achieved by titrating a CDCl3 solution with low concentra-
tions of DMSO-d6. Resonance assignments were carried out with the
help of 1D and 2D spectra. Residue specific assignments were obtained
from TOCSY experiments, while NOESY/ROESY spectra permitted se-
quence specific assignments. All 2D experiments were recorded in phase
sensitive mode using the TPPI (time proportional phase incrementation)
method. A data set of 1024S450 was used for acquiring the data. The
same data set was zero filled to yield a data matrix of size 2048S1024
before Fourier transformation. A spectral width of 6000 Hz was used in
both dimensions. Mixing times of 100 and 200 ms were used for TOCSY
and ROESY, respectively. Shifted square sine bell windows were used
while processing. All processing was done using BRUKER XWINNMR
software.
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The Rehm–Weller Experiment in View of Distant Electron Transfer


A. Rosspeintner, D. R. Kattnig, G. Angulo, S. Landgraf, and G. Grampp*[a]


Introduction


Since the pioneering works of Rehm and Weller[1,2] the free-
energy dependence of photo-induced electron-transfer reac-
tions has attracted the interest of many scientists.[3–12] In
fact, a multitude of so-called Rehm–Weller plots has ap-
peared since then and stimulated the progress of electron-
transfer theories and their interplay with diffusion phenom-
ena.[13–19] Although it is a subject of ongoing controversy, the
original results of Rehm and Weller have been reproduced
frequently for similar systems and have posed three para-
doxes: 1) no observation of the Marcus inverted region in
photo-induced charge-separation reactions; 2) the lack of re-
versibility at small driving forces, DGet�0 eV; and 3) the be-
haviour in the diffusional “plateau”.


In detail, the predicted Marcus inverted region is often
unobservable, with the quenching rates at large driving


forces approaching a plateau value set by the diffusion rate
constant. Although the observation of the inverted region in
bimolecular charge-separation reactions has been postulated
various times,[20–24] a decisive answer is still to be awaited.
This behaviour is frequently modelled by a phenomenologi-
cal law proposed by the original authors on the basis of the
encounter complex approach in combination with an empiri-
cal model for the elementary electron-transfer reaction. The
latter, unfortunately, is not derived from first principles. Sev-
eral ways of overcoming the apparent “failure” of Marcus
theory to consistently model Rehm3s and Weller3s original
data, have since then been invoked.[15,25–29] Among them, the
contribution of the electronically excited state of the ion-
pair product is one of the most frequently argued mecha-
nisms. This behaviour has recently been found to apply to
the perylene/TCNE system.[30] Furthermore, the inclusion of
the high-frequency vibrational modes is known to hamper
the fall-off of the Marcus parabola in the inverted
region.[31,32] This point will only give rise to a slight prolon-
gation of the plateau region, without suppressing it com-
pletely. Indeed, the inverted region is clearly observed for
charge recombination reactions with an energy gap larger
than 1.5 eV, for which multichannel electron transfer is ex-
pected to contribute in just the same manner.[32–35] A great
deal of recent experimental work focuses on the distance
distribution of the reaction partners.[36–40] Upon increasing
the reaction exergonicity, the reaction layer changes from
contact to remote, whereby a high reaction rate is retained.
In a recent publication, Burshtein and Ivanov[19] have point-
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ed out that the consideration of this fact suffices to explain
the lack of the inverted region if only a proper matrix cou-
pling element is chosen.


The second paradox, which, however, has not received as
much attention as the former, is the lack of reversibility at
DGet�0 eV. As a result, the Stern–Volmer constants are
much higher than expected at low driving forces. As a
matter of fact the reversible transfer does not work as a
quenching mechanism unless an additional decay channel
annihilates the reaction products. Rehm and Weller intui-
tively realised this issue and introduced a decay channel,
which is constant with free energy and does not obey the
energy-gap law. Recently, the coherent conversion to the
triplet radical ion pair and its recombination to the triplet
excited state of the fluorophore has been suggested as a pos-
sible mechanism for the depletion of the radical ion-pair
population.[17,41] It should be noted that although this effect
has not yet received experimental confirmation it allows the
application of differential encounter theory (DET) to model
Rehm–Weller plots consistently.[42] This is because DET is
only applicable to irreversible reactions. It is interesting to
note that irreversibility has also been found in systems
which do not possess lower-lying triplet states.[43] Charge re-
combination without spin conversion can be invoked in this
context.[41] This does not necessitate the recombination to
the triplet state. Reversibility of the ionisation process has
been proposed to be at the root of multiple Rehm–Weller
plots, which were first observed by Jacques et al.[44] and re-
cently by Porcal et al.[45] Integral encounter theory can suc-
cessfully be applied in these cases.[17, 41] In exciplex-forming
systems, reversibility might also be more relevant than pre-
viously assumed, as recently established by magnetic field
effect measurements.[46]


In this paper we focus on the plateau region of the
Rehm–Weller plot, which poses the third paradox. This
aspect has not previously attracted any particular interest.
The research efforts have been guided by the idea that non-
contact electron-transfer processes will give rise to a steady
ascent over a wide range of DGet values instead of an actual
plateau. In fact, this feature is neither accounted for in
Rehm3s and Weller3s interpolation model nor can it be ex-
plained by a contact reaction. Instead we will make use of
the most advanced theory for irreversible diffusion-assisted
reactions: the encounter theory in its differential version. By
analysing several Rehm–Weller plots, including the original
data, we show that the absence of an actual plateau consti-
tutes a general feature, which is not unique to a particular
set of data. In addition we present data for a new chemical
system that holds two crucial advantages compared to previ-
ous systems: firstly, a single fluorophore is used to monitor a
relatively wide diapason of exergonicity and, secondly, only
quenchers of the nitroarene type are employed in the pla-
teau region. These two factors promise a comparatively
small scatter and analysis in terms of a single set of parame-
ters for electron transfer and diffusion is better justified.


This paper is not aimed at giving a definite explanation
for the lack of the Marcus inverted region, but is intended


to explain the steady increase in the region formerly re-
ferred to as the diffusional plateau.


Theory


Differential encounter theory : Differential encounter theory
predicts that the concentration of the excited fluorophore,
N ACHTUNGTRENNUNG(c,t), obeys Equation (1), in which t denotes the fluores-
cence lifetime, c the quencher concentration and k(t) is the
time-dependent quenching rate. This last parameter com-
prises the combined effect of mutual diffusion and the ele-
mentary quenching process.


Nðc,tÞ ¼ exp
�
� t


t
�c
Zt
0


kðt0Þdt0
�


ð1Þ


It is related to the auxiliary quantity nACHTUNGTRENNUNG(r,t) by Equa-
tion (2):


kðtÞ ¼ 4p


Z1
s


wðrÞnðr,tÞr2dr ð2Þ


Here w(r) is the distance-dependent electron-transfer
probability,[47] s denotes the contact radius, and nACHTUNGTRENNUNG(r,t) is the
solution of the diffusion-reaction equation [Eq. (3)]


@nðr,tÞ
@t


¼ L̂ðrÞnðr,tÞ�wðrÞnðr,tÞ ð3Þ


The operator L̂ðrÞ is defined by Equation (4) in which
v(r) denotes the effective potential due to the solvent struc-
ture (in units of kBT), and D(r) is the mutual diffusion coef-
ficient which is a function of the interparticle distance due
to hydrodynamic hindrance.[40]


L̂ðrÞ ¼ 1
r2


@


@r
r2DðrÞexpð�vðrÞÞ @


@r
expðvðrÞÞ ð4Þ


Equation (3) is subject to the Boltzmann initial condition
nACHTUNGTRENNUNG(r,0)=g(r)=exp(�v(r)), the outer boundary condition
[Eq. (5)] and the reflecting inner boundary condition
[Eq. (6)].[48]


nðr!1,tÞ ¼ 1 ð5Þ


�
@nðr,tÞ
@r


þ nðr,tÞdvðrÞ
dr


�����
r¼s


¼ 0 ð6Þ


The steady-state fluorescence intensity is proportional to
the integral of N ACHTUNGTRENNUNG(c,t) over time, which allows the relative
fluorescence intensity to be written as Equation (7)
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I
I0
¼


R1
0


Nðc,tÞdt


R1
0


Nð0,tÞdt
¼ ð1þ ckðcÞtÞ�1 ð7Þ


For low concentrations of the quencher we obtain Equa-
tion (8) with k0 given by Equation (9).


I
I0
¼ ð1þ ck0tÞ�1 ð8Þ


k0 ¼
~kð1=tÞ


t
ð9Þ


Here k̃ denotes the Laplace transform of k(t), which is a
function of the Laplace transform of n ACHTUNGTRENNUNG(r,t), ñ ACHTUNGTRENNUNG(r,s). For ñ ACHTUNGTRENNUNG(r,s),
Equations (3), (5) and (6) yield Equation (10)


~nðr,sÞ ¼ ðsþ wðrÞ�L̂ðrÞÞ�1nðr,t ¼ 0Þ ð10Þ


Equation (10) can be solved numerically by discretising the
r domain by using finite difference techniques. While the
inner boundary condition can be implemented by using the
particle preservation requirement, for the outer boundary
we truncate the domain at finite r and make use of the
asymptotic solution given in Equation (11)


~nðr,sÞN1=sþ const: � expð�r
ffiffiffiffiffiffiffiffiffi
s=D


p
Þ=r ð11Þ


A highly efficient computational procedure ensues, which
yields the discretised ñ ACHTUNGTRENNUNG(r,s) as a solution to a tridiagonal
linear system.


Hydrodynamic effect and solvent structure : In the present
study the diffusion operator, L̂(r), includes a distance-de-
pendent diffusion coefficient, D(r), and a potential, v(r), ac-
counting for the solvent structure (cf. Figure 1). The r-de-
pendence of the diffusion coefficient is attributed to the hy-
drodynamic effect, which is a consequence of the mutual
hindrance of approaching donor and acceptor molecules.
For small interparticle distances the diffusion coefficient is
reduced substantially. The model of Deutch and Felderhof[49]


gives an estimate of the effect for two solutes of equal size
(s/2), which are much larger than the solvent molecule
[Eq. (12)]. In this equation D=D(1) is the bulk diffusion
coefficient.


DðrÞ ¼ D
�
1� 3s


4r


�
ð12Þ


The donor–acceptor pair distribution function g(r), on the
other hand, accounts for the microscopic structure of the
condensed phase. For the low concentrations of quenchers
used, quencher–quencher excluded volume effects[39] are
negligible and g(r) parallels the solvent density distribu-
tion.[40,50] The inclusion of the solvent structure leads to an
increased population of quenchers in the immediate vicinity
of the photo-excited fluorophore. The radial distribution


function of the solvent was evaluated solving the Percus–
Yevick equation.[51]


Electron transfer : The intrinsic electron-transfer reaction of
the quenching process is described by using Marcus
theory.[52,53] For the data under investigation, which cover a
wide range of free energies, the multichannel version is ap-
plied. It considers the electron transfer to numerous vibron-
ic sublevels of the reaction products. Provision has to be
taken of the saturation of the ionisation rate at short inter-
particle distances. In the case of extremely efficient cou-
pling, the limiting step for the electron transfer can become
the diffusional motion of the system along the reaction coor-
dinate to the crossing point.[54–56] This so-called “dynamic
solvent effect” is accounted for by including tL, the longitu-
dinal relaxation time of the solvent polarisation.[57] The reac-
tion probability for the electron transfer, w(r), is then given
by[30]


wðrÞ ¼
X1
n¼0


UðrÞe�SSn
n!þUðrÞtse�SSn


exp
�
� ðDGetðrÞ þ lðrÞ þ �hwnÞ2


4kBTlðrÞ


�


ð13Þ


where S = lq/(�hw), with w denoting the frequency and lq


the reorganization energy of the quantum mode.


UðrÞ ¼ V2
0


�h
exp
�
� 2ðr�sÞ


L


� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p


lðrÞkBT


r
ð14Þ


and


Figure 1. a) The spatial dependence of the relative diffusion coefficient,
D(r)/D(1), using the Deutch and Felderhof expression; b) the solvent
structure, g(r), obtained from solving the Percus Yevick equation.
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tS ¼ 4tL


ffiffiffiffiffiffiffiffiffiffiffiffi
pkBT
lðrÞ


s
ð15Þ


The distance dependencies of both the free energy, DGet,
and the outer sphere reorganisation energy, l, are taken into
account: see Equations (16) and (17) in which rc=
e2/ ACHTUNGTRENNUNG(4pe0ekBT) denotes the Onsager radius.


DGet ðrÞ ¼ DGetðsÞ�kBT
�
rc
r
� rc


s


�
ð16Þ


DGet ðsÞ ¼ Eox
1=2ðFÞ�Ered


1=2ðQÞ�E00�
kBTrc


s
ð17Þ


Monte Carlo simulations have shown that the classical
Marcus expression does not only overestimate l(s), but also
results in a different distance dependence.[58] Henceforth we
will use an approximation for l(r) [Eq. (18)] similar to the
one which has already been successfully applied by Matsuda
et al.[16]


lðrÞ ¼ lð1Þ� d
r


ð18Þ


in which l(1) takes on the value of the Marcus outer-
sphere reorganisation energy at infinite fluorophore quench-
er separation [Eq. (19)], and d is a variable parameter ac-
counting for the fact that generally the reorganisation ener-
gies at contact are found to be overestimated by the Marcus
expression.


lð1Þ ¼ e2


2peos


�
1
n2
D


� 1
e


�
ð19Þ


The parameter d was set to 10.5 NeV, giving rise to 61% of
the contact value if Marcus theory was applied, which is in
good agreement with previous observations.[58,59]


Results and Discussion


Figure 2 shows the steady-state quenching rate dependence
on the reaction free energy for several experimental data
sets (see also Table 1). Besides the data obtained in this
study, we have included Rehm3s and Weller3s original data[1]


and a representative study by Niwa et al.[60] Niwa3s data
spans a range of more than 2.5 eV. It is clearly observed that
all three data sets follow a common trend, which is typical
for this type of experiment. As expected, the scatter for the
2,5-bis(dimethylamino)-1,3-benzenedicarbonitrile
(DMBCN) data is indeed smaller than that for Rehm3s and
Weller3s original data for the reasons indicated above. Note
that all data sets are characterised by a steady increase of
the rate constant in the range up to approximately �2 eV,
and do not level off and give rise to a plateau at a rate
equal to the diffusion rate, kdiff=4psD. This observation is
evident when represented on a linear scale, as seen in Fig-


ure 2b. It should be noted that this feature has not yet at-
tracted particular interest in the scientific literature, proba-
bly due to the fact that it conflicts with the predictions
posed by the Rehm–Weller empirical model. In fact, the


Figure 2. k0 versus DGet for the original Rehm–Weller data, the data of
Niwa et al. , and our data. The lines show the result of fitting Weller3s
data with his contact model (grey line) and fitting all data simultaneously
using DET with Marcus multichannel (black line), the hydrodynamic
effect and the solvent structure. Additionally, the stationary rate con-
stant, k1, is given as a black dashed line. a) The well-known semi-loga-
rithmic presentation, which focuses on the ascending branch in the kinet-
ic regime. b) An alternative linear anamorphosis emphasising the diffu-
sional pseudo-plateau.


Table 1. Free-energy changes for the electron transfer fluorescence
quenching of 2,5-bis(dimethylamino)-1,3-benzenedicarbonitrile by aro-
matic quenchers, DGet, the quencher reduction potentials, Ered


1=2 and the
low concentration fluorescence quenching rate constants, k0, in acetoni-
trile at 298.2 K.


Quencher[a] Ered
1=2


[b] Ref. DGet k0


[V] [eV] [109m
�1 s�1]


14DNB �0.67 [94] �1.42 26
4NBN �0.87 [94] �1.22 20
13DNB �0.89 [94] �1.20 25
3NBA �1.02 [95] �1.07 20
Cl4NB �1.06 [94] �1.03 20
NB �1.14 [94] �0.95 21
34MNB �1.23 [95] �0.86 16
23MNB �1.30 [94] �0.79 14
26MNB �1.40 [95] �0.69 12
14AB �1.56 [96] �0.53 12
Qui �1.70 [97] �0.39 12
23MQui �1.80 [95] �0.29 6.5
BP �1.82 [94] �0.27 7.5
44MBP �1.92 [98] �0.17 6.0
4ClAP �1.97 [99] �0.12 5.3
44MoBP �.05 [98] �0.04 0.9
AP �2.13 [99] 0.04 0.2
4MAP �2.24 [99] 0.15 0.01


[a] For an explanation of the abbreviations of the quenchers, see the Ex-
perimental Section. [b] The data from the different references have been
corrected to refer to SCEaq in acetonitrile.
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latter anticipates an actual plateau with an invariant quench-
ing rate equal to the diffusion rate. It should be pointed out
that Rehm3s and Weller3s equation is merely an empirical
model that is not based on first principles. Instead it ap-
peared to be “the most reasonable function” for a monoto-
nous dependence of the free energy of activation, DG*, on
the reaction free energy, DGet, according to the original au-
thors. Qualitatively it appears as if the quenching rate con-
stant, k0, was faster than the diffusion rate, kdiff, over a wide
range of driving forces. In a simplistic contact model this is
tantamount to an increase of the effective quenching radius.
Within the differential encounter theory employed here the
phenomenon is not at all surprising and can be rationalised
by a shift of the initial distribution of ions,[37,42] m0(r), away
from contact. This behaviour is a direct consequence of the
intrinsic distance dependence of the electron transfer rate,
w(r), and the diffusive approach of the reactants. In fact,
w(r) assumes its maximum at contact for small values of
DGet, although there are peaks at distances larger than the
contact distance for driving forces larger than 1.2 eV (see
Figure 3). In Figure 3, the maximum of w(r) is indicated by
a thick solid line. This fact can also be appreciated from the
contour plot. In combination with the diffusive nature of the
encounter, w(r) determines the location of the electron
transfer and thus the initial distribution of ions. It is evident
from Figure 4 that an appreciable number of ions is born at
distances as large as s+6 N. The functional dependence
closely mirrors the actual quenching rate as is obvious from
a comparison of Figures 2b and 4. Because the three data


sets compiled in Figure 2 show the same overall trend we at-
tempted a simultaneous fit using differential encounter
theory and the rate model introduced in the section above
on electron transfer. This approach is guided by the idea of
working out a common basis that is more significant than
the variation between the systems. While the necessity to in-
clude the solvent structure and the hydrodynamic effect in
the theoretical models has been demonstrated clearly for
highly viscous solvent systems,[37,50] these issues have not at-
tracted attention in the analysis of Rehm–Weller plots. In
order to evaluate the impact of these refinements of the the-
oretical model we analysed the quenching data including:
1) solvent structure and the hydrodynamic effect; 2) only
the hydrodynamic effect; 3) only the solvent structure;
4) neither the solvent structure nor the hydrodynamic effect.
For all models only the coupling matrix element, V0, and its
characteristic decay length, L, were adjusted. In addition,
the following parameter values were adopted:


s=6.5 N D=300 N2ns�1


h=0.28 ssolv=3.62 N
lq=0.42 eV �hw=0.186 eV
S=2.26 tL=0.17 ps
e=35.9 nD=1.344


The parameters e and nD were taken from reference [61].
The value of 0.186 eV (corresponding to 1500 cm�1) for the


Figure 3. Plot of the reaction probability for electron transfer, w(r), as a
function of the free energy of electron transfer, DGet, and the interparti-
cle distance, r�s. The lower panel shows the contour plot of the data.
The contour levels are equally spaced on a logarithmic scale. The thick
solid line marks the position of the maximum as a function of DGet.


Figure 4. Plot of the normalised initial ion distribution, 4pr2mo(r), as a
function of the free energy of electron transfer, DGet, and the interparti-
cle distance, r�s, at a quencher concentration of 5S10�3m. The lower
panel shows the contour plot of the data. The reaction changes from
being totally contact in the kinetic regime (DGet>�0.5 eV) to totally
remote in the diffusion regime (DGet<�0.5 eV). The thick solid line
marks the position of the maximum as a function of DGet.
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energy of the quantum mode, �hw, has previously been found
to be applicable.[62–64] This parameter corresponds to the
mean value of the high frequency quantum mode contribu-
ting to the electron-transfer reaction. For aromatic com-
pounds similar to those used here, it has been argued to be
close to the C=C stretching mode in the ring. lq was estimat-
ed as the mean overall inner reorganisation energy calculat-
ed on the basis of Nelsen3s method.[65] The value of the elec-
tron-phonon coupling strength, S, has been calculated as lq/
(�hw),[66] and yields a value corresponding to a middle-strong
coupling, in accordance with Levich[67] and many
others.[16,30, 68,69] tL=tDn


2
D/e, in which the value for tD was


taken from reference [70]. The solvent diameter, ssolv, was
taken from reference [71] and the packing fraction, h =


p1ms3
solvNA


6Mw
, calculated from the mass density 1m, and the


molar weight, Mw, where NA denotes Avagadro3s number.
The diffusion coefficient used is in perfect agreement with
those used in other works employing the same solvent.[16,19,30,63]


However, other choices of electron-transfer parameters
are frequent in the literature and do not give rise to substan-
tially different results. In the Supporting Information some
of these parameter sets are presented and rationalised. The
reader should note that a comparison of many different sys-
tems is inherent in the Rehm–Weller plot and thus the pref-
erence for one parameter set over the other is difficult to
argue. Nevertheless, the conclusions obtained in this work
are to a large extent independent of the actual parameters
used, always assuming that these are chosen within the
bounds of physical reasonability.


In Figure 2 we also included the stationary rate constant,
k1. This is the rate attained for the steady-state pair distri-
bution of the quenchers about the excited fluorophore. It is
evident that for all rates in the diffusion regime, k1 underes-
timates the low concentration Stern–Volmer constant, k0. In
particular, at large driving forces the quenching is governed
by the transient term (non-stationary diffusion). From this it
is inferred that treatments that base their analysis on k1, as,
for example, those derived from the closure approximation
by Tachiya, can not be applied to steady-state data like
ours.[72] Furthermore, the relative contribution of the non-
stationary quenching does depend on the fluorophore life-
time. For this work we took t=22 ns (DMBCN). However,
using 14 ns, which is more appropriate for the data by Niwa
et al. , yields very similar results. In contrast, significantly
shorter lifetimes may give rise to an underestimation of k0


with respect to that calculated here.
Table 2 summarises the fit results obtained for the four


models. Note that the inclusion of the hydrodynamic effect
gives rise to a significant improvement of the fit as judged
from the relative residual norm. The fits that do not account
for the hydrodynamic effect overshoot the experimental
data in the range from �0.5 to �1.0 eV. Thus its inclusion is
clearly justified. The goodness of fit alone does not substan-
tiate the inclusion of the solvent structure. However, only by
including these two effects simultaneously can a simulation
with quite a small value of the effective coupling matrix ele-


ment, Veff=V0


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e�SSn=n!


p
,[73] be achieved. Not accounting for


these effects, on the other hand, gives rise to a large cou-
pling matrix element, which renders the applicability of the
electron-transfer model questionable.[74] Indeed, making use
of large Veff, Matsuda et al.[16] obtained results similar to that
of model 4, in which the solvent structure and the hydrody-
namic effect are not taken into account. In summary,
model 1 provides the most consistent description of the ex-
perimental trends, while simultaneously obeying the limita-
tions of the applied electron transfer model. Actually, the fit
parameter L is typical for this kind of system and agrees
well with the values suggested in references [75] and [76].
Note that the decay length deduced from the Marcus rate
expression is expected to exceed that determined on the
basis of an exponential model,[77,78] as has been shown in ref-
erences [75,79]. Note that V0 and L are certainly slightly
correlated, as can be appreciated from the error surface
given in the Supporting Information. The deviation from
Marcus3 proposal for the distance dependence of l is man-
datory to reproduce the experimental data in the range
above �0.5 eV. A similar result could be obtained by includ-
ing an additional reaction channel at low exergonicities, as
has been shown in reference [80].


Experimental Section


2,5-Bis(dimethylamino)-1,3-benzenedicarbonitrile (DMBCN, Eox
1=2=


0.73 V,[81] E00=2.76 eV[82] , t=22 ns) was synthesised and purified as de-
scribed in reference [81]. 1,4-Dinitrobenzene (14DNB, Aldrich, 98%), 4-
nitrobenzonitrile (4NBN, Fluka, 98%), 1,3-dinitrobenzene (13DNB,
Schuchardt), 3-nitrobenzaldehyde (3NBA, Aldrich, 99%), 1-chloro-4-ni-
trobenzene (Cl4NB, Aldrich, 99%), quinoxaline (Qui, Fluka, 97%), 2,3-
dimethylquinoxaline (23MQui, Aldrich, 97%), 4,4’-dimethylbenzophe-
none (44MBP, Fluka,>98%) and 4,4’-dimethoxybenzophenone
(44MoBP, Schuchardt, 98%) were purified by sublimation. Nitrobenzene
(NB, Fluka, 99.5%), 2,3-dimethylnitrobenzene (23MNB, Aldrich, 99%),
2,6-dimethylnitrobenzene (26MNB, Aldrich, 99%), 4-chloroacetophe-
none (4ClAP, Fluka, 97%) and 4-methylacetophenone (4MAP, Fluka,
95%) were purified by distillation. 3,4-dimethylnitrobenzene (34MNB,
Aldrich, 99%), 1,4-diacetylbenzene (14AB, Aldrich, 99%), benzophe-
none (BP, Fluka,>99%) and acetophenone (AP, Fluka, 99%) were used
as received. Acetonitrile (Merck, isocratic grade) was dynamically dried
over a molecular sieve (3 N).


Absorption spectra were recorded on a Shimadzu UV-3101PC UV-VIS-
NIR spectrophotometer. Fluorescence spectra were recorded on a Jobin–


Table 2. Comparison of the four models used to describe the three sets
of quenching data. The fitting parameters were the coupling matrix ele-
ment, V0, and its decay length, L. The maximal effective coupling matrix
element, Veff, is additionally given. The optimisation criterion (opt. crit.)
was evaluated from �i((k0,i�k0,fit,i)/k0,i)


2, in which k0,i denotes the experi-
mental value and k0,fit,i its theoretical counterpart.


hydrodynamic solvent L V0 Veff opt.
hindrance structure [N] ACHTUNGTRENNUNG[meV] ACHTUNGTRENNUNG[meV] crit.


1 yes yes 2.0 52 27 6.6
2 yes no 1.6 117 60 6.5
3 no yes 1.1 53 27 10.9
4 no no 0.2 1000[a] 520 10.7


[a] The value corresponds to the upper bound allowed in the optimisation
procedure.
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Yvon Spex FluoroMax-2 spectrofluorimeter. Time-resolved measure-
ments were performed using a home-built single-photon timing setup de-
scribed in reference [83], with a 450 nm LED (Picoquant, FWHM 0.7 ns)
as the excitation light source.


The measurements were carried out in septa-sealed quartz cuvettes
(10 mm Suprasil glass) and the solutions were purged with Ar for 15 min
prior to measurement. The sample invariability with respect to changes
in concentration in this procedure was checked by recording absorption
spectra before and after the procedure. The concentration of the fluoro-
phore was chosen such that the absorption at the excitation wavelength
(430 to 440 nm) did not exceed 0.1, corresponding to a maximum concen-
tration of 3S10�5m. The quencher concentrations were chosen such that
the observed Stern–Volmer plots did not show deviations from linearity,
thus being smaller than 10�2m for the diffusion limited reactions. All ex-
periments were performed at (25�1)8C.


Conclusions


By using a single fluorophore (DMBCN) a Rehm–Weller
plot has been constructed. The ascending behaviour in the
“plateau region” has been analysed in detail and shown to
be universally observable by comparison to previous data.
In particular, Rehm3s and Weller3s original data have been
revisited and found to show analogous behaviour. The DGet


dependence of the quenching rate originates from the dis-
tance dependence of the intrinsic electron-transfer rate in
combination with diffusion in the effective potential due to
the solvent structure. Unlike previous studies that tried to
explain this kind of experiment, we achieved a fit using a set
of parameters that are within the limits of applicability of a
physically grounded theoretical model.


We note that the individual parameter values are not es-
sential, but rather the general shape of the intrinsic rate of
electron transfer, w(r). Evidently there are several physically
reasonable parameter sets that give rise to approximately
the same functional dependence. This paper is not intended
to provide a parameter set, or to establish a value of any of
them as the best one. This paper is about the ability of a ki-
netic model that includes several well-grounded physical
phenomena to explain a series of experiments.


By taking into account the solvent structure and hydrody-
namic hindrance, the extracted electron-transfer parameters
do not exceed the limit of applicability of the electron-trans-
fer model. More precisely, the coupling matrix element
obeys VeffkBT. The solvent structure allows the realisation
of large rates in the kinetic regime without pushing the
limits of the applied model too far. The non-plateau behav-
iour is recognised as a feature of the interplay of the individ-
ual distance dependences of the solvent reorganisation
energy, the driving force, the diffusion coefficient and the
solvent structure. These distance effects are clearly shown to
influence the quenching process, even though the viscosity is
low and non-Markovian effects are not expected to have as
much relevance as in more viscous solvents.[76] On the other
hand, interpolation equations, which are based on rather ar-
tificial relations between rate constant and driving force, as,
for example, Rehm3s and Weller3s original model, as well as
contact models, are recognised as being inappropriate. Un-


fortunately, these unphysical models continue to be in wide-
spread use.[84–88] Indeed, the assumption of a distant elec-
tron-transfer process is mandatory to rationalise the Rehm–
Weller plot from first principles.


The reader should note that the distant electron-transfer
model employed here is not at all in contradiction with the
observation of ultrafast charge recombination of the ions, as
has been suggested by Vauthey et al.[89,90] Indeed, at the
large quencher concentration employed by these authors the
majority of the ions are formed through static quenching at
contact. In fact, the distribution of ions then mirrors the
combined effect of the solvent structure and the intrinsic
rate with a large portion of ions being generated at contact.
This has also been shown by Weidemaier et al.[91]


Despite these achievements one issue about the Rehm–
Weller experiment remains open: the ascending branch has
been rationalized assuming total irreversibility; that is, re-
combination to the excited state has been neglected explicit-
ly. This is equivalent to considering a fast deactivation chan-
nel of the ions, which, however, cannot be specified any fur-
ther in the present study. Two possible channels are rational:
fast charge recombination to the ground state, even in the
inverted region, or recombination to the triplet state follow-
ing spin conversion.


The former channel has some precedents when contact
complexes are considered. The first (static) quenching stage
can be extraordinarily fast due to a very large matrix cou-
pling element, Veff, of dynamic nature, which is favoured by
a structure existing prior to excitation.[92,93] This proposition
could explain two of the Rehm–Weller paradoxes: the very
fast deactivation channel in the ascending branch of the RW
plot, as well as the large rate constant of the quenching at
very large driving forces.


The latter channel is feasible for the present organic sys-
tems, since the reaction proceeds from a singlet excited
state, higher in energy than the triplet. As a consequence
the ions in the low exergonicity region will lie above the
triplets as well. Note that the present analysis accommo-
dates without restraints even the points at extremely nega-
tive DGet values, that is, the tetracyanoethylene (TCNE)
points of the original data set. The only exception is the
point at largest driving force (naphthalene/TCNE), which,
however, does not follow the trend of the other points at
comparable driving forces. Our analysis does not assume an
effective coupling matrix element that significantly exceeds
kBT, contrary to references [16] (Veff at contact equals
64 meV in channels 2 and 3) and [72]. Additionally, it is not
required to include the excited state of the reaction prod-
ucts, as has been done in reference [30] and has already
been suggested by Rehm and Weller. While this cannot be
viewed as definite proof against any of these suggestions, it
again sheds light on the inclusion of the solvent structure for
this kind of analysis.


Almost forty years of debate have led to several models
explaining the DGet dependence of photo-induced electron-
transfer reactions involving freely moving particles in solu-
tion. However, the issue cannot at all be regarded as con-
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cluded. Even the availability of kinetic methods able to
follow chemical reactions in real time, or the theoretical de-
duction of theories for diffusion influenced reactions from
physical principles, have thus far not been capable of resolv-
ing all the paradoxes posed by this ancient experiment. It is
surprising, nearly forty years after the original experiment,
so many questions remain open.
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N-Tosyloxycarbamates as Reagents in Rhodium-Catalyzed C�H Amination
Reactions


Kim Huard and H%l&ne Lebel*[a]


Introduction


Because the amine functionality is abundant in natural prod-
ucts and plays a key role in many biologically active com-
pounds, the formation of C�N bonds is of great importance
in organic synthesis. The progress that has been made in the
area of metal-catalyzed transformations[1] has led to the de-
velopment of new catalytic methods, such as reductive ami-
nation of carbonyl compounds,[2] hydrogenation of enam-
ides,[3] hydroamination of olefins,[4] or C�N coupling.[5]


These new methods allow the efficient formation of amines
through functional-group manipulation. The direct and se-
lective introduction of a nitrogen atom into a C�H bond is
an alternative approach and an attractive method because
the introduction of another functional group is not required
prior to amine formation. Recent investigations into the cat-
alytic amination reaction have led to the discovery of new
and efficient nitrene-transfer processes.[6] In recent amina-
tion methods, the nitrene precursors were azides,[7] halo-


ACHTUNGTRENNUNGamines[8] or, most frequently, iminoiodinanes (PhI=NR).[9]


The use of hypervalent iodine reagents, such as (diacet-
ACHTUNGTRENNUNGoxyiodo)benzene for the oxidation of carbamates and sulfa-
mates, has considerably simplified the use of iminoiodi-
nanes[10] and led to practical and efficient processes. How-
ever, the generation of a stoichiometric amount of iodoben-
zene is still a major drawback associated with the use of hy-
pervalent iodine reagents. Amination reactions have been
developed by using various metal complexes, such as Co,[7b,c]


Ru,[7a] Cu,[8,9f,l,s] Au,[9p] Ag,[9i,q] and Pd[9m] to catalyze nitrene
insertion, but rhodium dimers remain the most employed
com ACHTUNGTRENNUNGplexes.[9a–c,g,h,j,k,n,o,r,t] With all these methods in hand, in-
tramolecular C�H insertion is now an established reaction
that is used in total synthesis to form b- or g-amino alco-
hols.[11,12] However, the intermolecular reaction has so far
been limited to the use of sulfamate or sulfonimidamide de-
rivatives, and in some cases restricted to benzylic and ethe-
real positions.


Our interest in the activation of nitrogen-containing com-
pounds has prompted us to study new sources of nitrene
precursors for the metal-catalyzed C�H bond-insertion reac-
tion, which would be more suitable for industrial applica-
tions. N-Arylsulfonyloxycarbamates (ArSO3NHCO2R) are
stable,[13] easy-to-handle, crystalline compounds, which are
obtained from commercially available alcohols in two steps.
Recently, they have been used in osmium-catalyzed amino-
hydroxylation reactions[14] and in copper-catalyzed[15] and
uncatalyzed[16] aziridination reactions. Similar compounds
have also been used for the generation of free nitrenes by
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deprotonation and a-elimination, but unselective reactions
were often observed.[17] We have recently shown that metal
nitrenes formed by the decomposition of N-tosyloxycarba-
mates (TsONHCO2R) under basic conditions in the pres-
ence of a rhodium dimer complex can be used for C�H in-
sertion reactions (Scheme 1).[18] Both the intra- and intermo-


lecular insertion reactions proceed smoothly under mild re-
action conditions at room temperature to give substituted
oxazolidinones and Troc-protected amines (Troc= trichloro-
ACHTUNGTRENNUNGethoxycarbonyl), respectively, in moderate to excellent
yields. Herein, we report the scope and limitations of this
new method, and also the functional-group tolerance. In-
sights about the mechanism of rhodium-catalyzed C�H ami-
nation reactions with N-tosyloxycarbamates are also dis-
cussed.


Results and Discussion


Development and optimization : Carbamates are attractive
starting materials for the development of a rhodium-cata-
lyzed C�H amination reaction for many reasons. Not only
they are readily available and easy to prepare, but they also
lead to carbamate-protected amination products, which are
very convenient synthetic intermediates. Moreover, in con-
trast with metal nitrenes obtained from aliphatic or amide
derivatives, carbamate-derived metal nitrenes do not under-
go rearrangements.[19] We envisioned the deprotonation of
N-substituted carbamates in the presence of a metal com-
plex as a new approach to access metal–nitrene species. A
number of N-alkoxycarbamates were tested in the presence
of various bases and rhodium(II) dimer complexes
(Table 1). By using optimal reaction conditions (potassium
carbonate and rhodium(II) triphenylacetate dimer complex
([Rh2 ACHTUNGTRENNUNG(tpa)4]) in dichloroethane, see below), we observed
that carbamates that had acetate (2), pivaloate (3), or phe-
nylcarbonate (4) as the leaving group were remarkably
stable (Table 1, entries 1–3), and the starting material was
recovered unchanged. Conversely, starting materials that
had an N-arylsulfonyloxy group were found to be more re-
active. For N-nosyloxycarbamate 5, 15% conversion to the
desired oxazolidinone 1 was observed, together with the for-
mation of other products that included the carbamate
PhCH2CH2OC(O)NH2,


[9b] which is typical of a free nitrene


pathway (Table 1, entry 4).[17] By using the less electron-
withdrawing N-tosyloxycarbamate 6, we observed the exclu-
sive formation of oxazolidinone 1 in the presence of potassi-
um carbonate and [Rh2ACHTUNGTRENNUNG(tpa)4] (Table 1, entry 5). Both di-
chloroethane (DCE) and dichloromethane (CH2Cl2) were
convenient solvents for these reactions, as was benzene
(Table 1, entries 5–7). Other rhodium dimer complexes were
tested with N-tosyloxycarbamate 6, but the yield for the for-
mation of oxazolidinone 1 was lower (Table 1, entries 8 and
9) or no conversion was observed (Table 1, entries 10 and
11). The more hindered and soluble [Rh2ACHTUNGTRENNUNG(tpa)4] was the
most effective complex. This rhodium dimer is readily pre-
pared by treating Rh2 ACHTUNGTRENNUNG(OAc)4 with triphenylacetic acid in
PhCl under reflux.[9b,20] We do not believe that an exchange
of ligands on the rhodium atom occurred during the C�H
amination reaction because the tosylate byproduct produced
is only slightly soluble and is not very nucleophilic. This is in
sharp contrast with C�H amination methods that use simple
carbamates and stoichiometric amounts of diacetoxyiodo-
benzene[9] and produce acetate that makes ligand exchange
and the formation of Rh2ACHTUNGTRENNUNG(OAc)4 possible. In the presence of
soluble organic bases, such as pyridine or triethylamine, de-
composition of the starting material was observed, which
suggested that formation of the free nitrene had occurred


Scheme 1. Rhodium-catalyzed inter- and intramolecular C�H amination
with N-tosyloxycarbamates.


Table 1. Rhodium-catalyzed intramolecular C�H insertion reactions with
N-alkoxycarbamates 2–6.[a]


Entry R Catalyst Base Solvent Conv.[b] [%]


1 2 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] K2CO3 DCE �5
2 3 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] K2CO3 DCE �5
3 4 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] K2CO3 DCE �5
4 5 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] K2CO3 DCE 15
5 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] K2CO3 DCE �98
6 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] K2CO3 benzene 95
7 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] K2CO3 CH2Cl2 �98
8 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(OAc)4] K2CO3 CH2Cl2 70
9 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(oct)4] K2CO3 CH2Cl2 60
10 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(O2CC3F7)4] K2CO3 CH2Cl2 �5
11 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tfa)4] K2CO3 CH2Cl2 �5
12 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] pyridine CH2Cl2 �5
13 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] Et3N CH2Cl2 �5
14 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] MgO CH2Cl2 18
15 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] NaHCO3 CH2Cl2 17
16 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] Na2CO3 CH2Cl2 15
17 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] CaCO3 CH2Cl2 11
18 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] BaCO3 CH2Cl2 14
19 6 ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4] Cs2CO3 CH2Cl2 �98


[a] All reactions were run in the indicated solvent (0.1m) at 25 8C for 6–
12 h with base (1 equiv). [b] Conversion detected by GC–MS.
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(Table 1, entries 12 and 13). Furthermore, the magnesium
oxide and sodium, calcium, and barium carbonate bases did
not appear to be strong or soluble enough to generate the
metal–nitrene species, and most of the starting material was
recovered (Table 1, entries 14–18). Only the more expensive
cesium carbonate could be used to produce the desired oxa-
zolidinone in high yields (Table 1, entry 19). From these re-
sults, we concluded that combining N-tosyloxycarbamates
with [Rh2 ACHTUNGTRENNUNG(tpa)4] and potassium carbonate gave the optimal
conditions for performing intramolecular C�H amination re-
actions because it avoided formation of the free nitrene re-
sponsible for the nonselective reaction pathway (see below
for mechanistic considerations).


The optimization of the reaction conditions was achieved
on a 0.5 mmol scale by addition of a mixture of base and
catalyst to a solution of N-tosyloxycarbamate in the requi-
site solvent. Anhydrous conditions were not required, so
wet solvent and nondried vessels were used. When we
scaled up the reaction to more than 1 mmol, we discovered
that not only were anhydrous reaction conditions not neces-
sary, but that the addition of water was indeed required.
Furthermore, we observed that the reaction became very
exothermic when the base and the catalyst were added. To
overcome these problems, we changed the order of addition;
thus either a solution of N-tosyloxycarbamate in CH2Cl2 was
slowly added to a mixture of base and catalyst in CH2Cl2/
water (8:1), or a solution of base in water was slowly added
to a mixture of N-tosyloxycarbamate and catalyst in CH2Cl2.
When performing the intramolecular C�H amination on a
50 mmol scale, it was also possible to decrease the catalyst
loading to 1 mol%.[20]


We also tested various N-tosyloxycarbamates to develop
the first rhodium-catalyzed intermolecular C�H amination
reaction with this reagent (Table 2). The challenge was to
find a reagent that would not react intramolecularly and
that contained less reactive or no active C�H bonds.


Starting materials that contained simple alkyl chains, such
as methyl or ethyl groups, were found to be quite unstable,
and readily decomposed under typical reaction conditions
with cyclohexane (10 equiv; Table 2, entries 1 and 2). Allyl-
and benzyl-N-tosyloxycarbamates led to a mixture of prod-
ucts, whereas reagents that contained halogen-substituted
alkyl chains showed good reactivity (Table 2, entries 3–6).
The optimal result was obtained with 2,2,2-trichloroethyl N-
tosyloxycarbamate (12), which led to Troc-protected cyclo-
hexylamine 25 in 80% yield when the reaction was run in
CH2Cl2 with cyclohexane (5 equiv; Table 2, entry 6).[21] Fur-
ther optimization led to 85% yield of the desired product
by starting from cyclohexane (5 equiv) in tetrachloroethane
(TCE) (entry 8).[9k,t]


The purification of both oxazolidinone and Troc–amine
products was very simple because potassium tosylate, the
only stoichiometric byproduct formed, was simply removed
by filtration or an aqueous workup. Furthermore, N-tosyl-
ACHTUNGTRENNUNGoxycarbamates were easily prepared in two steps from com-
mercially available alcohols and were all crystalline com-
pounds (Scheme 2). Thermogravimetric analysis (TGA) ex-


periments were run with 12 and cyclohexylmethyl tosyloxy-
carbamate, and both proved to be stable up to 180 8C.


Scope of the reaction : A variety of substituted oxazolidi-
nones were prepared from N-tosyloxycarbamates by C�H
amination reactions and isolated in yields of 41–92%
(Table 3). C�H bond insertion is effective at benzylic posi-
tions (Table 3, entries 1 and 2) and ethereal positions
(Table 3, entry 3). The amination also proceeded very well
with tertiary C�H bonds (Table 3, entries 4 and 5). Further-
more, the oxazolidinones that resulted from the insertion of
the nitrene into a deactivated secondary or primary C�H
bond were isolated in yields of 64% and 41%, respectively
(Table 3, entries 6 and 7). This is quite spectacular because
it is one of the first examples of such a reaction taking place
at a primary non-benzylic position, which clearly illustrates
the power of this method. The formation of the C�N bond
is also stereospecific because the reaction of a chiral, enan-
tioenriched N-tosyloxycarbamate occurred with complete


Table 2. Rhodium-catalyzed intermolecular C�H insertion reactions with
N-tosyloxycarbamates 7–12.[a]


Entry Starting
material


Solvent Cyclohexane
ACHTUNGTRENNUNG[equiv]


Yield[b]


[%]


1 7 CH2Cl2 10 �5
2 8 CH2Cl2 10 �5
3 9 CH2Cl2 10 �5
4 10 CH2Cl2 10 �5
5 11 CH2Cl2 10 30
6 12 CH2Cl2 5 80
7 12 TCE 10 92
8 12 TCE 5 85
9 12 PhCl 5 74


[a] All reactions were run in the indicated solvent (0.5m) at 25 8C for 16 h
with K2CO3 (3 equiv). [b] Isolated yields.


Scheme 2. Synthesis and thermal stability of N-tosyloxycarbamates.
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retention of configuration and led to the corresponding oxa-
zolidinone 19 without racemization (Table 3, entry 8).


We also tested this reaction with N-tosyloxycarbamates
derived from homoallylic alcohols that could lead, in theory,
to both insertion and aziridination products.[22] In the case of
N-tosyloxycarbamate 20, only oxazolidinone 21 was isolated,
in 60% yield and with no trace of the aziridination product
[Eq. (1)]. However, both the insertion and aziridination
products were isolated in similar yields from the homoallylic
N-tosyloxycarbamate 22, which contains a more electron-
rich double bond [Eq. (2)]. These two examples illustrate
that the nucleophilic character of the double bond dictates
the chemoselectivity of the reaction. Furthermore, oxazolidi-
none 23 was produced as a 1:1 mixture, whereas aziridine 24
was isolated as a single diastereomer.


The rhodium-catalyzed intermolecular reaction with 12
and aliphatic alkanes was tested by using [Rh2 ACHTUNGTRENNUNG(tpa)4] in
TCE, and also by using the chiral catalyst [Rh2{(S)-
nttl}4]


[23,9g] (nttl=N-1,8-napthoyl-tert-leucinate) in CH2Cl2
(Table 4). Troc-protected cyclohexylamine and cyclooctyl-
amine were isolated in excellent yields when the correspond-
ing alkane (5 equiv) and [Rh2 ACHTUNGTRENNUNG(tpa)4] were used (Table 4, en-
tries 1 and 2). The isolated yield was influenced by the stoi-
chiometry of the starting material, and higher yields were
obtained if ten equivalents of substrate were used. It was
also possible to use two equivalents of substrate, although
this was to the detriment of the product yield. A good yield


Table 3. Synthesis of oxazolidinones from N-tosyloxycarbamates.[a]


Entry Product Yield[b] [%]


1 92


2 84


3 87


4 84


5 71


6 64


7 41


8 73[c]


[a] All reactions were run in CH2Cl2 (0.1m) at 25 8C for 6 h with K2CO3


(3 equiv). [b] Isolated yields. [c] �98% enantiomeric excess of the enan-
tiomer shown.


Table 4. Rhodium-catalyzed intermolecular C�H insertion reactions with
aliphatic alkanes.


Entry Product Isolated yield [%]
ACHTUNGTRENNUNG[Rh2 ACHTUNGTRENNUNG(tpa)4]


[a]
ACHTUNGTRENNUNG[Rh2{(S)-nttl}4]


[b]


1 73[c]/85/92[d] 80


2 62[c]/81/86[d] 74


3 63 51


4 39 58/70[d]


5 45 64


6 68 83


[a] Unless otherwise specified, all reactions were run with 6 mol% of
[Rh2 ACHTUNGTRENNUNG(tpa)4] (0.5m) in TCE at 25 8C for 16 h with alkane (5 equiv), reagent
12 (1 equiv), and of K2CO3 (3 equiv). [b] Unless otherwise specified, all
reactions were run with 5 mol% of [Rh2{(S)-nttl}4] (0.5m) in CH2Cl2 at
25 8C for 16 h with alkane (5 equiv), reagent 12 (1 equiv), and K2CO3


(3 equiv). [c] Two equivalents of alkane. [d] Ten equivalents of alkane.
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was also obtained for the synthesis of Troc-protected dime-
thyladamantanamine 27, a product derived from a substrate
that contained both secondary and tertiary C�H bonds
(Table 4, entry 3). In all these cases, no advantage was ob-
served when the chiral catalyst [Rh2{(S)-nttl}4] was used
(Table 4, entries 1–3). However, this catalyst showed better
chemoselectivity with other, less reactive, substrates that
contained nonequivalent C�H bonds. The reaction with ada-
mantane and a [Rh2ACHTUNGTRENNUNG(tpa)4] catalyst led to a mixture of Troc-
protected 1-adamantanamine 28 and 2-adamantanamine 31,
which were isolated in yields of 39% and 14%, respectively
(Scheme 3). Conversely, [Rh2{(S)-nttl}4] led to a 12:1 ratio of


tertiary and secondary C�H bond insertions and gave the
desired 1-adamantanamine 28 in 58% yield (Table 4,
entry 4). Similar results were observed for the synthesis of
Troc-protected amine 29 and 30 (Table 4, entries 5 and 6).


Benzylic amines were also prepared by using a similar ap-
proach with 12 (Table 5). We found that no solvent was re-
quired because the reagents and [Rh2ACHTUNGTRENNUNG(tpa)4] were soluble
enough in the substrate, so the reactions were run neat. The
best results were obtained by using 15 equivalents of the ar-
omatic substrate, but benzylic amines could also be isolated
in good yields by using only five equivalents of substrate, al-
though in this case the reaction led to a very heterogeneous
mixture (slurry). Benzylic secondary C�H bond amination
proceeded very efficiently and led to secondary benzylic
amines in yields of 61–78% from five equivalents of sub-
strate (Table 5, entries 1–3). Primary benzylic positions were
also reactive enough to be functionalized and benzylic
amines 35 and 36 were obtained in yields of 50% and 67%,
respectively, by using 15 equivalents of toluene or mesit-
ACHTUNGTRENNUNGylene (Table 5, entries 4 and 5). If more precious starting
materials are required, it is possible to use only five equiva-
lents of substrate, but [Rh2{(S)-nttl}4] in CH2Cl2 must be
used to produce the desired product in good yields.


Benzhydrylamines are an important class of compounds
that have various pharmacologic properties, such as anticon-
vulsant activity.[24] They could be accessed easily by rhodi-
um-catalyzed C�H amination of the corresponding diphe-
nylmethane (Table 6). No solvent was required; a solution
of potassium carbonate in water was added dropwise to a
mixture of N-tosyloxycarbamate 12, the substrate (5 equiv),
and [Rh2ACHTUNGTRENNUNG(tpa)4]. A very good functional group tolerance was


Scheme 3. Chemoselective C�H amination.


Table 5. Rhodium-catalyzed intermolecular C�H insertion with aromatic
alkanes.


Entry Product Isolated yield [%]
5 equiv[a] 15 equiv[b]


1 68 75


2 78 87


3 61 71


4 35/42[c] 50


5 52/65[c] 67


[a] Unless otherwise specified, all reactions were run with 6 mol% of
[Rh2 ACHTUNGTRENNUNG(tpa)4] at 25 8C for 16 h with alkane (5 equiv), reagent 12 (1 equiv),
and K2CO3 (3 equiv). [b] Unless otherwise specified, all reactions were
run with 6 mol% of [Rh2ACHTUNGTRENNUNG(tpa)4] at 25 8C for 16 h with alkane (15 equiv),
reagent 12 (1 equiv), and K2CO3 (3 equiv). [c] Reaction with 5 mol% of
[Rh2{(S)-nttl}4] (0.5m) in CH2Cl2.


Table 6. Rhodium-catalyzed C�H insertion reactions with substituted di-
phenylmethanes.[a]


Entry Product Yield[b] [%]


1 64


2 66


3 71


4 75


5 37


6 0


[a] Unless otherwise specified, all reactions were run with 6 mol% of
[Rh2 ACHTUNGTRENNUNG(tpa)4] at 25 8C for 16 h with alkane (5 equiv), reagent 12 (1 equiv),
and K2CO3 (2 equiv, 12.5m) in H2O. [b] Isolated yields.
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observed because the para- and meta-substituted electron-
donating and -withdrawing groups were compatible, and the
corresponding Troc-protected amines were isolated in yields
of 64–75% (Table 6, entries 1–4). However, the steric hin-
drance of an ortho-substituted aryl substrate appeared to
have a negative influence on the C�H amination and a
lower yield was observed (Table 6, entry 5). Furthermore,
amino groups seemed to inhibit the reaction because no
conversion was observed with 4-(N,N-dimethylamino)diphe-
nylmethane (Table 6, entry 6). When preparing a solution of
this substrate with [Rh2ACHTUNGTRENNUNG(tpa)4], the color of the metal com-
plex turned from dark green to purple, which suggested that
coordination of the amino group with the catalyst had oc-
curred and inhibited its activity.


An advantage of using 12 for these insertions is the gener-
ation of Troc-protected amines, which can be easily cleaved
to produce the corresponding hydrochloride salt by using a
known procedure.[25] Indeed, when Troc-protected adaman-
tanamine 28 was treated with zinc in acetic acid, followed
by acetyl chloride in methanol, amantadine hydrochloride
(43) was isolated in quantitative yield [Eq. (3)]. Memantine
hydrochloride (44), which is used to treat moderately severe
to severe AlzheimerOs disease, was similarly obtained from
Troc-protected dimethyladamantanamine 27 [Eq. (4)].[26]


Mechanistic considerations : We have performed a series of
experiments with the goal of clarifying the mechanism and
catalytic cycle of the rhodium-catalyzed C�H amination of
N-tosyloxycarbamates. An important aspect is the identifica-
tion of the various intermediates (and how they are generat-
ed), which may include free nitrenes and/or nitrene–metal
species. Indeed, Lwowski et al. have described the use of
NsO�NHCO2Et (Ns=4-nitrophenylsulfonyl) and a base to
generate free nitrenes, which led to unselective reactions
(including C�H insertion) and the formation of ethylcarba-
mate (H2NCO2Et).[17] In this case, deprotonation of NsO�
NHCO2Et followed by expulsion of NsO� initially led to the
singlet nitrene intermediate that could undergo C�H inser-
tion but could also rapidly form the triplet nitrene. The
latter reacts via radical pathways that include the abstrac-
tion of hydrogen to produce ethylcarbamate (H2NCO2Et).
We have observed similar pathways in the intramolecular
C�H amination of 5 in the presence of [Rh2ACHTUNGTRENNUNG(tpa)4]; a mix-
ture of products was observed that included the C�H inser-
tion product (oxazolidinone 1) and the corresponding carba-
mate. We postulated that the deprotonation of 5 with potas-


sium carbonate occurred prior to the coordination of this re-
agent with the rhodium complex, which led to the formation
of a free nitrene and unselective reactions. However, it
seems unlikely that free nitrenes would be involved in the
case of N-tosyloxycarbamates because these reagents led to
very selective and stereospecific reactions. To confirm this
hypothesis, we treated a mixture of 12 and cyclohexane in
CH2Cl2 with potassium carbonate for 16 h in the absence of
[Rh2ACHTUNGTRENNUNG(tpa)4] (Scheme 4). Not only was the starting material


recovered, but no carbamate 45 or any other product was
produced either. Furthermore, no reaction took place when
a control experiment was run in the presence of [Rh2ACHTUNGTRENNUNG(tpa)4]
but in the absence of base.


These control experiments showed that both the rhodium
catalyst and the base are required for 12 to react. Coordina-
tion of the rhodium dimer with tosyloxycarbamate 12 is thus
required prior to deprotonation with the base that leads to
the active species. Because we observed a moderate level of
stereoinduction for the C�H amination of indane with
[Rh2{(S)-nttl}4]


[23] [Eq. (5)],[18c] we hypothesized the forma-
tion of a rhodium–nitrene species (er=enantiomeric ratio).


If this premise is true, the C�H insertion pathway should
be completely independent of the type of leaving groups in-
volved. Indeed, when we tested various N-arylsulfonyloxy-
carbamates in the intermolecular C�H amination reaction
of adamantane, the exact same chemoselectivity (tertiary vs.
secondary C�H bonds) was observed in all cases [Eq. (6)].


Metal nitrenes are also known to exist as singlet or triplet
states. It is commonly accepted that the former reacts
through a concerted mechanism and the latter by a radical


Scheme 4. Control experiments.


Chem. Eur. J. 2008, 14, 6222 – 6230 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6227


FULL PAPERRhodium-Catalyzed C�H Amination Reactions



www.chemeurj.org





C�H abstraction followed by rapid recombination.[27] To dis-
tinguish between these two possibilities, the reaction was
carried out with the radical clock substrate 46 [Eq. (7)].[28] A
moderate yield of the insertion product was obtained and
no trace of product that resulted from cyclopropane frag-
mentation was observed. Because the lifetime of the hypo-
thetical radical would be extremely short (ca. 200 fs),[9r,29]


this result suggests that a singlet rhodium nitrene is the reac-
tive intermediate, which is supported by the stereospecificity
observed for the reaction with chiral substrates (Table 3,
entry 8).


We have also performed a series of experiments to study
the kinetic isotope effect of the C�H insertion step. A com-
petition experiment between cyclohexane and deuterated
cyclohexane showed an important primary isotope effect
that suggested that the C�H bond is at least partially
broken in the transition state [Eq. (8)].


A Hammett analysis similar to that used by Muller[9a] and
Du Bois[9r] was used to assess the electronic nature of the
transition state. A series of 4-substituted ethylbenzene deriv-
atives that contained both electron-rich and electron-poor
groups were studied in an intermolecular competition ex-
periment with ethylbenzene in the presence of 12 and [Rh2-
ACHTUNGTRENNUNG(tpa)4]. A small but significant preference for electron-rich
substrates was established (Figure 1, Table 7). Furthermore,
when a mixture of p-nitroethylbenzene and ethylbenzene
was used, no reaction with the former was observed.[30]


The obtained Hammett 1-value of �0.47 is smaller than
the value for the amination of C�H with sulfamates mea-
sured by Fiori and Du bois[9r] and the value for rhodium-cat-
alyzed carbene insertion.[31] It suggests, therefore, that elec-
tronic factors are less important for rhodium carbamate ni-
trenes than for rhodium carbenes or sulfamate nitrenes.[32]


Indeed, rhodium-catalyzed C�H amination with 12 is capa-
ble of reacting with less reactive primary C�H bonds (which
has never been reported previously), but led to less selective
reactions compared with the sulfamate analogue. We believe
that a small partial positive charge is generated on the


carbon at the site of insertion and that resonance is a factor
that contributes to the stabilization of the transition state.
Overall, these data suggest a concerted asynchronous transi-
tion state for the rhodium-catalyzed C�H amination reac-
tion with N-tosyloxycarbamates, and the proposed catalytic
cycle is illustrated in Scheme 5. The activation of the start-
ing material by the rhodium dimer (intermediate A) is
shown as a N�Rh connection, although this interaction
could also occur through an oxygen atom. Intermediate B
could be obtained after deprotonation with potassium car-
bonate. The breaking of the Rh�Rh bond or the partial re-
lease of a carboxylate ligand might also be involved.[33] Be-
cause the general effects of the reaction (regiospecificity,
stereospecificity, electronic character) are similar to those
observed for previously described methods that involve a
Rh-bound nitrene,[9r,34] the intermediate C was proposed to
be responsible for the C�H insertion step. Formation of the
amination product with release of the catalyst completes the
catalytic cycle.


Conclusion


In conclusion, N-tosyloxycarbamates have been described as
a useful source of metal nitrenes for rhodium-catalyzed


Figure 1. Competitive rhodium-catalyzed C�H amination between ethyl-
benzene and 4-substituted ethylbenzene with N-tosyloxycarbamate 12.
y=�0.4685x+0.0585, R2 =0.9521. See Table 7 for the data.


Table 7. Hammett analysis data.


Ar s+ [a] Ar:Ph


OMe �0.78 2.69:1
tBu �0.26 1.54:1
H 0 1:1
Br 0.15 1.08:1
NO2 0.79 0:1


[a] The Hammett s-constant.
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C�H amination reactions. Not only was this starting materi-
al stable and easy to prepare and handle, but the reaction
also proceeded under mild reaction conditions. The intramo-
lecular reaction gave oxazolidinones in good yields and the
intermolecular version gave Troc-protected amines. This is
the first intermolecular C�H insertion process that uses car-
bamates. The purification of the amination product was very
easy to carry out because potassium tosylate was the only
stoichiometric byproduct produced. This paper also features
novel syntheses of products with important biological activi-
ties, such as amantadine hydrochloride, memantine hydro-
chloride, and various benzhydrylamines. Finally, mechanistic
studies suggested that a singlet rhodium nitrene was the re-
active species and that the C�H insertion step proceeded
via a concerted asynchronous transition state.


Experimental Section


General procedure A


Intramolecular C�H bond insertion : [Rh2ACHTUNGTRENNUNG(tpa)4] (0.040 g, 0.030 mmol)
and potassium carbonate (0.210 g, 1.50 mmol) were added to a solution
of N-tosyloxycarbamate (0.500 mmol) in CH2Cl2 (5.0 mL). The resulting
green suspension was stirred at room temperature for 6 h. The mixture
was then diluted with CH2Cl2, filtered through a Celite pad, rinsed with
CH2Cl2, and the solvent was removed under vacuum. The corresponding
oxazolidinone was purified by flash chromatography on silica gel by
using EtOAc/CH2Cl2 as the eluent.


General procedure B


Intramolecular C�H bond insertion for reactions of �1 mmol : [Rh2 ACHTUNGTRENNUNG(tpa)4]
(0.080 g, 0.060 mmol) was added to a solution of the N-tosyloxycarba-
mate (1.00 mmol) in CH2Cl2 (10.0 mL). Potassium carbonate (0.280 g,
2.00 mmol) in water (0.50 mL) was added dropwise, and the resulting
green suspension was stirred at room temperature for 6 h. The mixture
was then filtered through a Celite pad, rinsed with CH2Cl2, and the sol-


vent was removed under vacuum. The
corresponding oxazolidinone was puri-
fied by flash chromatography on silica
gel by using EtOAc/CH2Cl2 as the
eluent.


General procedure C


Intermolecular C�H bond insertion
with aliphatic alkanes : Potassium car-
bonate (0.210 g, 1.50 mmol) and either
[Rh2 ACHTUNGTRENNUNG(tpa)4] (0.040 g, 0.030 mmol) or
[Rh2{(S)-nttl}4] (0.036 g, 0.025 mmol)
were added to a solution of 2,2,2-tri-
chloroethyl-N-tosyloxycarbamate
(0.181 g, 0.500 mmol) and alkane
(2.50 mmol) in the appropriate solvent
(TCE or CH2Cl2; 1 mL). The resulting
green suspension was stirred overnight
at room temperature. The mixture was
then diluted with CH2Cl2, filtered
through a Celite pad, rinsed with
CH2Cl2, and the solvent was removed
under vacuum. The corresponding
Troc-protected amine was purified by
flash chromatography on silica gel.


General procedure D


Intermolecular C�H bond insertion
with aromatic alkanes : [Rh2 ACHTUNGTRENNUNG(tpa)4]
(0.040 g, 0.030 mmol) and potassium
carbonate (0.210 g, 1.50 mmol) were


added to a solution of 2,2,2-trichloroethyl-N-tosyloxycarbamate (0.181 g,
0.500 mmol) and the aromatic substrate (2.50 or 7.50 mmol). The result-
ing green suspension was stirred overnight at room temperature. The
mixture was then filtered through a Celite pad, rinsed with CH2Cl2, and
the solvent was removed under vacuum. The corresponding Troc-protect-
ed amine was purified by flash chromatography on silica gel.


General Procedure E


Intermolecular C�H bond insertion reaction with substituted diphenyl-
ACHTUNGTRENNUNGmethanes or for intermolecular reactions of �1 mmol : 2,2,2-trichloroethyl
N-tosyloxycarbamate (0.181 g, 0.500 mmol) and [Rh2 ACHTUNGTRENNUNG(tpa)4] (0.041 g,
0.030 mmol) were added to the substituted diphenylmethane (2.5 mmol).
Potassium carbonate (0.183 g, 1.00 mmol) in water (0.2 mL) was added
dropwise over a 15 min period. The heterogeneous mixture was stirred
overnight at room temperature, then diluted with CH2Cl2, filtered
through a Celite pad, and rinsed with CH2Cl2. Pyridine[35] (0.10 mL) was
added and the solvent was removed under vacuum. The corresponding
Troc-protected amine was purified by flash chromatography on silica gel
by using EtOAc/hexanes as the eluent.
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Doping of C60 Fullerene Peapods with Lithium Vapor: Raman Spectroscopic
and Spectroelectrochemical Studies


Martin Kalb*č,*[a, b] Ladislav Kavan,[b] Mark2ta Zukalov*,[b] and Lothar Dunsch[a]


Introduction


The tuning of the electronic structure of carbon nanostruc-
tures, such as single-walled carbon nanotubes (SWCNTs)
and fullerene peapods (C60@SWCNTs), is important for
most applications of these materials in nanoelectronics. It
has been shown that doping significantly influences the elec-
tronic properties of these materials.[1,2] The doping can be
performed electrochemically or chemically. The electro-
chemical doping of peapods is in general preferred because
it allows precise and easy control of the doping level.[1,3]


Nonaqueous electrolyte solutions have a sufficiently large
potential window, from around �1.5 to + 1.5 V (vs. Ag/
AgCl), for most doping reactions. However, electrochemi-
cally and chemically doped carbon nanostructures do not
show the same properties.[2,4] For example, the characteristic
softening of the C60-related Ag(2) mode induced by chemical
n-doping was not detectable during electrochemical charging
of C60 peapods at cathodic potentials.[2,4] We demonstrated
previously that electrochemical and chemical doping of
C60@SWCNTs are governed by different mechanisms.[2]


Electrochemical doping leads to charging of the wall of the
SWCNTs, which slightly affects the intratubular fullerene.
On the other hand, chemical doping with gaseous potassium
influences both the SWCNTs and the intratubular C60 mole-
cules[2,5] because the potassium vapor penetrates the tube to
form an exohedral metallofullerene peapod.[2,5] This effect
was confirmed by Iijima and co-workers by direct TEM ob-
servation.[6] Recently, Shinohara and co-workers[7] showed
that an exohedral metallofullerene peapod can be formed
directly from fulleride without any further doping. The exo-
hedral metallofullerenes in peapods possess an exceptional
stability because they are protected by the nanotube wall.[2,7]


Even treatment of the samples with water did not complete-


Abstract: Raman spectroscopy and in
situ Raman spectroelectrochemistry
have been applied to the study of the
lithium vapor doping of C60@SWCNTs
(peapods; SWCNT= single-walled
carbon nanotube). A strong degree of
doping was proven by the disappear-
ance of the radial breathing mode
(RBM) of the SWCNTs and by the at-
tenuation of the tangential (TG) band
intensity by two orders of magnitude.
The lithium doping causes a downshift
of the Ag(2) mode of the intratubular
C60 by 27 cm�1 and changes the reso-
nance condition of the encapsulated
fullerene. In contrast to potassium


vapor doping, the strong downshift of
the TG band was not observed for lith-
ium doping. The peapods treated with
lithium vapor remained partially doped
even when they were exposed to
humid air. This was reflected by a re-
duction in the intensity of the nanotube
and the fullerene modes and by the
change in the shape of the RBM band
compared with that of the undoped
sample. The Ag(2) mode of the intra-


tubular fullerene was not resolved after
contact of the lithium-doped sample
with water. Lithium insertion into the
interior of a peapod and its strong in-
teraction with the intratubular fuller-
ene is suggested to be responsible for
the air-insensitive residual doping. This
residual doping was confirmed by in
situ spectroelectrochemical measure-
ments. The TG band of the lithium-
doped peapods did not undergo an up-
shift during the anodic doping, which
points to the formation of a stable exo-
hedral metallofullerene peapod.
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ly remove the alkali-metal ions from the potassium-doped
peapods.[2] Exohedral metallofullerene peapods have been
shown to be novel fullerene-based conductors with a re-
duced dimensionality compared with fullerene films.[8]


The exohedral metallofullerenes in peapods were formed
by reactions with potassium[2,5,6, 9] and cesium.[7] However, to
the best of our knowledge, there is no comparable study of
the doping of peapods by lithium. Among the reasons for
this might be the technical difficulties associated with the
use of lithium vapor in an ordinary glass vacuum apparatus.
Nevertheless, lithium is of particular interest in this field
due to its small atomic radius, which promotes its easy pene-
tration into peapods and other carbonaceous nanostructures
as well as graphite. This effect finds important applications
in lithium-ion batteries. The special properties of lithium�
carbon bonds are also a strong motivation for studies on
lithium doping.[10]


Herein we present a Raman spectroscopic study of lithi-
um-doped C60@SWCNTs. C60@SWCNTs serve as a conven-
ient model to study the position of a compensating counter-
ion in n-doped carbon nanostructures because the C60 mole-
cule can be used as a marker.[2] The stability of the doped
states can be tested by water treatment and by subsequent
in situ Raman spectroelectrochemistry to follow changes in
the electronic structure upon electrochemical charge trans-
fer.


Results and discussion


Lithium doping: The SWCNT-related Raman features : The
Raman spectra of peapods (Figure 1) excited by 2.54, 2.41,
and 2.18 eV laser radiation show features characteristic of
SWCNTs: the radial breathing mode (RBM) between 160
and 190 cm�1 and the tangential (TG) band at around


1595 cm�1. The Raman features of the intratubular C60 full-
erene are rather weak, hence only the most intense one,
namely, the Ag(2) mode, is shown. The Raman spectra of
peapods (Figure 2) doped by lithium vapor and excited by


the 2.54, 2.41, and 2.18 eV laser lines demonstrate that the
overall spectral intensity of the doped sample is consider-
ACHTUNGTRENNUNGably smaller than that of the pristine sample (Figure 1). The
band of the RBM has almost disappeared, which proves the
high level of doping.


The intensity of the TG band of the lithium-doped sample
is also very low compared with that in pristine samples
(Figure 1). The decrease in the intensity of the TG band
upon doping is about two orders of magnitude for all laser
excitation energies. The dramatic change in the intensity of
the Raman lines is explained by the doping-induced filling
of the Van Hove singularities.[11, 12] (The optical transitions
between the particular singularities are blocked by doping.
Because the optical transitions play a crucial role in the res-
onance enhancement of Raman spectra, the filling of the
Van Hove singularities causes a suppression of the Raman
signal.)


The behavior of the TG band frequency of doped nano-
tubes is still under debate, especially for n-doping.[1] For
SWCNTs both frequency up- and downshifts have been re-
ported depending on the level of doping and the type of
counterion used (Li+ , K+ , Rb+ , Cs+).[13–21] The detailed
study by Chen at al.[20] showed that there are at least four
stages in the doping procedure: 1) a long induction period,
2) a short interval in which the RBM and the TG band are
bleached, 3) a slight upshift of the TG band, and 4) a strong
downshift of the TG band up to saturation. The upshift of
the TG band in the third stage of doping is consistent with a
decrease in the C�C bond length within the tube wall. On
the other hand, the strong softening of the TG band ob-
served in the fourth stage of doping was previously attribut-
ed to a change in the tube–tube interaction.[22] Hence soften-


Figure 1. Raman spectra of pristine C60@SWCNTs (excited at 2.18, 2.41,
and 2.54 eV, from top to bottom). The intensities of the spectra were nor-
malized by using the F1g line of silicon at 520.2 cm�1. The spectra are
offset for clarity, but the intensity scale is identical for all the spectra in
their respective windows (unless stated otherwise).


Figure 2. Raman spectra of lithium-doped C60@SWCNTs (excited at 2.18,
2.41, and 2.54 eV, from top to bottom). The intensities of the spectra
were normalized by using the F1g line of silicon at 520.2 cm�1. The spectra
are offset for clarity, but the intensity scale is identical for all the spectra
in their respective windows.
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ing of the TG band was not expected for doped isolated
SWCNTs. However, this is in contrast to experimental re-
sults that showed similar behavior of the TG band for isolat-
ed nanotubes.[19] Consequently, other effects like structural
disorder, hardening of the lattice by interactions of the tube
and the alkali-metal ion, and doping-induced renormaliza-
tion of the phonon energy[23] must be considered. Similar ef-
fects were found for potassium-doped peapods because the
intratubular fullerene does not affect the assembly of tubes
into bundles.[2,4]


Owing to its small atomic radius, lithium is known to have
unique properties among the alkali metals. Hence lithium
doping is expected to give the doped material properties
that are different from those of material doped with other
alkali metals. Indeed, as shown in Figure 2, the TG mode
frequency is much less sensitive to lithium doping than to
potassium doping studied earlier.[2] Hence, lithium doping
does not lead to the same effects.


Bands arising from the fullerene in undoped pristine pea-
pods are observed at 270 (Hg(1)), 430 (Hg(2)), 494 (Ag(1)),
709 (Hg(3)), 769 (Hg(4)), 1424 (Hg(7)), and 1465 cm�1


(Ag(2)) for 2.54 eV laser radiation (not shown). Bands aris-
ing from the intratubular fullerene dominate the low-fre-
quency region of lithium-doped peapods as the RBM of the
tube disappears. Lithium vapor doping induces a change in
the position of most of these bands. The Hg(1) and Ag(1)
slightly harden to 275 and 496 cm�1, respectively. On the
other hand, the Hg(7) and Ag(2) bands soften to 1390 and
1437 cm�1, respectively. The frequency of the Ag(2) mode is
known to be linearly redshifted with a number of extra elec-
trons transferred to the fullerene. In the case of potassium
vapor doping this redshift was about 6.5 cm�1 per elec-
tron.[24] For heavily doped samples the charge transfer is
equivalent to six electrons on the C60 cage. As shown previ-
ously, such strong doping could be realized only by the pen-
etration of potassium atoms into the peapod.[2,5] On the
other hand, the Ag(2) mode of the lithium-doped peapod is
at 1437 cm�1, which corresponds to about four extra elec-
trons on C60 assuming the same relationship as that for po-
tassium doping.


Strictly speaking, our assumption of an identical relation-
ship for the redshift of the Ag(2) band in lithium- and potas-
sium-doped fullerene is not supported, but we note that the
Ag(2) mode of fulleride Li4C60 exhibits a similar down-
shift[25,26] to that found for lithium-doped peapods in this
work. Nevertheless, according to X-ray diffraction data the
fulleride Li4C60 forms a polymer with a two-dimensional ar-
chitecture.[27] In this polymer the fullerenes are bonded by
single C�C bonds and by “double” bonds that arise from a
[2+ 2] cycloaddition reaction.[27] The formation of new poly-
meric bonds is believed to contribute to the downshift of the
Ag(2) mode of the fulleride Li4C60 polymer. According to
Wagberg et al.[25] the Ag(2) mode is downshifted by 2.5 cm�1


per single bond and by 5.5 cm�1 per “double” bond. The
total downshift is a sum of the downshift caused by charge
transfer and by the formation of the polymer. According to
this the charge transferred from lithium to C60 in the Li4C60


case should be [1469�(2O5.5+2O2.5)�1442]/6�2e (see
ref. [26]), which corresponds formally to the transfer of 0.5
electrons per lithium atom. In the case of peapods, the for-
mation of a two-dimensional polymer is clearly not possible
for steric reasons. Indeed, there are no bands in the region
of 940–980 cm�1, which would indicate the formation of a
polymer. Thus, the downshift of the Ag(2) mode in fullerene
peapods is caused predominantly by charge transfer. In
other words, because a formal charge transfer of 0.5 elec-
trons per lithium atom is considered, the four electrons
transferred to the fullerene cage correspond to eight lithium
atoms per fullerene. On the other hand, for potassium-
doped samples it has been shown that four atoms per fuller-
ene penetrate the interior of the peapod.[2] The remaining
two electrons per fullerene are believed to be balanced by
the potassium atoms located outside of the peapod.[2] How-
ever, the lithium atoms are smaller than potassium atoms
and therefore it is possible that more lithium atoms can be
accommodated in the interior of a peapod.


An alternative explanation for the downshift of the Ag(2)
mode in lithium-doped peapods is the formation of a one-di-
mensional polymer or more effective charge transfer
through the nanotube wall, which is less probable.


The fullerene bands in doped peapods are slightly asym-
metric, but the broadening of the fullerene bands compared
with the pristine peapod is almost negligible, which confirms
the formation of a single-phase fulleride. The asymmetry of
the fullerene bands of the fullerides is generally attributed
to electron–phonon coupling.


Note also that similarly to potassium-doped samples,[17]


the relative change in the intensity of the C60 bands does not
resemble that of the tube related modes (RBM, TG). This is
because different conditions exist for resonance enhance-
ment in encapsulated fullerene C60 and in SWCNTs. For
lithium-doped samples, the fullerene modes are most intense
for 2.41 eV laser radiation, whereas for pristine samples the
intensity of the fullerene mode reaches a maximum at
2.54 eV laser excitation (see Figures 1 and 2). This change in
the resonance condition results in a different dependence of
the Ag(2) mode upon doping for the tested excitation laser
energies: the Ag(2) mode is slightly bleached upon doping
with the 2.54 eV laser excitation energy, whereas it increases
with the 2.41 eV laser excitation compared with the undop-
ed peapod. In the latter case, the intensity increases by a
factor of three in the doped sample compared with the un-
doped sample. With the 2.18 eV laser excitation energy, the
Ag(2) mode is not resolved in an undoped peapod, but it
does appear in the spectra of the lithium-doped sample.


Water treatment : The lithium-doped samples were exposed
to water vapor at 90 8C for 1 h to explore the stability of
lithium fulleride inside the SWCNTs. The Raman spectra
(excited by 2.54, 2.41, and 2.18 eV laser energy) of the treat-
ed peapods are shown in Figure 3. Water treatment leads to
an increase in the intensity of SWCNT-related modes rela-
tive to those of the untreated lithium-doped samples. How-
ever, a more detailed analysis shows that the recovery of the
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spectral intensities is not complete. The final intensity of the
TG band in water-treated lithium-doped samples is about
50–75 % smaller than that of the pristine (undoped) pea-
pods. (The variation in the intensity measured at different
spots on samples was typically around 5–20 % of the average
value. Treatment with water had no significant effect on the
intensity of the TG band of undoped samples.)


A similar deviation in the recovery of intensity is ob-
served for the RBM. The band has a greater intensity after
water treatment, but the original intensity of the pristine un-
doped sample is not recovered as well. Furthermore, there is
a change in the shape of the RBM. For example, in the case
of 2.41 eV laser excitation, a part of the RBM at 178 cm�1 is
bleached to a larger extent than that at 168 cm�1. An even
more obvious change is observed for 2.18 eV laser excita-
tion. Here a new band appears at 155 cm�1 in the doped and
water-treated sample. This effect points to a change in the
resonance condition as a consequence of residual doping of
the peapod sample.


The most intense Ag(2) band is expected to recover the
position and intensity of the corresponding band of the pris-
tine undoped peapods after water treatment of the lithium-
doped sample. However, the intensities of the fullerene
modes in the water-treated sample are very weak. This is
similar to the spectroelectrochemical results obtained for
pristine peapod samples for which the relatively low level of
n-doping resulted in bleaching of the fullerene modes. Fur-
thermore, in the case of 2.41 eV laser excitation, a maximum
can be traced at 1450 cm�1. This downshifted Ag(2) band is
also indicates excess negative charge on the fullerene cage.


The observed differences in the Raman spectra of pristine
and water-treated doped peapods indicate that the sample
remains partially doped even after water vapor treatment.
The observed effects can be explained by the presence of
lithium inside the peapod. This is because exposure to air/


oxygen and humidity eliminates lithium doping outside the
peapod wall, but it does not remove the lithium from the in-
terior of the peapod. Our data are in qualitative accordance
with the results obtained for potassium-doped peapods.[28]


As the interactions of lithium with both SWCNTs and the
fullerenes inside the nanotubes are strong due to the small
ionic radius and the special properties of the lithium�carbon
bond,[10, 29] they could be similar to those in fullerenes pre-
pared by the bombardment of C60 by lithium.[29]


In situ spectroelectrochemistry : The Raman spectra of lithi-
um-doped peapods after water treatment indicated residual
doping. For potassium-doped peapods it has been shown
that it is possible to “de-dope” a sample by applying anodic
electrochemical charging.[2] Similar effects of anodic charg-
ing are expected for lithium-doped peapods. To test the hy-
pothesis, in situ Raman spectroelectrochemical measure-
ments were taken (Figure 4). Raman spectroelectrochemis-


try of lithium-doped peapods after water treatment at differ-
ent electrode potentials was followed from �1.8 to 1.2 V (vs.
Fc/Fc+). To avoid uncontrolled changes in the doping state,
the measurements were started at �0.3 V (vs. Fc/Fc+),
which is close to the open circuit potential of a freshly as-
sembled spectroelectrochemical cell. Subsequently, the po-
tential was moved to �1.8 V and then to + 1.2 V (vs. Fc/Fc+ ;
(Figure 4).


Cathodic charging, which is equivalent to weak lithium
doping, leads to slight increases in the intensity of the nano-
tube-related bands and subsequently to continuous attenua-
tion of these bands. Except for the initial increase in intensi-
ty, this resembles electrochemical doping of the pristine
sample.[3] The bleaching of the nanotube bands caused by
cathodic doping is a consequence of the filling of the con-


Figure 3. Raman spectra of lithium-doped C60@SWCNTs after water
treatment (excited at 2.18, 2.41, and 2.54 eV, from top to bottom). The in-
tensities of the spectra were normalized by using the F1g line of silicon at
520.2 cm�1. The spectra are offset for clarity, but the intensity scale is
identical for all the spectra in their respective windows.


Figure 4. Potential-dependent Raman spectra (excited at 2.41 eV) of lithi-
um-doped C60@SWCNTs after water treatment on a platinum electrode
in a 0.2m LiClO4/acetonitrile solution. The electrode potential was varied
in steps of 0.3 V from 1.2 to �1.8 V (vs. Fc/Fc+ ; curves from top to
bottom). The spectra are offset for clarity, but the intensity scale is identi-
cal for all the spectra in their respective windows.
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duction-band Van Hove singularities due to a shift of the
Fermi level. This is an effect analogous to that of chemical
doping, as discussed above. The reason for the initial in-
crease in the Raman intensity is not yet clear. The negative
electrode potential applied to the peapod attracts the (now
hydrated) Li+ ions. These lithium ions are both inside and
outside of the peapod. This can lead to a redistribution of
electrons in a lithium-doped peapod sample and compensate
for the influence of intratubular lithium ions on the Raman
spectra. The bleaching of SWCNT-related bands is very
weak at the beginning of doping and thus the effect of the
Li+ ions can dominate. The final RBM intensity at �1.8 V
(vs. Fc/Fc+) is approximately 10 % of the original intensity
of the doped and water-treated sample at 0 V (vs. Fc/Fc+).
The TG mode exhibits a decrease to approximately 20 % of
its original intensity on going from 0 to �1.8 V (vs. Fc/Fc+).
This is also in good agreement with our previous data on
pristine C60@SWCNTs.[3]


The behavior of the TG band frequency of the peapods
during electrochemical charging has been shown to be sensi-
tive to the presence of the intratubular dopant.[2,4, 9] The TG
band of undoped pristine samples exhibits a shift to higher
frequencies at elevated anodic potentials. The upshift of the
TG band is about 15 cm�1 on going from 0 to + 1.2 V (vs.
Fc/ ACHTUNGTRENNUNGFc+).ACHTUNGTRENNUNG Samples with an intratubular dopant do not exhibit
an upshift of the TG band, but the band splits into two com-
ponents, one of them dependent and the other independent
of the electrode potential.[2,9] Nevertheless the effect is not
yet fully understood.


As demonstrated in Figure 4, the in situ Raman spectro-
ACHTUNGTRENNUNGelectrochemical data point to the presence of lithium inside
the peapod. Indeed, the TG band shows a more complex re-
sponse to anodic potentials than the TG band of pristine
peapods. The lithium-doped peapod exhibits a splitting of
the TG band into a component with a higher frequency and
a potential-independent component (Figure 4, upper curves
on the right panel). This behavior is typical for situations in
which the chemical dopant is located inside the carbon
nanostructure.[9] Thus the spectroelectrochemical data con-
firm that the lithium dopant is located inside the carbon
nanostructure.


We suggest that in the case of a lithium-doped peapod the
effects caused by a positive electrode potential are compen-
sated by the increased electron density on the fullerene
cage, which is arrested by the presence of a counterion
inside the peapod. The splitting of the TG band can be
caused by the presence of two types of lithium ions, nonhy-
drated and partially hydrated ones. (The nanotube wall
might be damaged by lithium doping and thus some water
molecules can penetrate inside the peapod and interact with
the fulleride.)


The intensities of the fullerene modes of lithium-doped
peapods were very weak at the beginning of electrochemical
doping. Even the most intense fullerene band, the Ag(2)
mode, was not distinguishable at the off-cell potential. The
band also remained unresolved during cathodic charging of
the lithium-doped peapod. Cathodic doping led to bleaching


of the Ag(2) mode in pristine samples (not shown). Thus it
is not surprising that no change in the region of the Ag(2)
mode could be observed.


However, during anodic doping a band at 1470 cm�1 starts
to appear, which is close to the position of the Ag(2) mode
in pristine peapods. This band is known to increase signifi-
cantly in intensity without any frequency shift upon anodic
charging.[30] The “anodic Raman enhancement”, first ob-
served by us in pristine C60@SWCNTs,[3,30] was also repro-
duced in potassium-doped peapods.[2] Here, we observe the
enhancement effect for lithium-doped peapods, which indi-
cates that the sample was p-doped by electrochemical charg-
ing (Figure 4). Our results are in agreement with a recent
theoretical prediction for Li@C60 that the charge of fullerene
can be changed without influencing the charge on lithium.[31]


Note that lithium vapor doping can damage the nanotube
wall. This may lead to the decrease in the intensity of the
Ag(2) mode observed at high anodic potentials. Thus the ob-
served enhancement of the intensity of the Ag(2) mode can
be suppressed.


Hence the in situ spectroelectrochemical data confirm the
formation of the exohedral metallofullerene peapod and its
electronic properties can be further tuned by electrochemi-
cal doping.


Conclusions


We prepared and studied lithium fulleride (C60) peapods by
Raman spectroscopy and spectroelectrochemistry. The ini-
tial high level of chemical doping was demonstrated by the
disappearance of the RBM band, the dramatic reduction of
the TG band, and the changes in the positions of the fuller-
ene modes. The stability of the exohedral metallofullerene
peapod was tested by exposing the sample to water vapor at
90 8C. Water treatment did not lead to complete recovery of
either the tubeQs Raman modes or the fullerene bands. This
indicates that in the reaction of the peapods with gaseous
lithium the alkali metal is inserted not only between bun-
dles, but also into the interior of the tube, to form an exohe-
dral metallofullerene peapod, which results in a very stable
metallofullerene structure. The material formed has charac-
teristic spectral features including a lower intensity of the
RBM and the TG bands of the SWCNTs and also of the
Ag(2) fullerene mode. The changes in the electronic struc-
ture of the fullerene in peapods induced by lithium vapor
doping can be compensated and/or changed by electrochem-
ical anodic doping. This was confirmed by in situ Raman
spectroelectrochemical measurements. It was found that the
Ag(2) fullerene mode appears during electrochemical
doping and slightly increases in intensity as the potential in-
creases to high anodic values. In other words, chemical
doping leads to the insertion of lithium in the carbon nano-
tubes, which is responsible for the downshift of the Ag(2)
mode, whereas electrochemical doping induces a charge at
the fullerene indirectly through the doping of the nanotube
wall. The position of the TG band of the lithium-doped and


Chem. Eur. J. 2008, 14, 6231 – 6236 J 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6235


FULL PAPERDoping of C60 Fullerene Peapods



www.chemeurj.org





subsequently water-treated samples was independent of the
applied electrochemical potential. This confirms the pres-
ence of an intratubular dopant in the lithium-doped and
water-treated peapods.


Experimental section


Samples of the C60@SWCNTs peapods (filling ratio of 85%) were avail-
able from our previous work.[30] For chemical doping, the C60@SWCNTs
samples were outgassed at 285 8C/10�5 Pa (the residual gas was helium)
and subsequently exposed at 473 8C to lithium vapor for 8 h. The reaction
took place in a stainless steel ampoule interconnected to a Raman optical
cell with a Pyrex glass window. Some of each lithium-doped C60@
SWCNTs sample was heated in water at 90 8C for 1 h to remove lithium
from the voids between individual peapods.


A thin-film electrode was prepared by evaporation of a sonicated (soni-
cation time �15 min.) ethanolic slurry of water-treated lithium-doped
C60@SWCNTs samples on the platinum electrode in air. The film elec-
trode was outgassed overnight at 90 8C in a vacuum (10�1 Pa) and then
mounted in a spectroelectrochemical cell in a glove box. The cell was
equipped with a platinum counter electrode and a silver wire pseudore-
ference electrode. LiClO4 (0.2 m) as the supporting electrolyte was used
in dry acetonitrile as the electrolyte solution. After the spectroelectro-
chemical measurements ferrocene (Fc) was added to the solution and the
potential of the Fc/Fc+ couple was measured for adjustment of the quasi-
reference electrode. The potentials measured in reference to the silver
pseudoreference electrode were recalculated and referenced to the Fc/
Fc+ couple. All electrochemical experiments were carried out in a three-
electrode system using a PG 300 (HEKA) or an EG&G PAR 273A po-
tentiostat.


The Raman spectra were measured on a T-64000 spectrometer (Instru-
ments, SA) interfaced to an Olympus BH2 microscope (the laser power
impinging on the sample or cell window was between 1–5 mW). The sam-
ples were excited by an Ar+ laser at 2.41 and 2.54 eV and a Kr+ laser at
2.18 eV (Innova 305, Coherent). The Raman spectrometer was calibrated
before each set of measurements by using the F1g line of silicon at
520.2 cm�1.
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Introduction


Self-assembled monolayers (SAMs) based on the adsorption
of electroactive p-conjugated systems on metal or semicon-
ductor surfaces are of growing interest owing to their poten-
tial applications in the fields of molecular electronics,[1,2]


photovoltaic conversion,[3,4,5] and sensors.[6]


These SAMs are generally formed by chemical adsorption
of a conjugated molecule bearing one fixation group such as
a thiol, sulfide, disulfide, thiocyanate, or silane, often linked


to the conjugated system by a flexible linear alkyl chain. In-
teractions between the p-conjugated chains reinforced by
lipophilic interactions between alkyl spacers contribute to
ensure the cohesion of the SAMs and the quasi-vertical ori-
entation of the conjugated chains on the surface of the
substrate.[7]


Taking advantage of this quasi-vertical orientation, Tour
and co-workers have investigated the conductance of single
conjugated molecules by scanning tunneling microscopy
(STM).[1d, f] Metzger and co-workers have used a similar ar-
rangement to analyze the rectifying properties of Langmuir–
Blodgett-based monomolecular junctions,[8] whereas SAMs
have also been developed for this purpose.[9] In another ap-
proach, monolayers of vertically oriented, stacked, conjugat-
ed systems have recently been used to realize organic field-
effect transistors in which the thickness of the channel cor-
responds to the length of the active conjugated molecule.[10]


Monolayers of linear oligothiophenes with a vertical or
quasi-vertical orientation immobilized through a single at-
tachment on a surface have been described by several
groups[9c,d,11–18] and investigated as molecular junctions,[13] di-
odes,[9c,d, f] switches,[14] and field-effect transistors,[10] and for
the development of a matrix-assisted laser desorption/ioni-
zation technique.[15] Otsubo and co-workers have reported
SAMs of oligothiophenes vertically immobilized on gold by
means of a tripodal anchoring group and their use as charge
injection layers in organic light-emitting diodes.[16] Hirayama
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et al. have prepared monolayers consisting of C60-substituted
quater- and octithiophene linked to a gold surface with a di-
sulfide anchoring group, and have analyzed their photo-elec-
trochemical behavior.[3a] Improved photocurrent generation
was subsequently obtained when surface fixation was ach-
ieved by a tripodal anchoring group that ensured a denser
surface coverage than the single-point attachment.[3c]


More recently, Jen and co-workers have synthesized
SAMs based on a dithienylpyrrole disubstituted by C60


groups with an anchoring aryl thiol attached at the nitrogen
atom of the median pyrrole unit.[3d] The greater photocur-
rent generation than in previous systems was attributed to a
better absorption of the incident light thanks to the horizon-
tal orientation of the conjugated system.


The literature contains very few other examples of mono-
layers in which extended linear p-conjugated systems are
fixed horizontally on a surface.[11,19,20] Berlin, Zotti, and co-
workers have investigated the influence of molecular geom-
etry on the electrochemical coupling of bi- and terthiophene
adsorbed on indium tin oxide (ITO). They have shown that
SAMs of cyclopentabithiophenes, in which the conjugated
system is fixed parallel to the surface by a single attachment,
can be trimerized electrochemically.[11b]


The horizontal immobilization of linear p-conjugated sys-
tems on a substrate[3d,20] can contribute to the toolbox for
the fabrication of molecular electronic devices or electro-
chemical sensors. In this context, a possible approach to im-
posing a horizontal orientation on the conjugated system
can be to introduce two anchoring groups at two sufficiently
remote points of an extended p-conjugated system. Double
fixation of a dithiol molecule on gold was previously report-
ed by Gokel, Kaifer, and co-workers for a catenane-like
structure.[21] More recently, Kern and Sauvage have de-
scribed the double fixation on a gold surface of a disulfide
incorporating copper(I) catenane,[22] and Raymo has report-
ed that of a copper(I) complex based on 4,4’-bipyridinium
arms terminated by a thiol group.[23] Echegoyen and co-
workers have reported the formation of a pseudo crown-
ether loop on a surface by double fixation of an acyclic bis-
podant thiol, owing to the template effect of K+ ions during
monolayer formation.[24] Although a,w-alkanedithiols have
been shown to adopt an upright alignment of their hydrocar-
bon chains on the gold surface,[25] formation of a looped
configuration was also reported in several examples[26] and it
was found recently that the orientation of alkanedithiol mol-
ecules in monolayers has a strong impact on the electrical
transport in molecular junctions.[26c]


In this context, we report here on the synthesis of two
quaterthiophenes 1 and 2 bearing respectively one and two
alkanethiol chains attached at the internal b-position of the
outermost thiophene ring by a sulfide linkage. The electro-
chemical properties of these compounds in solution have
been analyzed and their immobilization as monolayers on
gold electrodes has been investigated. The influence of the
presence of one versus two thiol group(s) on the formation,
structure, and properties of the monolayers is discussed on
the basis of their characterization by cyclic voltammetry,


ACHTUNGTRENNUNGellipsometry, contact angle measurement, and X-ray photo-
electron spectroscopy (XPS).


Results and Discussion


Synthesis : Our approach to the synthesis of the target com-
pounds 1 and 2 (Scheme 1) is based on the chemistry of thi-
olate derivatives protected by a 2-cyanoethyl group.[27–29] Se-
lective deprotection of one thiolate group of 3,3’’’-bis(2-cya-
noethylsulfanyl)-2,2’:5’,2’’:5’’,2’’’-quaterthiophene 3 [29a] with
cesium hydroxide (1 equiv) and subsequent reaction with an
excess of 1-iodopentane in DMF gave 4 in 77% yield. Simi-
larly, further treatment of 4 with cesium hydroxide (1 equiv)
and S-alkylation with an excess of S-4-bromobutyl ethane-
thioate 5 led to 6 in 87% yield. Thiol ester 5 was prepared
in 63% yield by reaction of potassium thioacetate with 1,4-
dibromobutane (1.5 equiv). Reduction of the thioester
group of 6 by diisobutylaluminum hydride (DIBAL-H) in
anhydrous CH2Cl2 followed by addition of hydrochloric acid
led to the target 3-(4-mercaptobutylsulfanyl)-3’’’-pentylsul-
fanyl-2,2’:5’,2’’:5’’,2’’’-quaterthiophene 1 in 90% yield. Simi-
larly, dithiol 2 was obtained by reduction of the two thioest-
er groups of 7 with DIBAL-H. Dithioester 7 was prepared
by double deprotection of the two thiolate groups of 3 with


Scheme 1. Synthesis of monothiol 1 and dithiol 2. i) CsOH·H2O (1.1 eq),
ii) IC5H11 (4.4 eq); iii) CsOH·H2O (2.2 eq), iv) Br ACHTUNGTRENNUNG(CH2)4SCOCH3 (5);
v) CsOH·H2O (1.2 eq), vi) BrACHTUNGTRENNUNG(CH2)4SCOCH3 (5); vii) DIBAL-H, 0 8C,
viii) aq. HCL; ix) DIBAL-H, 0 8C, x) aq. HCL.
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a slight excess of cesium hy-
droxide followed by addition of
an excess of 5.


Cyclic voltammetry (CV) in
ACHTUNGTRENNUNGsolution : The electrochemical
properties of quaterthiophene
(4T) mono- and dithiols 1 and 2
as well as their precursors 3, 6,
and 7 have been analyzed by
CV in the presence of
Bu4NPF6: 3, 6, and 7 exhibit
two one-electron reversible oxi-
dation waves corresponding to
the successive formation of the radical cation and dication
of the 4T backbone (Figure 1 and Table 1). As already ob-
served for parent 4T systems,[29b,c,e] the stability of these 4T
radical cations can be explained by the localization of the
sulfide group at the inner b-position of the terminal thio-
phene rings; in contrast, when introduced at the outer b-po-
sitions such electron donor groups enhance the reactivity of
the radical cation, thus favoring polymerization.[30]


All compounds show a first oxidation potential (Epa
1)


around 0.80 V except for 3, in which the electron-withdraw-
ing effect of the cyano groups induces a 140 mV positive
shift of Epa


1.
The CV of the mono- and dithiols 1 and 2 also exhibits


two successive oxidation peaks at Epa
1=0.80 V and Epa


2=


1.00–1.05 V/SCE (Figure 2). However, comparison with the
CV of compounds 6 (see the Supporting Information, Fig-
ure S7) and 7 (Figure 1), respectively, reveals a broadening
of the first wave for 1 and an intensification of the same
wave for 2. Integration and comparison of the oxidation
waves of the deconvoluted CVs
show that the first oxidation
peak of 1 corresponds to a two-
electron process, whereas that
of 2 involves a three-electron
process. These results indicate
that the first oxidation peak
corresponds to the superimposi-
tion of two processes, namely
the reversible oxidation of the
4T chain into its radical-cation
and the irreversible one-elec-
tron oxidation of the thiol
groups into disulfide or polydi-
sulfides.


The oxidation of the thiol
group of 1 is clearly evident
when the platinum working
electrode is replaced by gold.
Whereas Epa


1 and Epa
2 values


are nearly identical to those ob-
served on Pt, the anodic peak
associated with the oxidation of
the thiol group is shifted


toward more positive potentials (Epa
SH=0.96 V) (Figure 3).


The irreversibility of this electrochemical process may be re-
lated to the rapid formation of a disulfide in the vicinity of
the electrode.


This hypothesis was confirmed by the analysis of the CV
of the disulfide 8 obtained by chemical oxidation of the
thiol group of 1 using FeCl3 (see the Supporting Informa-
tion, Figure S8).


Figure 1. CV (left) and deconvoluted CV (right) of dithioester 7 (1mm) in 0.10m Bu4NPF6/CH2Cl2–CH3CN
(1:1, v/v), scan rate 0.1 Vs�1, Pt working electrode, SCE reference electrode.


Table 1. Absorption maxima (in CH2Cl2) and oxidation peak potentials
of quaterthiophenes (1mm) in 0.10m Bu4NPF6/CH3CN–CH2Cl2 (1:1, v/v),
scan rate 100 mVs�1, Pt working electrode).


Compd lmax [nm] Epa
1/SCE [V] Epa


2/SCE [V]


1 407 0.80 1.05
2 408 0.80 1.00
3 403 0.94 1.10
6 406 0.85 1.05
7 405 0.81 0.98
8 407 0.79 1.11


Figure 2. CVs (top) and deconvoluted CVs (bottom) of monothiol 1 (left) and dithiol 2 (right) (all 1mm) in
0.10m Bu4NPF6/CH2Cl2–CH3CN (1:1, v/v), scan rate 0.1 Vs�1, Pt working electrode, SCE reference electrode.


Chem. Eur. J. 2008, 14, 6237 – 6246 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6239


FULL PAPERFixation of Oligothiophenes on Gold



www.chemeurj.org





Recurrent potential scans be-
tween 0.20 and 1.20 V/SCE
were then performed on solu-
tions of 1 and of 2. A stable CV
was observed in the case of 1,
whereas the same procedure for
compound 2 leads to the pro-
gressive development of a broad
redox system indicative of the
electrodeposition of an electro-
active material (Figure 4). In ad-
dition to the two redox systems
associated with the 4T radical
cation and dication, a first
system of weak intensity ap-


pears around 0.60 V. This indicates the coupling of the 4T
radical cation into more extended conjugated chains during
the initial steps of the overall electrooxidation process, be-
sides the electrochemical generation of a polydisulfide. This
result, which contrasts with the stability the radical cation in
solution (Figure 1), suggests that the coupling of the 4T radi-
cal cation of 2 could be favored in the confined environment
of the polydisulfide film deposited at the electrode. Further
work is needed to clarify this point.


The CV of the polymer recorded in a monomer-free
medium shows an intense oxidation peak at approximately
0.90 V/SCE. The absence of an oxidation signal below


0.80 V suggests that the effec-
tive conjugation length of the
deposited material is probably
limited to a 4T chain. This hy-
pothesis is further supported by
the UV/Vis spectrum of a poly-
mer film on ITO which shows a
lmax=430 nm. These results are
consistent with a polydisulfide
material containing 4T chains;
the red shift compared with the
solution spectrum of compound
2 (l=408 nm) can be attributed
to p interactions between the
conjugated chains in the solid
state.


Preparation and cyclic voltammetry of monolayers of 1 and
2 : Monolayers of 1 and 2 were prepared under a controlled
argon atmosphere by immersion of cleaned gold bead elec-
trodes in a millimolar solution of 1 or 2 in CH2Cl2. The re-
sulting electrodes were then rinsed with pure CH2Cl2 and
CH3CN before immersion in CH2Cl2 for 4 h to eliminate
physisorbed molecules. Compounds 1 and 2 were stored
under a nitrogen atmosphere at +4 8C. However, reproduci-
ble monolayers of dithiol 2 were obtained only if 2 was
freshly generated from dithioester 7 and purified by chroma-
tography before monolayer preparation. Otherwise, as al-
ready reported, multilayers of disulfide compounds were ob-
tained.[23,31]


Formation of a monolayer of 2 is relatively fast since a
CV characteristic of an immobilized molecule is obtained
after 3 h of immersion. In contrast, at least 24 h of immer-
sion in a solution of 1 are required to obtain a CV typical of
a monolayer. Another striking difference is that the repro-
ducibility of monolayer formation is only 30% for 1, but it
is close to 100% for 2.


The cyclovoltammetry of monolayers of each of 1 and 2
(Figure 5) exhibits two reversible oxidation peaks character-
istic of the 4T radical cation and dication respectively, at
Epa


1=0.83 V and Epa
2=1.15 V for monolayers of 1 and at


Epa
1=0.84 V and Epa


2=1.08 V for monolayers of 2, values
close to those recorded in solu-
tion. The linear variation of the
peak current versus scan rate
confirms that 1 and 2 are immo-
bilized on the electrode surface.


The surface coverage G has
been determined by integration
of the voltammetric peaks after
correction for double layer
charge.[32] A value of G =4O
10�10 molcm�2 (G=2.4O1014


moleculescm�2 or 41.7 P2 per
molecule) was obtained for
monolayers of 1; this value is
somewhat smaller than is typi-


Figure 3. CV (left) and deconvoluted CV (right) of monothiol 1 (2mm) in 0.10m Bu4NPF6/CH2Cl2–CH3CN
(1:1, v/v), scan rate 0.1 Vs�1, Au working electrode, SCE reference electrode.


Figure 4. Potentiodynamic electro-oxidation of a solution of dithiol 2 (1mm) in 0.10m Bu4NPF6/CH2Cl2 (left)
and CV of the resulting material in 0.10m Bu4NPF6/CH3CN (right), scan rate 0.1 Vs�1, Au working electrode,
SCE reference electrode.
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cal for close-packed monolayers of alkanethiol (G=4.7O1014


moleculescm�2)[33a,34,35] or w-(3-thienyl)alkanethiol (G=6.5–
7.0O1014 moleculescm�2) on gold.[33c] However, the stability
of the monolayer of 1 is limited since the intensity of the
CV waves decreases significantly after 24 h of storage in at-
mospheric conditions or after sonication for 1 min
(Figure 5).


For monolayers of 2 the estimated surface coverage of
G=2O10�10 molcm�2 (1.2O1014 moleculescm�2 or 83.3 P2


per molecule), half that obtained for 1, is consistent with the
larger area occupied by the 4T molecule when doubly fixed
in a horizontal orientation.


Monolayers of 2 are considerably more stable than those
of 1. Thus, the CV remained unaltered after application of
400 recurrent potential scans between �0.40 and 1.20 V/
SCE at a scan rate of 0.5 Vs�1 or after sonication for 1 min
in acetonitrile. No change in the CV was observed after stor-
age for one week in ambient conditions. This markedly im-
proved stability of monolayers of 2 can be related to the
double fixation of the 4T molecules to the gold surface.


To confirm the absence of free thiol groups in monolayers
of 2, a monolayer was immersed in a solution of cesium hy-
droxide (0.10m) in MeOH/DMF for 15 min (to generate thi-
olate from hypothetical remaining thiol groups) and then
immersed in a solution of 4-bromobutylferrocene (10mm)[36]


in DMF for 1 h to fix ferrocene groups on these hypothetical
thiolates. The absence of the typical signature of ferrocene
in the CV of the resulting modified electrodes provides indi-
rect support for the absence of free thiol groups in monolay-
ers of 2 as expected for a double fixation of 2.


Structural characterization of the monolayers : Monolayers
of 1 and 2 for surface characterization were prepared by im-
mersion of substrates consisting of an evaporated gold layer


on silicon wafers in millimolar
solutions of freshly purified
compounds 1 and 2 for a
period of 72 h and 3 h, respec-
tively.


The thickness of the mono-
layers of 2 determined on two
different samples by ellipsome-
try gave values ranging from
11.8 to 14.0 P, which are in
good agreement with formation
of a monolayer and with the
calculated 13–14 P height of
molecule 2 in the expected con-
formation for double fixation
(Figure 6). These latter values
have been estimated with the
MOPAC 3D software and as-
suming an S�Au distance of
about 2 P.[37] In this case, al-
though the main axis of the 4T


segment is almost parallel to the surface, molecules of 2
stand up on the surface thus allowing p-stacking interactions
and the formation of densely packed domains, in agreement
with the relatively high value of G determined by CV. As-
suming that molecule 2 adopts the conformation shown in
Figure 6, the molecular area estimated with MOPAC 3D
would correspond to a 4.4 PO15.6 P rectangle of 68.6 P2


per molecule. Comparison with the 83.3 P2 per molecule ob-
tained by CV shows that the experimental result represents
approximately 80% of the maximum theoretical coverage.


The water contact angle of monolayers of 2 (qH2O=83.5�
18) is characteristic of a surface constituted by aromatic sys-
tems such as thiophene.[9d,33]


The thickness of monolayers of 1 varies from 9.3 to
11.7 P. These values are much lower than expected for a
vertical orientation of the molecule relative to the surface.
The water contact angle (qH2O=89�18) is higher than that
of monolayers of 2, suggesting a more lipophilic surface, in
agreement with the presence of the pentyl chain of 1. How-
ever, this value is much lower than the 1058 expected for a
molecular conformation in which a pentyl chain points out
of the surface.[38] These results may be due to the fact that
molecules 1 do not stand upright in a stretched conforma-


Figure 5. Left: CV of monolayers of 1 (top, scan rate=6 Vs�1) t0+24 h (a), t0 (c); and 2 (bottom, scan
rate=0.1 Vs�1) in 0.10m Bu4NPF6/CH3CN, SCE reference electrode. Right: variation of the intensity of the
second oxidation peak versus scan rate.


Figure 6. Molecular structure of dithiol 2 drawn from ellipsometry data in
a conformation favorable to double fixation on gold (from MOPAC-
ChemDraw 3D optimization).
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tion but adopt a rather disordered arrangement on the gold
surface.


Monolayers derived from 1 and 2 have been analyzed by
XPS. A first examination of the spectrum did not show any
contamination from residual CH2Cl2 solvent and CH2Cl2/
CH3CN rinsing solution. The high-resolution XPS spectra of
the S2p region (Figure 7) are decomposed in individual con-


tributions whose binding energies (BE) are reported in
Table 2.


Comparison of the peak area of the S2s or S2p signals
with that of the C1s signal allows us to estimate the experi-
mental S/C ratio in the monolayer. For a monolayer of 1,
the S2p/C and S2s/C ratio of 0.29 for both is very close to
the theoretical value of S/C= 7=25 =0.28. For monolayer of 2,
the S2p/C and S2s/C ratios of 0.27 and 0.24 respectively de-
viate slightly from the theoretical value (S/C= 8=24 =0.33) re-
lated to the chemical structure of 2. The curve-fitted high-
resolution XPS spectra for the S2p region of a monolayer of
each of 1 and 2 show two doublets (Figure 7). Each doublet
results from spin–orbit splitting of the S2p level and consists
of a high-intensity S2p3/2 peak at lower energy and a low-in-
tensity S2p1/2 peak at higher energy separated by 1.2 eV with
an intensity ratio of 2:1.[39] The value of the S2p3/2 peak at
161.9 eV for monolayers of 1 and 2 is in excellent agreement
with the binding energy for bound alkanethiolate on gold
(161.9–162.0 eV).[25,34] Thus, peaks at 161.9 and 163.1 eV of
the lower-energy doublet S2p3/2,1/2 of monolayers of 1 and 2
may be assigned to the thiol chemisorbed on the Au sur-
face.[25,39,40] The other doublet, S2p3/2,1/2, at 163.5 and
164.7 eV for 1 and 163.6 and 164.7 eV for 2, corresponds to


the other sulfur atoms of compound 1 and 2, respectively.
Comparison of the areas of these two doublet signals leads
to an estimated S�C/S�Au ratio of g=6.0�0.5 which is in
full agreement with the expected value (S�C/S�Au=6) for
a single fixation of molecule 1 to the gold surface via forma-
tion of an S�Au bond. In the case of molecule 2, the experi-
mentally determined S�C/S�Au ratio of 3.7�0.5 is relative-


ly close to the theoretical value
expected for a double fixation
(S�C/S�Au=3). That the ex-
perimental ratio is higher than
the theoretical one may be a
result of the attenuation of the
signal of the sulfur at the Au/
monolayer interface by the
overlying organic layer.


A single fixation of molecule
2 to the surface would leave
one free S�H group. In fact,
the S2p3/2,1/2 signals of a sulfur
atom exclusively linked to
carbon atoms (S�C) and that of
a free alkanethiol (S�H) are
very close in energy (for exam-
ple, the energy of the S2p3/2,1/2


signal of S�H was reported to
be 163.5/164.8 eV).[39,40] Thus, in
this energy range, the integra-
tion of the S2p3/2,1/2 signal corre-
sponds to the different contri-
butions of the sulfur atom ex-
clusively linked to carbon
atoms (S�C) and that of a free
alkanethiol (S�H). A theoreti-


Figure 7. Curve-fitted high-resolution XPS spectra for the S2p region of molecules 1 (top) and 2 (bottom) ad-
sorbed on gold.


Table 2. XPS Binding energies (BE), full-width half-maximum (FWHM)
and assignment of emission peaks measured from high-resolution XPS of
monolayers of 1 and 2 adsorbed on gold.


XPS
signal


BE
[eV]


FWHM
[eV]


Corrected
area[a] [A.U.]


Assignment


Monolayer of 1
C1s 284.5 1.38 20437 C1s-C; C1s-S
S2s 227.7 2.39 5927
S2p 5914
band 1 163.5 1.15 3281 S2p3/2-C
band 2 164.7 1.15 1640 S2p1/2-C
band 3 161.9 1.15 547 S2p3/2-Au
band 4 163.1 1.15 274 S2p1/2-Au
Monolayer of 2
C1s 284.6 1.30 17687 C1s-C; C1s-S
S2s 227.6 2.64 4785
S2p 4279
band 1 163.6 1.15 2068 S2p3/2-C
band 2 164.7 1.15 1033 S2p1/2-C
band 3 161.9 1.15 563 S2p3/2-Au
band 4 163.1 1.15 281 S2p1/2-Au


[a] The corrected areas were calculated empirically using the sensitivity
factor (C1s 0.3; S2s 0.4; S2p 0.57). Each measured peak area was divided
by this factor to obtain the corrected area. The total corrected areas of
each peak are in italics. A.U.: arbitrary units.
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cal (S�C+S�H)/S�Au ratio of 7:1 is expected if all mole-
cules 2 are singly fixed. By using a simple linear combina-
tion of the two extreme states where all molecules 2 are
either singly or doubly fixed on the surface, the experimen-
tal ratio g= (S�C+S�H)/S�Au can be expressed as Equa-
tion (1), where a represents the fraction of doubly fixed
molecules 2.


g ¼ 3aþ 7ð1�aÞ ð1Þ


From our XPS result for a monolayer of 2 (g=3.7�0.5),
we can deduce that around (83�12)% of molecules 2 are
chemisorbed on the surface through two S�Au fixation sites.
Although it remains difficult to fit accurately the experimen-
tal curves of the XPS spectra of the S2p region with decon-
voluted curves, and considering that the presence of differ-
ent types of sulfur atoms in the monolayer makes the XPS
analysis more complicated, our XPS study shows that most
of the molecules 2 are doubly fixed on the surface, although
it is likely that only a few singly fixed molecules of 2 subsist
inside the monolayer.


Conclusion


We have described a selective and straightforward synthesis
of oligothiophenes functionalized by one and two thiol
groups using 2-cyanoethyl as a thiolate protecting group.
Analysis of the electrochemical properties of these com-
pounds by cyclic voltammetry has shown that electrooxida-
tion of the quaterthiophene bearing two thiol groups leads
to the electrodeposition of an electroactive poly(disulfide)
on the electrode surface. Monolayers of 1 and 2 have been
prepared by chemisorption on a gold surface. Cyclic voltam-
metric results have shown that the doubly functionalized
quaterthiophene leads to faster and more reproducible for-
mation of a monolayer than the singly substituted system.
Characterization by CV, ellipsometry, and XPS of the mono-
layers obtained provided coherent results indicating that in
the monolayers derived from the doubly functionalized oli-
gomer, most of the conjugated molecules are doubly at-
tached on the surface with a horizontal orientation of the
conjugated system. This result, combined with the enhanced
stability of the doubly fixed monolayers, opens interesting
perspectives for the development of functional electroactive
monolayers for application in sensors and molecular elec-
tronics. Work in this direction is now under way and will be
reported in future publications.


Experimental Section


Syntheses


3-(2-Cyanoethylsulfanyl)-3’’’-pentylsulfanyl-2,2’:5’,2’’:5’’,2’’’-quaterthio-
phene (4): Under a N2 atmosphere, a solution of CsOH·H2O (0.18 g,
1.1 mmol) in N2-degassed MeOH (10 mL) was added dropwise to a solu-
tion of 3 (0.5 g, 1 mmol) in degassed DMF (50 mL). The reaction mixture


was stirred for 1 h at 20 8C before addition of a solution of 1-iodopentane
(0.79 g, 4 mmol) in degassed DMF (5 mL). After 4 h of additional stirring
at 20 8C and evaporation of the solvents, the residue was dissolved in
CH2Cl2 and the organic phase was washed with water, dried over MgSO4,
and concentrated. Purification by chromatography on silica gel (CH2Cl2
as eluent) gave compound 4 as orange crystals (0.40 g, 77% yield).
1H NMR (500 MHz, CDCl3): d=7.32 (d, 1H, 3J=3.9 Hz, Hthio), 7.30 (d,
1H, 3J=3.9 Hz, Hthio), 7.23 (d, 1H, 3J=5.3 Hz, Hthio), 7.19 (d, 1H, 3J=


5.3 Hz, Hthio), 7.16 (d, 1H, 3J=3.9 Hz, Hthio), 7.15 (d, 1H, 3J=3.9 Hz,
Hthio), 7.08 (d, 1H, 3J=5.2 Hz, Hthio), 7.04 (d, 1H, 3J=5.2 Hz, Hthio), 3.04
(t, 2H, 3J=7.3 Hz, CH2�S), 2.87 (t, 2H, 3J=7.4 Hz, CH2�S), 2.56 (t, 2H,
3J=7.3 Hz, CH2�CN), 1.62 (m, 2H, 3J=7.4 Hz), 1.40–1.34 (m, 2H), 1.32–
1.27 (m, 2H), 0.87 ppm (t, 3H, 3J=7.3 Hz, CH3);


13C NMR (125 MHz,
CDCl3): d =139.6, 138.4, 137.0, 135.6, 135.1, 133.5, 132.2, 128.3, 127.7,
126.9, 123.8 (2C), 123.5, 123.3, 117.8, 36.2, 31.7, 30.9, 29.3, 22.2, 18.5,
13.9 ppm; IR (KBr): ñ=2246 cm�1 (CN); UV/Vis (CH2Cl2): lmax (loge=


403 nm (4.30); MALDI MS: 517 [M+I] (M=517.02 for C24H23NS6); ele-
mental analysis calcd (%) for C24H23NS6: C 55.67, H 4.48; found:
C 55.62, H 4.65.


S-4-Bromobutyl ethanethioate (5): Under a N2 atmosphere, a solution of
potassium thioacetate (5.28 g, 46.3 mmol) in EtOH was added dropwise
to a solution of 1,4-dibromobutane (15 g, 70 mmol) in CH2Cl2 at 20 8C. A
white precipitate was formed and the reaction mixture was stirred for
15 h at 20 8C. After evaporation of the solvents, the residue was dissolved
in CH2Cl2 and the organic phase was washed with water, dried over
MgSO4, and concentrated. Purification by chromatography on silica gel
(CH2Cl2/petroleum ether, 4:6, v/v) gave compound 5 as a slightly yellow
oil (6.13 g, 63% yield). 1H NMR (500 MHz, CDCl3): d =3.40 (t, 2H, 3J=


6.5 Hz, CH2�Br), 2.89 (t, 2H, 3J=7.2 Hz, CH2�S), 2.32 (s, 3H, CH3�CO),
1.92 (m, 2H, CH2�CH2Br), 1.73 (m, 2H); IR (film): ñ=1680 cm�1


ACHTUNGTRENNUNG(C=O).


3-(6-Oxo-5-thiaheptylsulfanyl)-3’’’-pentylsulfanyl-2,2’:5’,2’’:5’’,2’’’-quater-
thiophene (6): Under a N2 atmosphere, a solution of CsOH·H2O (0.14 g,
0.84 mmol) in N2-degassed MeOH (5 mL) was added dropwise to a solu-
tion of 4 (0.36 g, 0.70 mmol) in degassed DMF (25 mL). The reaction
mixture was stirred for 1 h at 20 8C before addition of a solution of 5
(0.61 g, 2.8 mmol) in degassed DMF (5 mL) and 4 h of additional stirring
at 20 8C. After evaporation of the solvents, the residue was dissolved in
CH2Cl2 and the resulting organic phase was washed with water, dried
over MgSO4, and concentrated. Purification by chromatography on silica
gel (CH2Cl2/petroleum ether, 1:1, v/v, as eluent) gave compound 6 as a
yellow oil (0.36 g, 87% yield). 1H NMR (500 MHz, CDCl3): d =7.28 (2d,
2H, 3J=3.8 Hz, Hthio), 7.18 (m, 2H, Hthio), 7.15 (m, 2H, Hthio), 7.04 (d,
1H, 3J=5.3 Hz, Hthio), 7.03 (d, 1H, 3J=5.3 Hz, Hthio), 2.85 (m, 6H, CH2�
S), 2.30 (s, 3H, CH3�CO), 1.66 (m, 4H), 1.63 (m, 2H), 1.40 (m, 2H), 1.38
(m, 2H), 0.87 ppm (t, 3H, 3J=7.3 Hz, CH3);


13C NMR (125 MHz,
CDCl3): d =195.8, 137.5, 137.3, 136.4, 135.7, 134.7, 134.4, 132.5, 132.2,
127.9, 127.2, 126.9, 126.8, 123.5, 123.4, 123.2, 123.1, 36.1, 35.6, 30.8, 30.6,
29.2, 28.5, 28.4, 22.2, 14.0 ppm; IR (film): ñ=1690 cm�1 (C=O); UV/Vis
(CH2Cl2): lmax=406 nm; MALDI MS: 594 [M+I] (M=594.03 for
C27H30OS7).


3-(4-Mercaptobutylsulfanyl)-3’’’-pentylsulfanyl-2,2’:5’,2’’:5’’,2’’’-quaterthio-
phene (1): Under a N2 atmosphere, a solution (1m) of DIBAL-H in
CH2Cl2 (2.1 mL, 2.1 mmol) was added dropwise to a solution of com-
pound 6 (0.31 g, 0.53 mmol) in anhydrous CH2Cl2 (15 mL) cooled to 0 8C.
The reaction mixture was stirred for 2 h at 0 8C before addition of an
aqueous solution of HCl (3m, 2 mL). After 0.5 h of additional stirring at
20 8C, the reaction mixture was washed with water, dried over MgSO4,
and concentrated to dryness. Purification by chromatography on silica gel
(CH2Cl2/petroleum ether, 1:1, v/v, as eluent) gave compound 1 as an
orange oil (0.26 g, 90% yield). 1H NMR (500 MHz, CDCl3): d =7.29 (d,
2H, 3J=3.9 Hz, Hthio), 7.19 (d, 1H, 3J=5.3 Hz, Hthio), 7.18 (d, 1H, 3J=


5.2 Hz, Hthio), 7.15 (d, 1H, 3J=3.8 Hz, Hthio), 7.15 (d, 1H, 3J=3.8 Hz,
Hthio), 7.04 (d, 1H, 3J=5.2 Hz, Hthio), 7.03 (d, 1H, 3J=5.2 Hz, Hthio), 2.86
(t, 4H, 3J=7.2 Hz, CH2�S), 2.50 (m, 2H, CH2�SH), 1.70 (m, 4H), 1.63
(m, 2H), 1.38 (m, 2H), 1.28 (m, 3H, CH2+SH), 0.87 ppm (t, 3H, CH3);
IR (KBr): ñ =2563 cm�1 (S�H); UV/Vis (CH2Cl2): lmax=407 nm (loge=


4.68); MALDI MS: 552 [M+I] (M=552.02 for C25H28S7).
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3,3’’’-Bis(6-oxo-5-thiaheptylsulfanyl)-2,2’:5’,2’’:5’’,2’’’-quaterthiophene (7).
Under a N2 atmosphere, a solution of CsOH·H2O (0.74 g, 4.40 mmol) in
N2-degassed MeOH (5 mL) was added dropwise to a solution of 3 (1 g,
2 mmol) in degassed DMF (25 mL). The reaction mixture was stirred for
1 h at 20 8C before addition of a solution of 5 (1.10 g, 5 mmol) in de-
gassed DMF (5 mL) and 4 h of additional stirring at 20 8C. After evapora-
tion of the solvents, the residue was dissolved in CH2Cl2 and the organic
phase was washed with water, dried over MgSO4 and concentrated to
dryness. Purification by chromatography on silica gel (CH2Cl2 as eluent)
gave compound 7 as an orange oil (0.90 g, 70% yield). 1H NMR
(500 MHz, CDCl3): d=7.29 (d, 2H, 3J=3.9 Hz, Hthio), 7.19 (d, 2H, 3J=


5.3 Hz, Hthio), 7.15 (d, 2H, 3J=3.9 Hz, Hthio), 7.03 (d, 2H, 3J=5.3 Hz,
Hthio), 2.86 (t, 4H, 3J=6.9 Hz, CH2�S), 2.84 (t, 4H, 3J=6.9 Hz, CH2�S),
2.30 (s, 6H, CH3�CO), 1.69–1.66 ppm (m, 8H, CH2�CH2);


13C NMR
(125 MHz, CDCl3): d=195.8, 137.5, 136.5, 134.5, 132.5, 127.2, 127.0,
123.5, 123.3, 35.6, 30.6, 28.53, 28.52, 28.48 ppm; IR (film): ñ=1690 cm�1


(C=O); UV/Vis (CH2Cl2): lmax=405 nm; MALDI MS: 654 [M+I] (M=


654.00 for C28H30O2S8); elemental analysis calcd (%) for C28H30O2S8:
C 51.34, H 4.62; found: C 51.25, H 4.71.


3,3’’’-Bis(4-mercaptobutylsulfanyl)-2,2’:5’,2’’:5’’,2’’’-quaterthiophene (2):
Under a N2 atmosphere, a 1m solution of DIBAL-H in CH2Cl2 (7 mL,
7 mmol) was added dropwise to a solution of compound 7 (0.57 g,
0.87 mmol) in anhydrous CH2Cl2 (15 mL) cooled to 0 8C. The reaction
mixture was stirred for 2 h at 0 8C before addition of a aqueous solution
of HCl (3m, 3 mL). After 0.5 h of additional stirring at 20 8C, the reaction
mixture was washed with water, dried over MgSO4, and concentrated to
dryness. Purification by chromatography on silica gel (CH2Cl2/petroleum
ether, 1:1, v/v, as eluent) gave compound 2 as an orange oil (0.40 g, 80%
yield). 1H NMR (500 MHz, CDCl3): d =7.29 (d, 2H, 3J=3.9 Hz, Hthio),
7.19 (d, 2H, 3J=5.3 Hz, Hthio), 7.15 (d, 2H, 3J=3.9 Hz, Hthio), 7.04 (d, 2H,
3J=5.3 Hz, Hthio), 2.86 (t, 4H, 3J=6.6 Hz, CH2�S), 2.50 (m, 4H, CH2�
SH), 1.75–1.70 (m, 8H, CH2�CH2), 1.30 ppm (t, 2H, 3J=7.9 Hz, SH);
13C NMR (125 MHz, CDCl3): d =137.5, 136.5, 134.5, 132.5, 127.3, 127.0,
123.5, 123.3, 35.6, 32.8, 28.1, 24.2 ppm; UV/Vis (CH2Cl2): lmax=408 nm;
MALDI MS: 570 [M+I] (M=569.98 for C24H26S8).


Disulfide of 3-(4-mercaptobutylsulfanyl)-3’’’-pentylsulfanyl-2,2’:5’,2’’:5’’,2’’’-
quaterthiophene (8): A suspension of ferric chloride (40 mg, 0.25 mmol)
in anhydrous CH2Cl2 (3 mL) was added slowly to a solution of monothiol
1 (70 mg, 0.13 mmol) in anhydrous CH2Cl2 (10 mL). The reaction mixture
was stirred overnight at 20 8C. After addition of water and extraction
with CH2Cl2, the organic phase was concentrated. The residue was puri-
fied by chromatography on silica gel (CH2Cl2/petroleum ether, 3:7, v/v, as
eluent) to give disulfide 8 as a green oil (23 mg, 33% yield); 1H NMR
(500 MHz, CDCl3): d=7.29 (d, 4H, 3J=4.0 Hz, Hthio), 7.17 (d, 2H, 3J=


5.4 Hz, Hthio), 7.16 (d, 2H, 3J=5.8 Hz, Hthio), 7.14 (d, 2H, 3J=4.0 Hz,
Hthio), 7.13 (d, 2H, 3J=4.0 Hz, Hthio), 7.03 (d, 2H, 3J=5.6 Hz, Hthio), 7.02
(d, 2H, 3J=5.6 Hz, Hthio), 2.86 (t, 4H, 3J=7.1 Hz, CH2�S), 2.84 (t, 4H,
3J=7.1 Hz, CH2�S), 2.60 (t, 4H, 3J=7.1 Hz, CH2�S�S), 1.76 (m, 4H),
1.68 (m, 4H), 1.64 (m, 4H), 1.38 (m, 4H), 1.28 (m, 4H), 0.87 ppm (t, 6H,
3J=7.1 Hz, CH3); UV/Vis (CH2Cl2): lmax=407 nm (loge =4.78); MALDI
MS: 1102 [M+I]; 551 [(M/2)+I] (M=1102.03 for C50H54S14).


Cyclic voltammetry and preparation of gold electrodes : Electrochemical
experiments were carried out by using a PAR 273 potentiostat–galvano-
stat in a three-electrode single-compartment cell equipped with a plati-
num or gold disk, diameter 2 mm, and modified gold beads as working
electrodes, a platinum wire counter electrode, and a silver wire as a
pseudo-reference electrode. The ferricinium/ferrocenium couple Fc+/Fc
was used as an internal reference (E8 ACHTUNGTRENNUNG(Fc+/Fc)=0.405 V/SCE in 0.1m


Bu4NPF6/CH3CN or CH2Cl2). Potentials were then expressed relative to
a saturated calomel reference electrode (SCE).


Gold monolayers of mono- and dithiols 1 and 2 have been obtained by
using different substrates: gold bead electrodes for cyclic voltammetry
experiments and evaporated gold on silicon for structural analysis. Sub-
strates were cleaned thoroughly by previously reported methods.[41, 42] The
gold beads were prepared according to the literature.[41] They were sub-
jected to repetitive potential scans between 0 and 1.6 V/SCE in an aque-
ous H2SO4 solution (0.5m) until a sharp reduction peak was formed asso-
ciated with the reduction of oxidized gold species to gold. The gold beads


were then rinsed successively with deionized water, acetonitrile, and di-
chloromethane before immersion in the freshly prepared thiol solution.
The geometric area of the working gold bead electrodes was estimated
from the slope of the linear plots of the CV cathodic peak current inten-
sity versus the square root of scan rate, for the diffusion-controlled reduc-
tion of Fe(CN)6


3� (10�2m in 0.50m NaCl at 25 8C). Comparative experi-
ments with gold disk electrodes of known surface area (2 mm diameter
from Radiometer Analytical SA) led to typical surfaces ranging from
0.02 to 0.04 cm2 for gold bead electrodes.


Ellipsometry, contact angle measurements, and XPS analyses were per-
formed on SAMs prepared from gold films 200 nm thick, evaporated
onto silicon wafers covered by a titanium or chromium sublayer (10 nm)
deposited under ultrahigh vacuum. After gold deposition, annealing,[43]


and cleaning in an 37% HCl/ 65% HNO3/ deionized water (3:1:16, v/v/v)
mixture for 5 min led to atomically flat gold terraces. Silicon and gold
were purchased from Siltronix and Goodfellow ACHTUNGTRENNUNGrespectively.


Contact angle measurements : Contact angles were measured, in a clean
room (class about 1000) at a well controlled relative humidity (40%) and
temperature (20 8C), with a remote-computer controlled goniometer
system (Digidrop; GBX, France). A drop (in the range 1–10 mL) of de-
ionized water (18 mWcm�1) was deposited on the surface and the project-
ed image was acquired and stored by the remote computer. Contact
angles were then extracted by contrast contour image analysis software.
These angles were determined around 2 s after application of the drop.
The precision of these measurements was �28.


Spectroscopic ellipsometry : Spectroscopic ellipsometry data in the visible
range were obtained by using a UVISEL Jobin Yvon Horiba Spectro-
scopic Ellipsometer equipped with DeltaPsi 2 data analysis software. The
system acquired a spectrum ranging from 2 to 4.5 eV (corresponding to
300–750 nm) with 0.05 eV (or 7.5 nm) intervals (angle of incidence 708 ;
the compensator was set at 45.08). Data were fitted by regression analysis
to a film-on-substrate model as described by their thickness and their
complex refractive indices. Two spectra, before and after monolayer dep-
osition, were obtained to determine the thickness. In the software, we
used a two-layer model: layer 1 is gold, layer 2 the organic monolayer.
To determine the monolayer thickness, we used the spectrum measured
on the sample before the monolayer deposition for layer 1, and we fixed
the refractive index at 1.50 for layer 2. Usual values in the literature are
in the range 1.45–1.50;[44] a change from 1.50 to 1.55 would result in less
than 1 P error for a thickness less than 30 P. To determine the thickness,
the software compared the measured data with the simulated data. The
estimated accuracy of the SAM thickness measurements was �2 P.


X-ray photoelectron spectroscopy : The chemical composition of the
SAMs was analyzed and any contaminant that had not been removed
was detected by XPS by using a Physical Electronics 5600 spectrometer
fitted in a UHV chamber with a residual pressure of 2O10�10 torr. High-
resolution spectra were obtained with a monochromatic AlKa X-ray
source (hn =1486.6 eV), a detection angle of 458 referenced to the
sample surface, an analyzer entrance slit width of 400 mm and an analyzer
pass energy of 12 eV. In these conditions, the overall resolution measured
from the FWHM of the Ag 3d5/2 line was 0.55 eV. Semiquantitative analy-
sis was completed after standard background subtraction according to
ShirleyRs method.[45] Peaks were decomposed by using Voigt functions
and a least-squares minimization procedure and by keeping constant the
Gaussian and Lorentzian broadenings for each component of a given
peak.


Acknowledgements


The MinistSre de la Recherche is acknowledged for the PhD grant for
T.K.T. The authors thank the Service Central dRAnalyses Spectroscopi-
ques de lRUniversitI dRAngers for the characterization of organic com-
pounds. This research project is also supported by the Agence Nationale
de la Recherche PNANO Program, project OPTOSAM, ANR-06-
PNANO-016, and the CNANO Nord-Ouest. S.K. is indebted to ANR for
financial support.


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6237 – 62466244


P. Blanchard, J. Roncali et al.



www.chemeurj.org





[1] a) L. A. Bumm, J. J. Arnold, M. T. Cygan, T. D. Dunbar, T. P.
Burgin, L. Jones II, D. L. Allara, J. M. Tour, P. S. Weiss, Science
1996, 271, 1705–1707; b) J. M. Tour, Chem. Rev. 1996, 96, 537–553;
c) M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, J. M. Tour, Sci-
ence 1997, 278, 252–254; d) J. M. Tour, Acc. Chem. Res. 2000, 33,
791–804; e) Z. J. Donhauser, B. A. Mantooth, K. F. Kelly, L. A.
Bumm, J. D. Monnell, J. J. Stapleton, D. W. Price Jr. , A. M. Rawlett,
D. L. Allara, J. M. Tour, P. S. Weiss, Science 2001, 292, 2303–2307;
f) D. K. James, J. M. Tour, Chem. Mater. 2004, 16, 4423–4435.


[2] For recent reviews see: a) R. L. Carroll, C. B. Gorman, Angew.
Chem. 2002, 114, 4556–4579; Angew. Chem. Int. Ed. 2002, 41, 4378–
4400; b) S. M. Lindsay, M. A. Ratner, Adv. Mater. 2007, 19, 23–31;
c) N. Weibel, S. Grunder, M. Mayor, Org. Biomol. Chem. 2007, 5,
2343–2353.


[3] a) D. Hirayama, T. Yamashiro, K. Takimiya, Y. Aso, T. Otsubo, H.
Norieda, H. Imahori, Y. Sakata, Chem. Lett. 2000, 570–571; b) S.-G.
Liu, C. Martineau, J.-M. Raimundo, J. Roncali, L. Echegoyen,
Chem. Commun. 2001, 913–914; c) D. Hirayama, K. Takimiya, Y.
Aso, T. Otsubo, T. Hasobe, H. Yamada, H. Imahori, S. Fukuzumi, Y.
Sakata, J. Am. Chem. Soc. 2002, 124, 532–533; d) K.-S. Kim, M.-S.
Kang, H. Ma, A. K.-Y. Jen, Chem. Mater. 2004, 16, 5058–5062; e) C-
H. Huang, N. D. McClenaghan, A. Kuhn, G. Bravic, D. M. Bassani,
Tetrahedron 2006, 62, 2050–2059.


[4] a) H. Imahori, H. Norieda, H. Yamada, Y. Nishimura, I. Yamazaki,
Y. Sakata, S. Fukuzumi, J. Am. Chem. Soc. 2001, 123, 100–110; b) T.
Konishi, A. Ikeda, S. Shinkai, Tetrahedron 2005, 61, 4881–4889;
c) Y-J. Cho, T. K. Ahn, H. Song, K. S. Kim, C. Y. Lee, W. S. Seo, K.
Lee, S. K. Kim, J. D. Kim, T. Park, J. Am. Chem. Soc. 2005, 127,
2380–2381; d) S. Saha, E. Johansson, A. H. Flood, H-R. Tseng, J. I.
Zink, J. F. Stoddart, Chem. Eur. J. 2005, 11, 6846–6858; e) Y. Shirai,
L. Cheng, B. Chen, J. M. Tour, J. Am. Chem. Soc. 2006, 128, 13479–
13489.


[5] For a review on SAMs based on C60 see: D. Bonifazi, O. Enger, F.
Diederich, Chem. Soc. Rev. 2007, 36, 390–414.


[6] a) L. M. Goldenberg, M. R. Bryce, M. C. Petty, J. Mater. Chem.
1999, 9, 1957–1974; b) S. Flink, F. C. J. M. van Veggel, D. Rein-
houdt, Adv. Mater. 2000, 12, 1315–1328; c) S. Zhang, C. M. Cardona,
L. Echegoyen, Chem. Commun. 2006, 4461–4473.


[7] For exhaustive reviews see: a) A. Ulman, Chem. Rev. 1996, 96,
1533–1554; b) F. Schreiber, Prog. Surf. Sci. 2000, 65, 151–256; c) F.
Schreiber, J. Phys. Condens. Matter 2004, 16, R881–R900; d) R. K.
Smith, P. A. Lewis, P. S. Weiss, Prog. Surf. Sci. 2004, 75, 1–68;
e) J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, G. M. White-
sides, Chem. Rev. 2005, 105, 1103–1169.


[8] a) R. M. Metzger, B. Chen, U. Hçpfner, M. V. Lakshmikantham, D.
Vuillaume, T. Kawai, X. Wu, H. Tachibana, T. V. Hugues, H. Sakur-
ai, J. W. Baldwin, C. Hosch, M. P. Cava, L. Brehmer, G. J. Ashwell,
J. Am. Chem. Soc. 1997, 119, 10455–10466; b) R. M. Metzger,
Chem. Rev. 2003, 103, 3803–3834.


[9] For examples see: a) M. L. Chabinyc, X. Chen, R. E. Holmlin, H.
Jacobs, H. Skulason, C. D. Frisbie, V. Mujica, M. A. Ratner, M. A.
Rampi, G. M. Whitesides, J. Am. Chem. Soc. 2002, 124, 11730–
11736; b) G. J. Ashwell, W. D. Tyrrell, A. J. Whittam, J. Am. Chem.
Soc. 2004, 126, 7102–7110; c) P. Jiang, G. M. Morales, W. You, L.
Yu, Angew. Chem. 2004, 116, 4571–4575; Angew. Chem. Int. Ed.
2004, 43, 4471–4475; d) S. Lenfant, D. GuIrin, F. Tran Van, C. Chev-
rot, S. Palacin, J.-P. Bourgoin, O. Bouloussa, F. Rondelez, D. Vuil-
laume, J. Phys. Chem. B 2006, 110, 13947–13958; e) G. J. Ashwell,
W. D. Tyrrell, B. Urasinska, C. Wang, M. R. Bryce, Chem. Commun.
2006, 1640–1642; f) S. Lenfant, C. Krzeminski, C. Delerue, G.
Allan, D. Vuillaume, Nano Lett. 2003, 3, 741–746.


[10] M. Mottaghi, P. Lang, F. Rodriguez, A. Rumyantseva, A. Yassar, G.
Horowitz, S. Lenfant, D. Tondelier, D. Vuillaume, Adv. Funct.
Mater. 2007, 17, 597–604.


[11] a) A. Berlin, G. Zotti, G. Schiavon, S. Zecchin, J. Am. Chem. Soc.
1998, 120, 13453–13460; b) A. Berlin, G. Zotti, Macromol. Rapid
Commun. 2000, 21, 301–318.


[12] a) B. Liedberg, Z. Yang, I. Engquist, M. Wirde, U. Gelius, G. Gçtz,
P. BUuerle, R.-M. Rummel, Ch. Ziegler, W. Gçpel, J. Phys. Chem. B
1997, 101, 5951–5962; b) R. Michalitsh, A. El-Kasmi, P. Lang, A.
Yassar, F. Garnier, J. Electroanal. Chem. 1998, 457, 129–139; c) E.
Mishina, Y. Miyakita, Q.-K. Yu, S. Nakabayashi, H. Sakaguchi, J.
Chem. Phys. 2002, 117, 4016–4021; d) C. NoguIs, P. Lang, M.
Rei Vilar, B. Desbat, T. Buffeteau, A. El-Kassmi, F. Garnier, Col-
loids and Surfaces A 2002, 198–200, 577–591; e) B. de Boer, H.
Meng, D. F. Perepichka, J. Zheng, M. M. Franck, Y. J. Chabal, Z.
Bao, Langmuir 2003, 19, 4272–4284; f) M. Rei Vilar, P. Lang, G.
Horowitz, C. NoguIs, Y. Jugnet, O. Pellegrino, A. M. Botelho
do Rego, Langmuir 2003, 19, 2649–2657; g) G. Zotti, S. Zecchin, B.
Vercelli, A. Berlin, S. Grimoldi, L. Groenendaal, R. Bertoncello, M.
Natali, Chem. Mater. 2005, 17, 3681–3694.


[13] a) C. Kergueris, J.-P. Bourgoin, S. Palacin, D. Esteve, C. Urbina, M.
Magoga, C. Joachim, Phys. Rev. B 1999, 59, 12505–12513; b) N. B.
Zhitenev, H. Meng, Z. Bao, Phys. Rev. Lett. 2002, 88, 226801;
c) N. B. Zhitenev, A. Erbe, Z. Bao, Phys. Rev. Lett. 2004, 92, 186805/
1–4; d) W. Huang, G. Masuda, S. Maeda, H. Tanaka, T. Ogawa,
Chem. Eur. J. 2006, 12, 607–619; e) S. Yasuda, S. Yoshida, J. Sasaki,
Y. Okutsu, T. Nakamura, A. Taninaka, O. Takeuchi, H. Shigekawa,
J. Am. Chem. Soc. 2006, 128, 7746–7747.


[14] a) N. Katsonis, T. Kudernac, M. Walko, S. J. van der Molen, B. J.
van Wees, B. L. Feringa, Adv. Mater. 2006, 18, 1397–1400; b) R.
Baron, A. Onopriyenko, E. Katz, O. Lioubashevski, I. Willner, S.
Wang, H. Tian, Chem. Commun. 2006, 2147–2149; c) J. Areephong
W. R. Browne, N. Katsonis, B. L. Feringa, Chem. Commun. 2006,
3930–3932; d) M. Taniguchi, Y. Nojima, K. Yokota, J. Terao, K.
Sato, N. Kambe, T. Kawai, J. Am. Chem. Soc. 2006, 128, 15062–
15063; e) A. Staykov, D. Nozaki, K. Yoshizawa, J. Phys. Chem. C
2007, 111, 3517–3521.


[15] L. Sanguinet, O. AlIvÞque, P. Blanchard, M. Dias, E. Levillain, D.
Rondeau, J. Mass Spectrom. 2006, 41, 830–833.


[16] a) L. Zhu, H. Tang, Y. Harima, K. Yamashita, D. Hirayama, Y. Aso,
T. Otsubo, Chem. Commun. 2001, 1830–1831; b) L. Zhu, H. Tang,
Y. Harima, K. Yamashita, D. Hirayama, Y. Aso, T. Otsubo, J. Mater.
Chem. 2002, 12, 2250–2254.


[17] J. Chen, I. Ratera, A. Murphy, D. F. Ogletree, J. M. J. FrIchet, M.
Salmeron, Surf. Sci. 2006, 600, 4008–4012.


[18] D. Bong, I. Tam, R. Breslow, J. Am. Chem. Soc. 2004, 126, 11796–
11797.


[19] a) S.-C. Ng, P. Miao, Z. Chen, H. S. O. Chan, Adv. Mater. 1998, 10,
782–786; b) Z. Mekhalif, A. Larzarescu, L. Hevesi, J- J. Pireaux, J.
Delhalle, J. Mater. Chem. 1998, 8, 545–551; c) S. Inaoka, D. M. Col-
lard, Langmuir 1999, 15, 3752–3758; d) R. Michalitsch, C. Nogues,
A. Najari, A. El Kassmi, A. Yassar, P. Lang, F. Garnier, Synth. Met.
1999, 101, 5–6; e) U. Harm, R. BWrgler, W. FWrbeth, K.-M. Man-
gold, K. JWttner, Macromol. Symp. 2002, 187, 65–75.


[20] For molecular rotors mounted on an Au ACHTUNGTRENNUNG(111) surface see: X. Zheng,
M. E. Mulcahy, D. Horinek, F. Galeotti, T. F. Magnera, J. Michl, J.
Am. Chem. Soc. 2004, 126, 4540–4542.


[21] T. Lu, L. Zhang, G. W. Gokel, A. E. Kaifer, J. Am. Chem. Soc. 1993,
115, 2542–2543.


[22] L. Raehm, J-M. Kern, J-P. Sauvage, C. Hamann, S. Palacin, J-P.
Bourgoin, Chem. Eur. J. 2002, 8, 2153–2162.


[23] I. Yildiz, J. Mukherjee, M. Tomasulo, F. M. Raymo, Adv. Funct.
Mater. 2007, 17, 814–820.


[24] K. Bandyopadhyay, L. Shu, H. Liu, L. Echegoyen, Langmuir 2000,
16, 2706–2714.


[25] H. Rieley, G. K. Kendall, F. W. Zemicael, T. L. Smith, S. Yang,
Langmuir 1998, 14, 5147–5153.


[26] a) K. Kobayashi, J. Umemura, T. Horiuchi, H. Yamada, K. Matsush-
ige, Jpn. J. Appl. Phys. 1998, 37, L297–L299; b) T. Y. B. Leung,
M. C. Gerstenberg, D. J. Lavrich, G. Scoles, F. Schreiber, G. E. Poiri-
er, Langmuir 2000, 16, 549–561; c) H. B. Akkerman, A. J. Krone-
meijer, P. A. van Hal, D. M. de Leeuw, P. W. M. Blom, B. de Boer,
Small 2008, 4, 100–104.


[27] N. Svenstrup, K. M. Rasmussen, T. K. Hanssen, J. Becher, Synthesis
1994, 809–812.


Chem. Eur. J. 2008, 14, 6237 – 6246 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6245


FULL PAPERFixation of Oligothiophenes on Gold



http://dx.doi.org/10.1126/science.271.5256.1705

http://dx.doi.org/10.1126/science.271.5256.1705

http://dx.doi.org/10.1126/science.271.5256.1705

http://dx.doi.org/10.1126/science.271.5256.1705

http://dx.doi.org/10.1021/cr9500287

http://dx.doi.org/10.1021/cr9500287

http://dx.doi.org/10.1021/cr9500287

http://dx.doi.org/10.1126/science.278.5336.252

http://dx.doi.org/10.1126/science.278.5336.252

http://dx.doi.org/10.1126/science.278.5336.252

http://dx.doi.org/10.1126/science.278.5336.252

http://dx.doi.org/10.1021/ar0000612

http://dx.doi.org/10.1021/ar0000612

http://dx.doi.org/10.1021/ar0000612

http://dx.doi.org/10.1021/ar0000612

http://dx.doi.org/10.1126/science.1060294

http://dx.doi.org/10.1126/science.1060294

http://dx.doi.org/10.1126/science.1060294

http://dx.doi.org/10.1021/cm049648r

http://dx.doi.org/10.1021/cm049648r

http://dx.doi.org/10.1021/cm049648r

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4556::AID-ANGE4556%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4556::AID-ANGE4556%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4556::AID-ANGE4556%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4556::AID-ANGE4556%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4378::AID-ANIE4378%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4378::AID-ANIE4378%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4378::AID-ANIE4378%3E3.0.CO;2-A

http://dx.doi.org/10.1002/adma.200601140

http://dx.doi.org/10.1002/adma.200601140

http://dx.doi.org/10.1002/adma.200601140

http://dx.doi.org/10.1246/cl.2000.570

http://dx.doi.org/10.1246/cl.2000.570

http://dx.doi.org/10.1246/cl.2000.570

http://dx.doi.org/10.1039/b102132j

http://dx.doi.org/10.1039/b102132j

http://dx.doi.org/10.1039/b102132j

http://dx.doi.org/10.1021/ja016703d

http://dx.doi.org/10.1021/ja016703d

http://dx.doi.org/10.1021/ja016703d

http://dx.doi.org/10.1021/cm049322i

http://dx.doi.org/10.1021/cm049322i

http://dx.doi.org/10.1021/cm049322i

http://dx.doi.org/10.1016/j.tet.2005.09.150

http://dx.doi.org/10.1016/j.tet.2005.09.150

http://dx.doi.org/10.1016/j.tet.2005.09.150

http://dx.doi.org/10.1021/ja002154k

http://dx.doi.org/10.1021/ja002154k

http://dx.doi.org/10.1021/ja002154k

http://dx.doi.org/10.1016/j.tet.2005.03.053

http://dx.doi.org/10.1016/j.tet.2005.03.053

http://dx.doi.org/10.1016/j.tet.2005.03.053

http://dx.doi.org/10.1021/ja044847x

http://dx.doi.org/10.1021/ja044847x

http://dx.doi.org/10.1021/ja044847x

http://dx.doi.org/10.1021/ja044847x

http://dx.doi.org/10.1002/chem.200500371

http://dx.doi.org/10.1002/chem.200500371

http://dx.doi.org/10.1002/chem.200500371

http://dx.doi.org/10.1021/ja063451d

http://dx.doi.org/10.1021/ja063451d

http://dx.doi.org/10.1021/ja063451d

http://dx.doi.org/10.1039/b604308a

http://dx.doi.org/10.1039/b604308a

http://dx.doi.org/10.1039/b604308a

http://dx.doi.org/10.1039/a901825e

http://dx.doi.org/10.1039/a901825e

http://dx.doi.org/10.1039/a901825e

http://dx.doi.org/10.1039/a901825e

http://dx.doi.org/10.1002/1521-4095(200009)12:18%3C1315::AID-ADMA1315%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1521-4095(200009)12:18%3C1315::AID-ADMA1315%3E3.0.CO;2-K

http://dx.doi.org/10.1002/1521-4095(200009)12:18%3C1315::AID-ADMA1315%3E3.0.CO;2-K

http://dx.doi.org/10.1039/b608146k

http://dx.doi.org/10.1039/b608146k

http://dx.doi.org/10.1039/b608146k

http://dx.doi.org/10.1021/cr9502357

http://dx.doi.org/10.1021/cr9502357

http://dx.doi.org/10.1021/cr9502357

http://dx.doi.org/10.1021/cr9502357

http://dx.doi.org/10.1016/S0079-6816(00)00024-1

http://dx.doi.org/10.1016/S0079-6816(00)00024-1

http://dx.doi.org/10.1016/S0079-6816(00)00024-1

http://dx.doi.org/10.1088/0953-8984/16/28/R01

http://dx.doi.org/10.1088/0953-8984/16/28/R01

http://dx.doi.org/10.1088/0953-8984/16/28/R01

http://dx.doi.org/10.1016/j.progsurf.2003.12.001

http://dx.doi.org/10.1016/j.progsurf.2003.12.001

http://dx.doi.org/10.1016/j.progsurf.2003.12.001

http://dx.doi.org/10.1021/cr0300789

http://dx.doi.org/10.1021/cr0300789

http://dx.doi.org/10.1021/cr0300789

http://dx.doi.org/10.1021/ja971811e

http://dx.doi.org/10.1021/ja971811e

http://dx.doi.org/10.1021/ja971811e

http://dx.doi.org/10.1021/cr020413d

http://dx.doi.org/10.1021/cr020413d

http://dx.doi.org/10.1021/cr020413d

http://dx.doi.org/10.1021/ja020506c

http://dx.doi.org/10.1021/ja020506c

http://dx.doi.org/10.1021/ja020506c

http://dx.doi.org/10.1021/ja049633u

http://dx.doi.org/10.1021/ja049633u

http://dx.doi.org/10.1021/ja049633u

http://dx.doi.org/10.1021/ja049633u

http://dx.doi.org/10.1002/ange.200460110

http://dx.doi.org/10.1002/ange.200460110

http://dx.doi.org/10.1002/ange.200460110

http://dx.doi.org/10.1002/anie.200460110

http://dx.doi.org/10.1002/anie.200460110

http://dx.doi.org/10.1002/anie.200460110

http://dx.doi.org/10.1002/anie.200460110

http://dx.doi.org/10.1039/b600617e

http://dx.doi.org/10.1039/b600617e

http://dx.doi.org/10.1039/b600617e

http://dx.doi.org/10.1039/b600617e

http://dx.doi.org/10.1021/nl034162f

http://dx.doi.org/10.1021/nl034162f

http://dx.doi.org/10.1021/nl034162f

http://dx.doi.org/10.1002/adfm.200600179

http://dx.doi.org/10.1002/adfm.200600179

http://dx.doi.org/10.1002/adfm.200600179

http://dx.doi.org/10.1002/adfm.200600179

http://dx.doi.org/10.1021/ja9824728

http://dx.doi.org/10.1021/ja9824728

http://dx.doi.org/10.1021/ja9824728

http://dx.doi.org/10.1021/ja9824728

http://dx.doi.org/10.1002/(SICI)1521-3927(20000401)21:7%3C301::AID-MARC301%3E3.0.CO;2-6

http://dx.doi.org/10.1002/(SICI)1521-3927(20000401)21:7%3C301::AID-MARC301%3E3.0.CO;2-6

http://dx.doi.org/10.1002/(SICI)1521-3927(20000401)21:7%3C301::AID-MARC301%3E3.0.CO;2-6

http://dx.doi.org/10.1002/(SICI)1521-3927(20000401)21:7%3C301::AID-MARC301%3E3.0.CO;2-6

http://dx.doi.org/10.1063/1.1494420

http://dx.doi.org/10.1063/1.1494420

http://dx.doi.org/10.1063/1.1494420

http://dx.doi.org/10.1063/1.1494420

http://dx.doi.org/10.1021/la025868c

http://dx.doi.org/10.1021/la025868c

http://dx.doi.org/10.1021/la025868c

http://dx.doi.org/10.1021/cm050300l

http://dx.doi.org/10.1021/cm050300l

http://dx.doi.org/10.1021/cm050300l

http://dx.doi.org/10.1103/PhysRevLett.88.226801

http://dx.doi.org/10.1103/PhysRevLett.92.186805

http://dx.doi.org/10.1103/PhysRevLett.92.186805

http://dx.doi.org/10.1103/PhysRevLett.92.186805

http://dx.doi.org/10.1103/PhysRevLett.92.186805

http://dx.doi.org/10.1002/chem.200500822

http://dx.doi.org/10.1002/chem.200500822

http://dx.doi.org/10.1002/chem.200500822

http://dx.doi.org/10.1021/ja062066l

http://dx.doi.org/10.1021/ja062066l

http://dx.doi.org/10.1021/ja062066l

http://dx.doi.org/10.1002/adma.200600210

http://dx.doi.org/10.1002/adma.200600210

http://dx.doi.org/10.1002/adma.200600210

http://dx.doi.org/10.1039/b518378b

http://dx.doi.org/10.1039/b518378b

http://dx.doi.org/10.1039/b518378b

http://dx.doi.org/10.1039/b608502d

http://dx.doi.org/10.1039/b608502d

http://dx.doi.org/10.1039/b608502d

http://dx.doi.org/10.1039/b608502d

http://dx.doi.org/10.1021/ja065806z

http://dx.doi.org/10.1021/ja065806z

http://dx.doi.org/10.1021/ja065806z

http://dx.doi.org/10.1002/jms.1036

http://dx.doi.org/10.1002/jms.1036

http://dx.doi.org/10.1002/jms.1036

http://dx.doi.org/10.1039/b105922j

http://dx.doi.org/10.1039/b105922j

http://dx.doi.org/10.1039/b105922j

http://dx.doi.org/10.1039/b201391f

http://dx.doi.org/10.1039/b201391f

http://dx.doi.org/10.1039/b201391f

http://dx.doi.org/10.1039/b201391f

http://dx.doi.org/10.1016/j.susc.2005.12.078

http://dx.doi.org/10.1016/j.susc.2005.12.078

http://dx.doi.org/10.1016/j.susc.2005.12.078

http://dx.doi.org/10.1021/ja045904p

http://dx.doi.org/10.1021/ja045904p

http://dx.doi.org/10.1021/ja045904p

http://dx.doi.org/10.1002/(SICI)1521-4095(199807)10:10%3C782::AID-ADMA782%3E3.0.CO;2-N

http://dx.doi.org/10.1002/(SICI)1521-4095(199807)10:10%3C782::AID-ADMA782%3E3.0.CO;2-N

http://dx.doi.org/10.1002/(SICI)1521-4095(199807)10:10%3C782::AID-ADMA782%3E3.0.CO;2-N

http://dx.doi.org/10.1002/(SICI)1521-4095(199807)10:10%3C782::AID-ADMA782%3E3.0.CO;2-N

http://dx.doi.org/10.1039/a707441g

http://dx.doi.org/10.1039/a707441g

http://dx.doi.org/10.1039/a707441g

http://dx.doi.org/10.1021/la981330o

http://dx.doi.org/10.1021/la981330o

http://dx.doi.org/10.1021/la981330o

http://dx.doi.org/10.1016/S0379-6779(98)00530-X

http://dx.doi.org/10.1016/S0379-6779(98)00530-X

http://dx.doi.org/10.1016/S0379-6779(98)00530-X

http://dx.doi.org/10.1016/S0379-6779(98)00530-X

http://dx.doi.org/10.1002/1521-3900(200209)187:1%3C65::AID-MASY65%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3900(200209)187:1%3C65::AID-MASY65%3E3.0.CO;2-6

http://dx.doi.org/10.1002/1521-3900(200209)187:1%3C65::AID-MASY65%3E3.0.CO;2-6

http://dx.doi.org/10.1021/ja039482f

http://dx.doi.org/10.1021/ja039482f

http://dx.doi.org/10.1021/ja039482f

http://dx.doi.org/10.1021/ja039482f

http://dx.doi.org/10.1021/ja00059a078

http://dx.doi.org/10.1021/ja00059a078

http://dx.doi.org/10.1021/ja00059a078

http://dx.doi.org/10.1021/ja00059a078

http://dx.doi.org/10.1002/1521-3765(20020503)8:9%3C2153::AID-CHEM2153%3E3.0.CO;2-E

http://dx.doi.org/10.1002/1521-3765(20020503)8:9%3C2153::AID-CHEM2153%3E3.0.CO;2-E

http://dx.doi.org/10.1002/1521-3765(20020503)8:9%3C2153::AID-CHEM2153%3E3.0.CO;2-E

http://dx.doi.org/10.1002/adfm.200600873

http://dx.doi.org/10.1002/adfm.200600873

http://dx.doi.org/10.1002/adfm.200600873

http://dx.doi.org/10.1002/adfm.200600873

http://dx.doi.org/10.1021/la991050o

http://dx.doi.org/10.1021/la991050o

http://dx.doi.org/10.1021/la991050o

http://dx.doi.org/10.1021/la991050o

http://dx.doi.org/10.1021/la971183e

http://dx.doi.org/10.1021/la971183e

http://dx.doi.org/10.1021/la971183e

http://dx.doi.org/10.1021/la9906222

http://dx.doi.org/10.1021/la9906222

http://dx.doi.org/10.1021/la9906222

http://dx.doi.org/10.1002/smll.200700623

http://dx.doi.org/10.1002/smll.200700623

http://dx.doi.org/10.1002/smll.200700623

http://dx.doi.org/10.1055/s-1994-25580

http://dx.doi.org/10.1055/s-1994-25580

http://dx.doi.org/10.1055/s-1994-25580

http://dx.doi.org/10.1055/s-1994-25580

www.chemeurj.org





[28] P. Blanchard, B. Jousselme, P. FrSre, J. Roncali, J. Org. Chem. 2002,
67, 3961–3964.


[29] a) P. A. van Hal, E. H. A. Beckers, S. C. J. Meskers, R. A. J. Janssen,
B. Jousselme, P. Blanchard, J. Roncali, Chem. Eur. J. 2002, 8, 5415–
5429; b) B. Jousselme, P. Blanchard, E. Levillain, J. Delaunay, M.
Allain, P. Richomme, D. Rondeau, N. Gallego-Planas, J. Roncali, J.
Am. Chem. Soc. 2003, 125, 1363–1370; c) B. Jousselme, P. Blan-
chard, N. Gallego-Planas, J. Delaunay, M. Allain, P. Richomme, E.
Levillain, J. Roncali, J. Am. Chem. Soc. 2003, 125, 2888–2889; d) B.
Jousselme, P. Blanchard, E. Levillain, J. Roncali, Macromolecules
2003, 36, 3020–3025; e) B. Jousselme, P. Blanchard, N. Gallego-
Planas, J. Delaunay, M. Allain, P. Richomme, E. Levillain, J. Ronca-
li, Chem. Eur. J. 2003, 9, 5297–5306; f) B. Jousselme, P. Blanchard,
M. OÅafrain, M. Allain, E. Levillain, J. Roncali, J. Mater. Chem.
2004, 14, 421–427; g) B. Jousselme, P. Blanchard, M. Dias, E. Levil-
lain, J. Roncali, J. Phys. Chem. A 2006, 110, 3488–3494.


[30] A. Smie, A. Synowczyk, J. Heinze, R. Alle, P. Tschunky, G. Gçtz, P.
BUuerle, J. Electroanal. Chem. 1998, 452, 87–95.


[31] S. Sortino, S. Conoci, I. Yildiz, M. Tomasulo, F. M. Raymo, J. Mater.
Chem. 2006, 16, 3171–3173.


[32] H. O. Finklea, Electroanal. Chem. 1996, 19, 109–335.
[33] a) C. A. Widrig, C. Chung, M. D. Porter, J. Electroanal. Chem 1991,


310, 335–359; b) J. T. Sullivan, K. E. Harrison, J. P. Mizzell III, S. M.
Kilbey II, Langmuir 2000, 16, 9797–9803; c) H. Ahn, M. Kim, D. J.
Sandman, J. E. Whitten, Langmuir 2003, 19, 5303–5310.


[34] P. E. Laibinis, G. Whitesides, D. L. Allara, Y.-T. Tao, A. N. Parikh,
R. G. Nuzzo, J. Am. Chem. Soc. 1991, 113, 7152–7167.


[35] G. E. Poirier, Chem. Rev. 1997, 97, 1117–1127.


[36] C. J. Yu, H. Wang, Y. Wan, H. Yowanto, J. C. Kim, L. H. Donilton,
C. Tao, M. Strong, Y. Chong, J. Org. Chem. 2001, 66, 2937–2942.


[37] H. Sellers, A. Ulman, Y. Shnidman, J. E. Eilers, J. Am. Chem. Soc.
1993, 115, 9389–9401.


[38] a) Y. Fadeev, J. McCarthy, Langmuir 2000, 16, 7268–7274; b) R.
Etchenique, V. L. Brudny, Langmuir 2000, 16, 5064–5071; c) H. H. J.
Persson, W. R. Caseri, U. W. Suter, Langmuir 2001, 17, 3643–3650;
d) P. E. Laibinis, G. M. Whitesides, J. Am. Chem. Soc. 1992, 114,
1990–1995.


[39] A. L. Vance, T. M. Willey, A. J. Nelson, T. van Buuren, C. Bostedt,
L. J. Terminello, J. A. Fox, Langmuir 2002, 18, 8123–8128.


[40] D. G. Castner, K. Hinds, D. W. Grainger, Langmuir 1996, 12, 5083–
5086.


[41] S. Liu, H. Liu, K. Bandyopadhyay, Z. Gao, L. Echegoyen, J. Org.
Chem. 2000, 65, 3292–3298.


[42] D. Stamou, D. Gourdon, M. Liley, N. A. Burnham, A. Kulik, H.
Vogel, C. Duschl, Langmuir 1997, 13, 2425–2427.


[43] M. D. Mowery, H. Menzel, M. Cai, C. E. Evans, Langmuir 1998, 14,
5594–5602.


[44] a) A. N. Parikh, D. L. Allara, I. Ben Azouz, F. Rondelez, J. Phys.
Chem. 1994, 98, 7577–7577; b) A. Ulman, An Introduction to Ultra-
thin Organic Films : From Langmuir–Blodgett to Self-Assembly,
Academic Press, San Diego, 1991.


[45] D. A. Shirley, Phys. Rev. B 1972, 5, 4709–4714.


Received: January 22, 2008
Published online: June 3, 2008


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6237 – 62466246


P. Blanchard, J. Roncali et al.



http://dx.doi.org/10.1021/jo025627+

http://dx.doi.org/10.1021/jo025627+

http://dx.doi.org/10.1021/jo025627+

http://dx.doi.org/10.1021/jo025627+

http://dx.doi.org/10.1002/1521-3765(20021202)8:23%3C5415::AID-CHEM5415%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1521-3765(20021202)8:23%3C5415::AID-CHEM5415%3E3.0.CO;2-Z

http://dx.doi.org/10.1002/1521-3765(20021202)8:23%3C5415::AID-CHEM5415%3E3.0.CO;2-Z

http://dx.doi.org/10.1021/ja026819p

http://dx.doi.org/10.1021/ja026819p

http://dx.doi.org/10.1021/ja026819p

http://dx.doi.org/10.1021/ja026819p

http://dx.doi.org/10.1021/ja029754z

http://dx.doi.org/10.1021/ja029754z

http://dx.doi.org/10.1021/ja029754z

http://dx.doi.org/10.1021/ma034047r

http://dx.doi.org/10.1021/ma034047r

http://dx.doi.org/10.1021/ma034047r

http://dx.doi.org/10.1021/ma034047r

http://dx.doi.org/10.1002/chem.200305010

http://dx.doi.org/10.1002/chem.200305010

http://dx.doi.org/10.1002/chem.200305010

http://dx.doi.org/10.1039/b313291a

http://dx.doi.org/10.1039/b313291a

http://dx.doi.org/10.1039/b313291a

http://dx.doi.org/10.1039/b313291a

http://dx.doi.org/10.1021/jp060254s

http://dx.doi.org/10.1021/jp060254s

http://dx.doi.org/10.1021/jp060254s

http://dx.doi.org/10.1021/jp060254s

http://dx.doi.org/10.1016/S0022-0728(98)00100-4

http://dx.doi.org/10.1016/S0022-0728(98)00100-4

http://dx.doi.org/10.1016/S0022-0728(98)00100-4

http://dx.doi.org/10.1039/b608356k

http://dx.doi.org/10.1039/b608356k

http://dx.doi.org/10.1039/b608356k

http://dx.doi.org/10.1039/b608356k

http://dx.doi.org/10.1016/0022-0728(91)85271-P

http://dx.doi.org/10.1016/0022-0728(91)85271-P

http://dx.doi.org/10.1016/0022-0728(91)85271-P

http://dx.doi.org/10.1016/0022-0728(91)85271-P

http://dx.doi.org/10.1021/la000225n

http://dx.doi.org/10.1021/la000225n

http://dx.doi.org/10.1021/la000225n

http://dx.doi.org/10.1021/la0208979

http://dx.doi.org/10.1021/la0208979

http://dx.doi.org/10.1021/la0208979

http://dx.doi.org/10.1021/ja00019a011

http://dx.doi.org/10.1021/ja00019a011

http://dx.doi.org/10.1021/ja00019a011

http://dx.doi.org/10.1021/cr960074m

http://dx.doi.org/10.1021/cr960074m

http://dx.doi.org/10.1021/cr960074m

http://dx.doi.org/10.1021/jo001283g

http://dx.doi.org/10.1021/jo001283g

http://dx.doi.org/10.1021/jo001283g

http://dx.doi.org/10.1021/ja00074a004

http://dx.doi.org/10.1021/ja00074a004

http://dx.doi.org/10.1021/ja00074a004

http://dx.doi.org/10.1021/ja00074a004

http://dx.doi.org/10.1021/la000471z

http://dx.doi.org/10.1021/la000471z

http://dx.doi.org/10.1021/la000471z

http://dx.doi.org/10.1021/la991145q

http://dx.doi.org/10.1021/la991145q

http://dx.doi.org/10.1021/la991145q

http://dx.doi.org/10.1021/la001265u

http://dx.doi.org/10.1021/la001265u

http://dx.doi.org/10.1021/la001265u

http://dx.doi.org/10.1021/ja00032a009

http://dx.doi.org/10.1021/ja00032a009

http://dx.doi.org/10.1021/ja00032a009

http://dx.doi.org/10.1021/ja00032a009

http://dx.doi.org/10.1021/la025631g

http://dx.doi.org/10.1021/la025631g

http://dx.doi.org/10.1021/la025631g

http://dx.doi.org/10.1021/la960465w

http://dx.doi.org/10.1021/la960465w

http://dx.doi.org/10.1021/la960465w

http://dx.doi.org/10.1021/jo000115l

http://dx.doi.org/10.1021/jo000115l

http://dx.doi.org/10.1021/jo000115l

http://dx.doi.org/10.1021/jo000115l

http://dx.doi.org/10.1021/la962123w

http://dx.doi.org/10.1021/la962123w

http://dx.doi.org/10.1021/la962123w

http://dx.doi.org/10.1021/la980331d

http://dx.doi.org/10.1021/la980331d

http://dx.doi.org/10.1021/la980331d

http://dx.doi.org/10.1021/la980331d

http://dx.doi.org/10.1021/j100082a031

http://dx.doi.org/10.1021/j100082a031

http://dx.doi.org/10.1021/j100082a031

http://dx.doi.org/10.1021/j100082a031

www.chemeurj.org






DOI: 10.1002/chem.200800273


Solid-Phase Organic Tagging Resins for Labeling Biomolecules by 1,3-
Dipolar Cycloaddition: Application to the Synthesis of a Fluorescent Non-
Peptidic Vasopressin Receptor Ligand


Dominique Bonnet,*[a] St1phanie Rich1,[a] St1phanie Loison,[a] Rania Dagher,[a]


Marie-C1line Frantz,[a] Laure Boudier,[b] Rita Rahmeh,[b] Bernard Mouillac,[b]


Jacques Haiech,[a] and Marcel Hibert[a]


Introduction


Fluorescent techniques have proven to be extremely power-
ful tools to probe the structure and function of proteins. Nu-
merous applications exist that range from biophysical char-
acterization to fluorescent imaging of membrane proteins in
living cells.[1] Fluorescence resonance energy-transfer
(FRET) between a fluorescent donor–acceptor pair repre-
sents a convenient method to investigate intra- and intermo-


lecular association processes both in vitro and in vivo.[2] The
fluorescence polarization technique is also a very useful and
convenient tool for binding studies and can advantageously
be used for high-throughput screening of a fluorescently
tagged library.[3] More generally, fluorescent-based tech-
niques are especially appealing because of the potential sen-
sitivity and specificity that can be achieved. In addition, flu-
orescent probes represent a safe and versatile alternative to
radioligands, thus eliminating issues related to the handling
and disposal of radioactive materials.


Nevertheless, the prerequisite for the application of such
techniques is to design and synthesize fluorescent peptides
or small-molecule-based ligands that retain the pharmaco-
logical profile of the nonlabeled probes. Several methods
are currently available to label biomolecules. However, they
generally suffer from limitations, such as the need for pro-
tecting groups and the separation of the product from
excess reagent and by-products, which hamper the synthesis
of fluorescent probes in high yield and purity. Therefore,
there is still a definite need for a generic and highly flexible
strategy to access to fluorescent molecules.


Herein, we describe a convenient and straightforward
solid-phase approach to prepare both fluorescent peptides


Abstract: Two novel solid-phase organ-
ic tagging (SPOrT) resins were synthe-
sized to facilitate the labeling of pep-
tides and small organic compounds
with a fluorescent probe. Both resins
were obtained from the commercially
available backbone amide linker
(BAL) resin. Following the solid-phase
synthesis of model compounds, a tri-
peptide and benzazepine, the fluores-
cent probe derived from Lissamine
Rhodamine B was incorporated


through CuI-catalyzed 1,3-dipolar cy-
cloaddition. Final cleavage in acidic
media enabled access to both types of
molecules in good yield with high
purity. The SPOrT resin was successful-
ly applied to the preparation of the
first non-peptidic fluorescent com-


pound with a nanomolar affinity for
the human vasopressin V2 receptor
(V2R) subtype. This molecule will find
application in binding assays that use
polarization or fluorescence resonance
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and fluorescent small organic compounds by using so-called
solid-phase organic tagging (SPOrT) resins. This method
combines the advantages of solid-phase chemistry with
those of the CuI-catalyzed 1,3-dipolar cycloaddition, referred
to as “click” chemistry.[4] To highlight the efficacy of the two
novel resins, fluorescent 2,3,4,5-tetrahydro-1H-benzo[b]aze-
pine (1-benzazepine) and a tripeptide were synthesized as
model compounds in high yield and purity. In our program
aimed at the design and synthesis of novel antagonists of ar-
ginine–vasopressin (AVP) receptors by using FRET based-
assay, the SPOrT resin was successfully applied to the prepa-
ration of the first fluorescent non-peptidic ligand of the
human vasopressin V2 receptor (V2R) subtype (Scheme 1).


Results and Discussion


Based on the recent results obtained with the muscarinic
M1 receptor,[2b] we devised a strategy that enabled the rapid
solid-phase assembly of a fluorescent probe derived from
Lissamine Rhodamine B, linked with either peptides or
small molecules through a polyethylene glycol (PEG)
spacer. This latter species should be long enough to limit the
perturbation of ligand affinity. In addition, it should increase
the solubility of fluorescent molecules in aqueous media.
Our strategy entailed three parts: 1) the preparation of the
SPOrT resins consisted of the solid-phase incorporation of
an alkyne moiety on a backbone amide linker (BAL) resin,
followed by the introduction of either an amine or carboxyl-
ic acid group to provide CO2H� and NH2�SPOrT resins 2
and 3 (Scheme 2); 2) the subsequent solid-phase elongation
of peptides or small organic compounds; 3) conjugation of
the fluorescent probe performed through a solid-phase CuI-
catalyzed 1,3-dipolar cycloaddition by using a PEG—azido
spacer bearing Lissamine Rhodamine B, a fluorescence dye
with a high molar extinction coefficient (Scheme 3 and
Scheme 4). The alkyne group is supposed to be stable


through the solid-phase synthesis and enables the incorpora-
tion of the probe at the very last stage.


The preparation of CO2H� and NH2�SPOrT resins 2 and 3 :
We decided to immobilize the alkyne moiety on a solid sup-
port[5] to avoid the potential risk of the cross-coupling of al-
kynes in solution, such as the Glaser or Strauss coupling.
The commercially available 4-(4-formyl-3-methoxyphenoxy)-
butyryl (FMPB) resin was treated with propargylamine ac-
cording to the protocol developed by Barany and co-work-
ers, namely, using NaBH3CN in DMF/AcOH (99:1) at room
temperature.[6] However, following these conditions, the re-
action was not complete, as shown by the positive result to a
test with 2,4-dinitrophenylhydrazide (DNPH).[7] To acceler-
ate the kinetics of the reductive amination, the solubility of
the reagents was improved by adding MeOH (19%) to the
resin, and the resulting mixture was heated to 60 8C. After
16 h, the negative result to a test with chloranil was indica-
tive of a complete, successful reaction.[8]


To access resins 2 and 3, supported propargylamine 1 was
treated in presence of either succinimic anhydride or Fmoc�
Gly�OH in presence of a coupling agent. Opening of the
anhydride was efficiently performed in the presence of pyri-
dine and 4-DMAP to provide resin 2. The presence of the
carboxylic acid group was confirmed by using the malachite
green test (Scheme 2).[9] The N-Fmoc-protected glycine
moiety was successfully introduced by activation with
PyBOP in situ in CH2Cl2/DMF (1:1) to give resin 3.


Solid-phase synthesis of model biomolecules : With resins 2
and 3 in hand, their potential to provide rapid access to fluo-
rescent biomolecules (small organic compounds and pep-
tides) was investigated by considering two types of model
compounds: a fluorescent 1-benzazepine scaffold extensively
studied by us[10] and a tripeptide VFK, which contained two
basic sites susceptible to hampering the final cleavage from
the BAL resin.


Scheme 1. Fluorescent 2,3,4,5-tetrahydro-1H-benzo[b]azepine derivatives
synthesized using the SPOrT resin.


Scheme 2. Preparation of the SPOrT resins 2 and 3. i) Propargylamine
(10 equiv), NaBH3CN (10 equiv), DMF/MeOH/AcOH (80:19:1), 60 8C,
overnight; ii) succinic anhydride (25 equiv), 4-DMAP (1 equiv), pyridine
(4 equiv), DMF, RT, overnight; iii) Fmoc-Gly-OH (4 equiv), PyBOP
(4 equiv), DIEA (12 equiv), NMP, RT, overnight. 4-DMAP=4-dimethyl-
aminopyridine, Fmoc=9-fluorenylmethoxycarbonyl, NMP=1-methyl-2-
pyrrolidone, PyBOP= (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate.


www.chemeurj.org B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6247 – 62546248



www.chemeurj.org





Resin-bound 1-benzazepine 6
was prepared in two steps from
CO2H�SPOrT resin 2
(Scheme 3). The 2,3,4,5-tetrahy-
dro-1H-benzo[b]azepin-5-amine
scaffold was obtained in a six-
step process starting from the
commercially available methyl-
2-aminobenzoate.[10] This scaf-
fold was then anchored to resin
2 through an amide linkage by
activation with PyBOP in situ.
After 16 h at room tempera-
ture, a negative result to a test
with malachite green was
found. The endocyclic nitrogen
atom of the resin-bound benza-
zepine 4 was deprotected in the
presence of TMSOTf and trie-
thylamine (resin 5) and subse-
quently acylated with benzoyl
chloride to provide resin 6
(Scheme 3). Starting from
NH2�SPOrT resin 3, the resin-
bound model compound tripep-
tide VKF�OH 9 was synthe-
sized by following a classical
Fmoc/tert-butyl strategy and ac-
tivation by HBTU (Scheme 4).


To evaluate the efficacy of
the solid-phase reactions, sam-
ples of resin 6 and 9 were treat-
ed in TFA/H2O (95:5) for 3 h to
provide alkyne–benzazepine 7
and tripeptide 10 in 61 and
38% yield, respectively (91%
purity for both, as estimated by
LC-MS at l=224 nm). In an at-
tempt to increase the yield of
the alkynes, the importance of
the time of cleavage and the
nature of the BAL resin linker were investigated (Table 1).
The more acid-sensitive 2-(3,5-dimethoxy-4-formylphenoxy)-
ethyl polystyrene (DFPE) resin gave better yields and
higher purities than the FMPB resin. Whereas the cleavage
step was complete after 16 hours in TFA/water (95:5) with
the FMPB resin (Table 1, entry 2), only 3 h was necessary
for the DFPE resin. Alkyne–benzazepine 7 and alkyne–tri-
peptide 10 were obtained in 95 and 57% yield (96 and 94%
purity), respectively (Table 1, entry 3).


It is of note that Lissamine Rhodamine B was found to be
highly stable under the conditions for acidic cleavage, thus
showing the suitability of this probe for the solid-phase syn-
thesis of fluorescent compounds. Alkyne–peptide 10 was ob-
tained in a lower yield than benzazepine 7. This result can
be ascribed to the loading of the Fmoc–Gly–DFPE resin 3.
Indeed, Fmoc quantification[11] gave a loading of 0.77 versus


0.92 mmolg�1 for the commercially available DFPE resin.
Despite monitoring by colorimetric tests, the reductive ami-
nation/acylation reactions were not complete (83% yield


Scheme 3. Solid-phase synthesis of the model compound benzazepine using CO2H�SPOrT resin 2. i) Amino-
benzazepine (3 equiv), PyBOP (3 equiv), DIEA (4 equiv), DMF; ii) TMSOTf (3 equiv), Et3N (1.5 equiv),
CH2Cl2, RT, 15 min; iii) benzoyl chloride (5 equiv), pyridine (10 equiv), 4-DMAP (0.05 equiv), CH2Cl2, RT,
overnight; iv) TFA/H20 (95:5), RT, 3 h; v) 11 (3 equiv), CuI (5 equiv), piperidine/DMF (1:5), 30 8C, 6 h. Boc=


tert-butyloxycarbonyl, TFA= trifluoroacetic acid, TMSOTf= trimethylsilyltriflate.


Scheme 4. Solid-phase synthesis of the model tripeptide compound using NH2�SPOrT resin 3. i) Piperidine/
DMF (1:5), RT, 2N20 min; ii) amino acid (4 equiv), HBTU (4 equiv), DIEA (12 equiv), NMP, RT, 2 h;
iii) TFA/H20 (95:5), RT, 3 h; iv) 11 (3 equiv), CuI (5 equiv), piperidine/DMF (1:5), 30 8C, 6 h. HBTU=2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate.


Table 1. Influence of the nature of the BAL resin and the time of cleav-
age on alkynes preparation.


Entry Resin(s) Cleavage[a] Yield[b] [%]/Purity[c] [%]
time Alkynes Lissamine derivatives[d]


[h] 7 10 8a,b 11a,b


1 FMPB 3 61/91 38/91 23/82 10/77
2 FMPB 16 89/86 50/98 51/85 26/82
3 DFPE 3 95/96 57/94 84/89 50/91
4 DFPE 16 90/95 56/92 78/88 49/90


[a] Performed in TFA/water (95:5). [b] Determined by weight of the
crude products based on the initial BAL resin loading. [c] Determined by
RP-HPLC analysis of the crude product at l=254 nm. [d] Obtained as a
mixture of ortho and para isomers.
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based on the loading of the DFPE resin). With resin-bound
alkynes 6 and 9 in hand, we investigated the solid-phase in-
corporation of the fluorescent probe through click chemis-
try.


Solid-phase click chemistry : The generation of [1,2,3]tria-
zoles by the 1,3-dipolar cycloaddition of alkynes to azides
proceeds at room temperature in the presence of CuI as a
catalyst. This transformation has been successfully used for
the fluorescent solution-phase labeling of virus capsid pro-
teins,[12] the cell surface of Escherichia coli,[13] and activity-
based protein profiling.[14] We used it for the labeling of the
muscarinic M1 antagonist pirenzepine for the FRET-based
binding assay.[15] It has been shown that the 1,4-disubstituted
1,2,3-triazoles can serve as transoid amide-bond mimics in
natural compounds without compromising biological activi-
ty.[16] The solid-phase version of click chemistry was recently
described for the synthesis of peptidomimetics,[17] multiple-
labeled carbohydrate oligonucleotides,[18] and functionalized
resins.[19] However, the incorporation of fluorescent probes
on resins by click chemistry has been much less studied. To
the best of our knowledge, only one example to date has re-
lated the surface functionalization of resins (Wang and Mer-
rifield) with dyes using a Huisgen [2+3] cycloaddition reac-
tion, performed at 70 8C under nitrogen.[20]


Our approach relies on the solid-phase incorporation of a
Lissamine Rhodamine B derivative by employing the cata-
lytic version of the Huisgen [2+3] cycloaddition. To achieve
our goal, Lissamine-(PEG)3-azido 12 was synthesized by
treating Lissamine Rhodamine B sulfonyl chloride, commer-
cially available as a mixture of ortho and para isomers, with
11-azido-3,6,9-trioxaundecan-1-amine in CH2Cl2/DMF (4:1)
in the presence of triethylamine and a catalytic amount of 4-
DMAP (Scheme 5). The PEG chain was selected to increase
the solubility of the Lissamine, and thus favor both the reac-
tion and the elimination of excess Lissamine from the solid
support. Compound 12 was isolated in 69% yield as a 1:3
mixture of ortho and para isomers, as determined by re-
verse-phase-HPLC (RP-HPLC; column: C18, eluent: water,


detection: l=254 nm) and 1H NMR spectroscopic analy-
sis.[21]


Starting from recently described solid-phase click chemis-
try conditions,[16] azido 12 was treated with both alkyne-
bound resins 5 and 9 in the presence of an excess of CuI in
DMF/piperidine (4:1, v/v). Optimization of the reaction
demonstrated that the best conversion was obtained with
three equivalents of 12 after 6 h at 30 8C. It is of note that
the addition of ascorbic acid or tris(carboxyethyl)phosphine,
generally used to stabilize the CuI species, did not permit an
increase in the yield of the reaction. The influence of the
time of cleavage and the nature of the BAL linker (FMDP
versus DFPE) on both the yield and purity was also investi-
gated (Table 1).


As previously shown for alkynes 7 and 10, the best results
were obtained by treating the fluorescent compound bound
DFPE resin in TFA/H2O (95:5) for 3 h (Table 1, entry 3).
Under these conditions, the fluorescent benzazepine 8 was
obtained in 84% yield (89% purity) as a mixture of ortho
and para isomers 8a,b in a 1:3 ratio. Following a six-step
solid-phase process, the fluorescent tripeptide 11 was ob-
tained in 50% yield (91% purity) as a mixture of ortho and
para isomers 11a,b. The RP-HPLC profile of the crude mix-
ture highlights the efficacy of the process (Figure 1). The al-
kynes and Lissamine-(PEG)3-azido 12 were not detected by
LC-MS analysis of the crude product, thus showing both the
completion of the solid-phase 1,3-cycloaddition reaction and
the efficient removal of the starting material azido 12 from
the resin prior to the cleavage. Owing to the efficacy of the
solid-phase click process and the excellent purity of the
crude mixture, fluorescent compounds prepared according
to this method could be used directly for biological evalua-
tion without any additional purification.


Application of the CO2H�SPOrT resin to the synthesis of a
novel fluorescent V2R ligand : FRET-based assays have been


Scheme 5. Preparation of lissamine-(PEG)3-azido 12. i) 11-Azido-3,6,9-tri-
oxaundecan-1-amine (1 equiv), Et3N (3 equiv), 4-DMAP (0.1 equiv),
CH2Cl2/DMF (1:1), RT, overnight (69%).


Figure 1. RP-HPLC chromatogram and positive ESI-MS spectrum of the
crude model compound tripeptide 11a,b. Chromatographic conditions:
C18 symmetry shield column (4.6N150 mm). Flow rate: 1 mLmin�1, buf-
fer A: 0.1% aqueous TFA, buffer B: 0.1% TFA in CH3CN, gradient: 0–
100% B over 60 min, detection: l =220 nm.
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extensively used by us to study G protein-coupled receptors
(GPCRs).[2a–c] In a program aimed at accelerating the dis-
covery of original ligands of vasopressin and oxytocin recep-
tors, we were interested in preparing a fluorescent probe
with good binding affinity for V2R.


Starting from 3-methyl-4’-
[(2,3,4,5-tetrahydro-1H-1-yl)car-
bonyl]benzanilide (13), which
was reported to bind to the V2


receptor with a nanomolar af-
finity (Ki=7.2 nm on rabbit
kidney membranes),[22] the
solid-phase preparation of the
corresponding fluorescent com-
pound was investigated with


CO2H�SPOrT resin 2 (Scheme 6). After the incorporation
of the aminobenzazepine scaffold on the DFPE solid sup-
port (i.e., resin 4), the endocyclic secondary amine group


was deprotected and acylated with para-nitrobenzoyl chlo-
ride in the presence of pyridine and 4-DMAP. After the re-
action mixture was stirred overnight, a negative result to the
colorimetric test with Chloranil was indicative of a quantita-
tive reaction (i.e. , resin 14). Reduction of the nitro group
was then investigated by using tin chloride in DMF at
60 8C.[23]


Under these conditions, the expected resin-bound amine
15 was obtained together with an unidentified by-product.
Further optimization showed that the side reaction could be
avoided by performing the reduction reaction at room tem-
perature. N-Acylation of the weakly nucleophilic amine
with the ortho-toluyl acyl moiety was also found to be a crit-
ical step in the synthesis. Various coupling agents, such as
PyBOP, HATU, PyBrOP, and tetramethylfluoroformamidi-
nium hexafluorophosphate (TFFH) in presence of ortho-
toluyl acid failed to provide a complete reaction. Ultimately,
the use of the corresponding acyl chloride with 4-DMAP,
the HPnig base, in CH2Cl2 was found to provide the best
conditions under which to access the benzazepine-bound
resin 17.


Click chemistry in presence of Lissamine-(PEG)3-azido
derivative 12 followed by treatment of the resin with TFA
gave access to Lissamine benzazepine 17 as a mixture of
ortho and para isomers 17a,b (1:1.6, as shown by LC-MS
analysis). RP-HPLC purification on a C18 column enabled
isolation of both isomers in 16 and 28% yield for the ortho
and para isomers, respectively (nine steps). The retention
times of both isomers indicate that the para isomer is more
lipophilic than the ortho isomer (Table 2). The absorption
spectra and molar extinction coefficients e were recorded in
a 50 mm 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic
acid (HEPES) buffer containing a final concentration of
0.5% dimethyl sulfoxide (DMSO; Table 2). Both isomers
have similar maximum absorptions (l=572 and 574 nm for
the ortho and para isomers, respectively) and very close
molar extinction coefficients (e=65000 and 69000m


�1 cm�1


for the ortho and para isomers, respectively).


Affinities for the V2 receptor :
The affinity of compound 13
and isomers 17a,b for the
human V2 receptor were deter-
mined by competition experi-
ments against [3H]-AVP
(AVP=arginine vasopressin),
as described previously[24]


(Table 2). The affinity of 13 for
the human receptor was found
to be close to that determined
for rabbit kidney membranes
(Ki=2.68 versus 7.2 nm). The
ortho isomer 17a exhibits a
Ki value that is threefold higher
than the para isomer 17b (187


versus 54 nm). The presence of the PEG spacer and the Liss-
amine moiety disturbs binding to the V2 receptor. In addi-
tion, the position of the link between the fluorophore and
the benzazepine core (ortho versus para isomers) affects the


Scheme 6. Solid-phase synthesis of fluorescent benzazepine 17a,b using the CO2H�SPOrT resin. i) TMSOTf
(3 equiv), Et3N (1.5 equiv), CH2Cl2, RT, 15 min; ii) 4-nitrobenzoyl chloride (5 equiv), pyridine (10 equiv), 4-
DMAP (0.1 equiv), CH2Cl2, RT, overnight; iii) SnCl2·2H2O, DMF, RT, overnight; iv) ortho-toluyl chloride
(5 equiv), DIEA (10 equiv), 4-DMAP (1 equiv), CH2Cl2, RT, overnight; v) click chemistry; vi) TFA/H20 (95:5),
RT, 3 h.


Table 2. Characterization and properties of fluorescent compounds
17a,b.


Entry Compound tR
[b]


ACHTUNGTRENNUNG[min]
lmax


[nm]
elmax


[103
m
�1 cm�1]


Ki


[nm][c]


1 [3H]AVP – – – 1.36�0.45
2 13 – – – 2.68�0.38
3 17a[a] 3.91 572 65 187.7�24.7
4 17b[a] 4.03 574 69 54.3�6.6


[a] Absorption parameters measured in a 50 nm HEPES, pH 7.5 buffer
containing a final concentration of 0.5% DMSO (v/v). [b] Retention
times were obtained on a Chromolith SpeedROD column (50N4.6 mm,
C18) under the experimental conditions described in the Experimental
Section. [c] The inhibition constants Ki of fluorescent compounds of the
human vasopressin V2 were determined on CHO cell membranes by
competition binding assays (displacement of radioactive [3H]AVP); the
results are expressed as mean�SEM of three separate experiments per-
formed in triplicate (SEM= standard error of the mean).
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affinity of the ligand for the receptor. Nevertheless, the
ligand derivatized with Lissamine at the para position still
displays an affinity that is compatible with fluorescence-
based assays by using either polarization or FRET tech-
niques.[25] It is of note that this molecule represents the first
fluorescent non-peptidic ligand for V2R described to date.


Conclusion


Fluorescent peptides or small-molecule-based ligands have
proven to be extremely powerful tools with which to investi-
gate receptor function and signal-transduction processes, as
well as for applications in the field of screening for novel
therapeutic compounds. Herein, we have described two
novel SPOrT resins to facilitate the synthesis of such mole-
cules. The method is rapid and straightforward and enables
the chemoselective and quantitative labeling of both pep-
tides and small organic compounds by using click chemistry.
The final products were obtained in good yield with high
purity. This strategy was successfully applied to the prepara-
tion of the first non-peptidic fluorescent compound with
nanomolar affinity for the human vasopressin V2 receptor.
This molecule will find application in structural studies of
receptors and the discovery of original ligands by using fluo-
rescence polarization techniques. In addition, SPOrT resins
are particularly appealing for the parallel synthesis of fluo-
rescent chemical libraries. Such a program is in progress to
identify GPCR orphan ligands using FRET-based assays,
and the results will be reported in due course.


Experimental Section


General : 4-(4-Formyl-3-methoxyphenoxy)butyryl aminomethylated poly-
styrene resin (FMPB AM; 100—200 mesh, 0.74 mmolg�1) and 2-(3,5-di-
methoxy-4-formylphenoxy)ethyl polystyrene resin (DFPE; 100—
200 mesh, 0.92 mmolg�1; BAL-type resin) were purchased from Novabio-
chem; 11-azido-3,6,9-trioxaundecan-1-amine was obtained from Fluka;
(� )-5-amino-1-tert-butoxycarbonyl-2,3,4,5-tetrahydro-1H-benzo[b]aze-
pine (1-benzazepine) was obtained as previously described.[10] Solid-
phase reactions conducted at room temperature were performed in poly-
propylene tubes equipped with polyethylene frits and polypropylene caps
using an orbital-agitator shaking device. Solid-phase reactions at 60 8C
were conducted in sealed glassware tubes using the Chemflex rotating
oven from Robbins Scientific as the shaking device.
1H NMR spectra were recorded at 200, 300, and 500 MHz on a Bruker
Advance spectrometer. Chemical shifts are reported in parts per million
(ppm), and the coupling constants J are reported in hertz (Hz). LC-MS
spectra were obtained on a ZQ (Z quadripole) Waters/Micromass spec-
trometer equipped with an X-Terra C18 column (4.6N50 mm, 3.5 mm)
using the electrospray ionization mode (ESI). HRMS spectra were ob-
tained on a MicroTof mass spectrometer from Bruker using the ESI
mode and a time-of-flight analyzer (TOF). Thin-layer chromatography
was performed on silica gel 60 F254 plates from Merck. Flash chromatog-
raphy was performed on silica gel 60 (230–400 Mesh ASTM) from
Merck. Analytical HPLC analyses were performed on a Chromolith
SpeedROD column (50N4.6 mm, C18) from Merck under the following
conditions: flow rate: 7 mLmin�1; buffer A: 0.1% aqueous TFA, buf-
fer B: 0.1% TFA in CH3CN; gradient: 0% buffer B for 1 min then 0–


100% buffer B over 5 min; detection: l =220/254 nm. The retention
times tR from analytical RP-HPLC are reported in minutes.


N-[10-[4 (and 2)-{[(2-{2-[2-(2-Azidoethoxy)ethoxy]ethoxy}ethyl)amino]-
sulfonyl}-2 (and 4)-(methylsulfonyl)phenyl]-7-(diethylamino)anthracen-2-
ACHTUNGTRENNUNG(9H)-ylidene]-N-ethylethanaminium (12): 11-Azido-3,6,9-trioxaundecan-
1-amine (200 mL, 1 mmol) was dissolved in CH2Cl2/DMF (4:1) and Et3N
(421 mL, 3 mmol) in the presence of 4-DMAP (12.2 mg, 0.1 mmol) in an
argon atmosphere. The resulting mixture was stirred at 0 8C for 15 min.
Lissamine Rhodamine B sulfonyl chloride (577 mg, 1 mmol) was added
in portions over 20 min. The solution was allowed to warm up to room
temperature and stirred overnight. Crude reaction mixture was concen-
trated under reduced pressure. Compound 12 was isolated by flash chro-
matography with a step gradient from 5 to 10% MeOH in CH2Cl2 and
obtained as a red-dark solid (526 mg, 69%, ortho and para isomers, 1:1.8
ratio, respectively). Rf=0.32 (para isomer) and 0.28 (ortho isomer)
(CH2Cl2/MeOH 9:1); 1H NMR (CDCl3/CD3OD 9:1, 300 MHz): d=8.56
(d, J=1.8 Hz, 0.63H), 8.43 (d, J=1.8 Hz, 0.37H), 8.10 (dd, J=7.8,
1.8 Hz, 0.37H), 7.88 (dd, J=7.8, 1.8 Hz, 0.63H), 7.15 (dd, J=7.8, 2.8 Hz,
0.37H), 7.01 (dd, J=9.5, 3.4 Hz, 0.37H), 7.02–6.98 (m, 2H), 6.79–6.68 (m,
2H), 6.63–6.59 (m, 2H), 3.55–3.19 (m, 20H), 3.08 (t, J=5.3 Hz, 1.26H),
2.91 (t, J=5.3 Hz, 0.74H) 1.21–1.13 ppm (m, 12H); 13C NMR (CDCl3/
CD3OD 9:1, 75 MHz): d =157.6, 157.5, 157.2, 155.4, 155.3, 148.4, 146.5,
142.0, 133.4, 132.6, 132.0, 131.1, 130.5, 130.0, 129.5, 127.3, 126.6,
125.7 ppm; RP-HPLC purity: >95%; HRMS: calcd for C35H47N6O9S2


759.2840; found: 759.2850.


Standard washing protocol : Resin washings were performed with DMF
(3N1 min), MeOH (3N1 min), and CH2Cl2 (3N1 min).


Synthesis of resin-bound alkyne 1: Propargylamine (158 mL, 2.3 mmol) in
DMF/MeOH/AcOH (2.5 mL; 80:19:1, v/v/v) and NaBH3CN (144.5 mg,
2.3 mmol) were added to DFPE resin (210 mg, 0.92 gmol�1, 0.23 mmol).
The reaction mixture was heated at 60 8C overnight, allowed to cool to
room temperature, and filtered. The resin was washed following the stan-
dard washing procedure and dried in vacuo. Complete loading of propar-
gylamine onto the DFPE resin was verified by a negative result of a test
with DNPH.[7]


Synthesis of CO2H�SPOrT resin 2 : A solution of succinic anhydride
(575.4 mg, 57.5 mmol) in DMF (1.55 mL), pyridine (74 mL, 0.92 mmol),
and 4-DMAP (28.1 mg, 0.23 mmol) were added to the resin-bound
alkyne 1 (0.23 mmol) preswollen in DMF. The resulting mixture was
shaken overnight at room temperature. The resin was filtered, washed,
and dried in vacuo to give resin 2. Complete reaction was verified by a
negative result of a test with Chloranil, and the presence of CO2H group
by the positive result to a test with Malachite green.


Synthesis of Fmoc-NH-SPOrT resin 3 : Fmoc-Gly-OH (219 mg,
0.73 mmol) dissolved in NMP (1:1, 1.74 mL), PyBOP (383 mg,
0.73 mmol), and the HPnig base (385 mL, 2.2 mmol) were added to the
resin-bound alkyne 1 (0.184 mmol) preswollen in NMP (1:1, v/v). After
the reaction mixture had been stirred overnight at room temperature, a
negative result to a test with chloranil was indicative of the completion
of the reaction. The resin was washed and dried in vacuo.


Procedure for the loading of the 1-benzazepine scaffold onto CO2H�
SPOrT resin 2 : A solution of 1-benzazepine (144.8 mg, 0.552 mmol) in
DMF (1 mL), PyBOP (287.2 mg, 0.552 mmol), and the HPnig base
(128.2 mL, 0.736 mmol) were added to DFPE resin (0.184 mmol). After
the reaction mixture was shaken overnight at room temperature, the
resin was washed. A negative result for a test with Malachite showed the
completion of the coupling. Resin 4 was dried in vacuo.


General procedure for selective 1-benzazepine Boc deprotection : A
freshly prepared solution of TMSOTf (109 mL, 0.552 mmol) and Et3N
(38.8 mL, 0.276 mmol) in anhydrous CH2Cl2 (4 mL) were added to resin-
bound N-Boc benzazepine 4 (0.184 mmol) preswollen in anhydrous
CH2Cl2. The reaction mixture was shaken at room temperature for
15 min, filtered, washed (CH2Cl2 (3N), MeOH (3N), and CH2Cl2), and
dried in vacuo to give resin 5.


Synthesis of resin-bound benzazepine 6 : A solution of benzoyl chloride
(39.7 mL, 342.1 mmol) in CH2Cl2 (924 mL), 4-DMAP (0.5m in CH2Cl2,
7 mL), and pyridine (55 mL, 684 mmol) were added to resin-bound benza-
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zepine 5 (68.4 mmol) preswollen in CH2Cl2. The reaction mixture was
shaken for one night at room temperature, washed, and dried in vacuo.


General procedure for final deprotection and cleavage steps : The resin
was treated in the presence of TFA/H2O (95:5 v/v) for 3 h at room tem-
perature, filtered, washed with CH2Cl2 (2N) and MeOH (2N). The com-
bined filtrates were mixed, and evaporated to dryness in vacuo. The
crude residue was dissolved in acetonitrile/H2O (1:1, v/v) and lyophilized.


Synthesis of N-(1-benzoyl-2,3,4,5-tetrahydro-1H-benzo[b]azepin-5-yl)-N’-
prop-2-ynyl-succinamide (7): Resin 6 (22.0 mmol) was treated with TFA/
H2O (95:5 v/v). Compound 7 was isolated by RP-HPLC on a C18 sym-
metry shield column as a white solid (6.3 mg, 71%). tR=3.03 min;
1H NMR (CDCl3, 200 MHz): d =7.35 (dd, J=7.4, 1.8 Hz, 2H), 7.20–7.08
(m, 5H), 6.89 (td, J=7.4, 1.8 Hz, 1H), 6.57 (d, J=7.4 Hz, 1H), 5.33 (bdd,
J=11.0, 3.4 Hz, 1H), 4.64–4.46 (m, 1H), 3.98 (bt, J=2.2 Hz, 2H), 3.0–
2.96 (m, 1H), 2.70–2.44 (m, 5H), 2.18 (t, J=2.6 Hz, 1H), 2.10–1.88 (m,
1H), 1.76–1.56 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz): d=172.6,
172.2, 170.4, 140.7, 138.5, 135.7, 129.9, 128.9, 128.7, 128.4, 127.9, 127.7,
127.6, 124.1, 71.5, 66.0, 50.7, 49.6, 49.2, 48.7, 46.7, 31.7, 29.3 ppm; RP-
HPLC purity: >95%; HRMS: calcd for C24H26N3O3 404.1969; found:
404.1970.


Synthesis of resin-bound protected peptide 9 : The model peptide com-
pound was elaborated on the Fmoc-NH-SPOrT resin 3 (184 mmol) by
using a classical Fmoc/tert-butyl strategy. Removal of the Fmoc group
was performed with DMF/piperidine (4:1, v/v) for 20 min. Fmoc amino
acids (Fmoc-l-Phe-OH, Fmoc-l-Lys ACHTUNGTRENNUNG(Boc)-OH, and Boc-l-Val-OH;
730 mmol) were coupled by the addition of HBTU (279 mg, 730 mmol),
N,N-diisopropylethylamine (DIEA; 385 mL, 2.2 mmol), and NMP
(1.74 mL) for 2 h at room temperature. Completion of the reaction was
monitored by using trinitrobenzenesulfonic acid (TNBS) as a test.[26] The
coupling of the amino acids and deprotection of the Fmoc group were
followed by washing with DMF (3N) and CH2Cl2 (3N).


Synthesis of H-VKFG-NHCH2-CH 10 : Resin 9 (23.7 mmol) was treated
with TFA/H2O (95:5 v/v) for 3 h at room temperature. Following a
freeze/drying step, peptide 10 was isolated by RP-HPLC on a C18 sym-
metry shield column as a white powder (6.4 mg, 38%). tR=2.43 min;
HRMS: calcd for C25H39N6O4 487.3027; found: 487.3041; RP-HPLC
purity: >95%.


General procedure for the solid-phase click chemistry : Resin-bound
alkyne (46 mmol) was preswollen in DMF/piperidine (4:1, v/v). In two
separate vials, CuI (44.3 mg, 230 mmol) and azido 12 (105.8 mg,
139 mmol) were dissolved in DMF/piperidine (825 mL; 4:1, v/v) using an
ultrasonic bath. Both solutions were mixed altogether and placed for a
further 5 min in an ultrasonic bath. The resulting mixture (1.65 mL) was
added to the preswollen resin-bound alkyne. After the reaction mixture
had been shaken for 6 h at 30 8C, the resin was washed successively with
DMF/piperidine (4:1, v/v; 3N), DMF (3N), CH2Cl2 (3N), CH2Cl2/MeOH
(3N), MeOH (3N), and CH2Cl2 (3N) and dried in vacuo.


Synthesis of fluorescent 1-benzazepine 8a,b : Resin 6 (12.1 mmol) was
submitted to click chemistry following the procedure described above.
Following deprotection and cleavage in TFA/H20 (95:5), triazoles 8a
(ortho isomer) and 8b (para isomer) were isolated by RP-HPLC on a
C18 symmetry shield column as a red solid. 8a (1.9 mg, 13%): tR=


1.90 min; 1H NMR (CDCl3/CD3OD 9:1, 500 MHz): d=8.57 (bs, 1H),
8.17 (d, J=8.1 Hz, 1H), 7.78 (bs, 1H), 7.32–7.04 (m, 10H), 6.82 (b t, J=


10.0 Hz, 3H), 6.67 (b s, 2H), 6.49 (d, J=7.4 Hz, 1H), 5.25 (bdd, J=11.0,
3.4 Hz, 1H), 4.50 (bs, 1H), 4.41 (bs, 2H), 4.37 (b t, J=5.0 Hz, 2H), 3.96–
3.72 (m, 8H), 3.60–3.44 (m, 8H), 3.41 (t, J=5.5 Hz, 2H), 3.27 (bs, 2H),
3.0 (t, J=5.5 Hz, 1H), 2.63 (b t, J=7.0 Hz, 2H), 2.55 (b t, J=7.0 Hz, 2H),
2.08–1.96 (bs, 2H), 1.68–56 (bs, 2H), 1.25 ppm (m, 12H); 13C NMR
(CDCl3/CD3OD 9:1, 75 MHz): d =172.9, 172.3, 170.4, 157.6, 156.1, 155.5,
148.4, 140.9, 138.5, 135.4, 132.0, 131.4, 131.3, 130.7, 129.6, 129.5, 128.2,
128.0, 127.6, 127.5, 127.2, 125.7, 124.1, 113.9, 95.8, 70.2, 70.0, 69.9, 69.4,
69.0, 50.2, 50.0, 46.5, 45.8, 42.8, 34.6, 31.3, 25.1, 12.2 ppm; RP-HPLC
purity: >95%; 8b (4.8 mg, 33%): tR=2.017; 1H NMR (CDCl3/CD3OD
9:1, 500 MHz): d=8.60 (bs, 1H), 7.92 (dd, J=8.1, 1.1 Hz, 1H), 7.73 (bs,
1H), 7.22 (bd, J=7.5 Hz, 2H), 7.17 (d, J=7.5 Hz, 2H), 7.16–6.96 (m,
6H), 6.77 (t, J=7.5 Hz, 1H), 6.71 (td, J=7.5, 2.0 Hz, 2H), 6.61 (s, 2H),
6.44 (d, 7.50 Hz, 1H), 5.16 (dd, J=11.0, 3.4 Hz, 1H), 4.43 (b s, 1H), 4.35


(b t, J=4.5 Hz, 4H), 3.86 (b s, 8H), 3.74 (b t, J=3.5 Hz, 2H), 3.62- 3.42
(m, 8H), 3.21 (bs, 2H), 3.11 (t, J=5.5 Hz, 2H), 2.92 (b t, J=11.5 Hz,
1H), 2.53 (bd, J=6.0 Hz, 2H), 2.46 (bd, J=6.0 Hz, 2H), 1.96–1.84 (m,
2H), 1.60–1.44 (m, 2H) 1.17 ppm (m, 12H); 13C NMR (CDCl3,
125 MHz): d =172.8, 172.1, 170.3, 157.6, 156.8, 155.3, 146.0, 142.0, 140.0,
138.4, 135.2, 133.5, 132.5, 130.1, 129.5, 128.4, 128.0, 127.9, 127.5, 127.3,
127.1, 126.4, 123.9, 123.8, 123.7, 113.8, 113.3, 95.4, 70.1, 69.9, 69.4, 68.9,
50.2, 50.1, 50.0, 46.4, 45.6, 42.7, 34.4, 31.1, 31.0, 30.9, 27.9, 24.9, 12.3 ppm;
RP-HPLC purity: >95%; HRMS: calcd for C59H72N9O12S2 1162.4736;
found: 1162.4718.


Synthesis of fluorescent peptide 11a,b : Resin 9 (12.1 mmol) was submit-
ted to the click chemistry procedure. Following deprotection and cleav-
age in TFA/H20 (95:5), triazoles 11a (ortho isomer) and 11b (para
isomer) were isolated by RP-HPLC on a C18 symmetry shield column as
a red solid. 11a (1.7 mg, 10%): tR=3.39 min; RP-HPLC purity: >95%.
11b (5.0 mg, 28%): RP-HPLC purity: >95%; HRMS: calcd for
C60H85N12O132S2 1245.5795; found: 1245.5817.


Synthesis of fluorescent V2R ligand 17a,b : 4-Nitrobenzoyl chloride
(85 mg, 460 mmol) in CH2Cl2 (1.25 mL), pyridine (74 mL, 920 mmol), and
4-DMAP (0.5m in CH2Cl2, 9.2 mL) were added to resin 5 (92 mmol). The
reaction mixture was shaken for one night at room temperature. The
completion of the reaction was verified by a negative result to a test with
chloranil. Following the washing procedure, resin 14 was preswollen in
DMF. A solution of SnCl2·2H2O (623 mg, 2.76 mmol) in DMF (1.5 mL)
was added to the resin. Following shaking for one night at room tempera-
ture, the resin was washed with DMF/AcOH (3:1, v/v; 3N), DMF/Et3N
(9:1, v/v; 3N), DMF (3N), CH2Cl2 (3N), and MeOH (3N) and dried with
Et2O. Resin 15 was preswollen in CH2Cl2. O-Toluyl chloride (60 mL) in
CH2Cl2 (1.35 mL) was added to the resin in presence of the HPnig base
(160 mL, 920 mmol) and DMAP (11.2 mg, 92 mmol). The reaction mixture
was shaken for one night at room temperature, after which the resin was
filtered and washed. To ensure the completion of the reaction, the acyla-
tion step was repeated over 6 h, the resin was washed and dried in vacuo.
The dried resin 16 (46 mmol) was submitted to the click chemistry proto-
col with azido 12 (106 mg, 139 mmol). A subsequent deprotection and
cleavage in TFA/H2O (95:5) gave compound 17a,b. Both ortho 17a and
para isomers 17b were isolated by RP-HPLC on a C18 symmetry shield
column. 17a (9.3 mg, 16%): tR=3.92 min; 1H NMR (CDCl3/CD3OD 9:1,
300 MHz): d =8.53 (d, J=1.5 Hz, 1H), 8.12 (dd, J=8.1, 1.5 Hz, 1H), 7.75
(bs, 1H), 7.39 (d, J=8.1 Hz, 2H), 7.32–6.96 (m, 11H), 6.83 (b t, J=


7.5 Hz, 1H), 6.76 (dd, J=9.3 et 2.4 Hz, 2H), 6.64 (bs, 2H), 6.50 (d, J=


7.5 Hz, 1H), 5.25 (bdd, J=11.0, 3.0 Hz, 1H), 4.46 (bs, 1H), 4.36 (bs,
2H), 4.29 (b t, J=5.0 Hz, 2H), 3.96–3.80 (m, 8H), 3.69 (t, J=4.8 Hz,
2H), 3.60–3.36 (m, 9H), 3.23 (bs, 3H), 2.95 (t, J=5,1 Hz, 1H), 2.63–2.48
(bs, 4H), 2.3 (s, 3H), 2.0–1.80 (bs, 2H), 1.40–1.60 (bs, 2H), 1.25 ppm (m,
12H); 13C NMR (CDCl3/CD3OD 9:1, 75 MHz): d=173.0, 172.6, 170,0,
169.4, 157.7, 156.1, 155.6, 148.5, 141.0, 140.6, 140.1, 138.6, 136.4, 135.9,
132.1, 131.5, 130.9, 130.7, 130.0, 129.7, 129.5, 128.3, 127.6, 127.5, 126.8,
125.8, 125.6, 124.2, 123.9, 118.8, 114.0, 95.9, 70.3, 70.1, 70.0, 69.5, 69.1,
50.5, 50.1, 48.0, 47.9, 42.9, 34.7, 31.4, 31.00, 25.2, 19.4, 12.4 ppm; RP-
HPLC purity: >95%; 17b (17 mg, 28%): tR=4.04 min; 1H NMR
(CDCl3/CD3OD 9:1, 400 MHz): d=8.63 (b s, 1H), 7.91 (bd, J=8.1 Hz,
1H), 7.74 (bs, 1H), 7.38 (bs, 2H), 7.32–6.96 (m, 11H), 6.83 (b6t, J=


7.5 Hz, 1H), 6.71 (bd, J=9.3, 2H), 6.60 (bs, 2H), 6.50 (d, J=7.5 Hz,
1H), 5.14 (bd, J=11.0 Hz, 1H), 4.48–4.24 (m, 5H), 3.84–3.68 (m, 10H),
3.58–3.36 (m, 9H), 3.23 (bs, 1H), 3.01 (bs, 1H), 2.91 (b t, J=5,1 Hz, 1H),
2.89 (bs, 1H), 2.58–2.38 (m, 4H), 2.3 (s, 3H), 1.88–1.80 (bs, 2H), 1.58–
1.44 (bs, 2H), 1.18 ppm (m, 12H); 13C NMR (CDCl3/CD3OD 9:1,
100 MHz): d=176.4, 175.9, 173.4, 172.7, 172.13, 161.2, 160.7, 158.9, 150.1,
145.8, 144.0, 143.5, 142.0, 139.8, 139.3, 137.1, 136.2, 134.2, 134.1, 133.7,
132.9, 131.6, 131.0, 130.9, 130.2, 130.1, 159.0, 127.6, 12.2, 117.5, 117.0,
99.1, 73.7, 73.5, 73.0, 72.5, 53.9, 53.6, 50.0, 49.6, 49.2, 46.3, 38.1, 34.9, 34.3,
28.6, 22.7, 15.7, 11.8 ppm; RP-HPLC purity: >95%; HRMS calcd for
C67H78N10O13S2 1295.5264; found: 1295.5269.


Radioligand binding assays : Binding assays were performed at 30 8C
using [3H]AVP as the radioligand and Chinese hamster ovary (CHO)
cell-membrane proteins (5 mg). Briefly, membranes prepared from CHO
cells stably expressing the human V2 AVP receptor were incubated in
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50 mm 2-amino-2-(hydroxymethyl)-1,3-propanediol hydrochloride (Tris—
HCl) pH 7.4, 5 mm MgCl2, 1 mgmL�1 bovine serum albumin (BSA; bind-
ing buffer), and radiolabeled, displacing ligands for 30 min. The affinitiy
Kd of [3H]AVP to the V2 human receptor has already been described ear-
lier, and Kd = (1.36�0.45) nm.[24] Affinities Ki of ligands 13, 17a, and 17b
were determined by competition experiments using [3H]AVP (1–2 nm)
and varying the concentrations of the unlabeled ligands from 100 pm to
100 mm. The nonspecific binding was determined by adding unlabeled
AVP (10 mm). Bound and free radioactive ligands were separated by fil-
tration over Whatman GF/C filters presoaked in a 10 mgmL�1 BSA solu-
tion for 3–4 h. The ligand-binding data were analyzed by nonlinear least-
squares regression using the computer program Ligand. All assays were
performed in triplicate on at least three separate batches of cell mem-
branes.


Acknowledgements


This study was supported by the Centre National de la Recherche Scien-
tifique, the Universit6 Louis Pasteur, the European CommunityUs Sixth
Framework Program (grant LSHB-CT-2003–503337), the Institut Nation-
al de la Sant6 et de la Recherche M6dicale, and the Universit6 Montpel-
lier I and II. We thank Pascale Buisine, Patrick Werhung (IFR85) for the
ES-MS analysis, and Cyril Antheaume (IFR85) for NMR spectroscopic
experiments.


[1] a) N. Baindur, D. Triggle, Med. Res. Rev. 1994, 14, 591–664; b) O.
Hegener, R. Jordan, H. HVrberlein, J. Med. Chem. 2004, 47, 3600–
3605; c) R. J. Middleton, B. Kellam, Curr. Opin. Chem. Biol. 2005, 9,
517–525; d) S. T. Hess, S. Huang, A.A. Heikal, W. W. Webb, Bio-
chemistry 2002, 41, 697–705.


[2] a) B. Illien, C. Franchet, P. Bernard, S. Morisset, C. O. Weill, J.-J.
Bourguignon, M. Hibert, J.-L. Galzi, J. Neurochem. 2003, 85, 768–
778; b) C. Tahtaoui, I. Parrot, P. Klotz, F. Guillier, J.-L. Galzi, M.
Hibert, B. Ilien, J. Med. Chem. 2004, 47, 4300–4315; c) C. Tahtaoui,
F. Guillier, P. Klotz, J.-L. Galzi, M. Hibert, B. Ilien, J. Med. Chem.
2005, 48, 24, 7847–7859.


[3] a) G. J. Parker, T. L. Law, F. J. Lenoch, R. E. Bolger, J. Biomol.
Screening 2000, 5, 77–88; b) R. Dagher, C. Pigault, D. Bonnet, D.
Boeglin, C. Pourbaix, M.-C. Kilhoffer, P. Villa, C. G. Wermuth, M.
Hibert, J. Haiech, Biochim. Biophys. Acta Mol. Cell Res. 2006, 1763,
1250–1255.


[4] a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew. Chem. 2001, 113,
2056–2075; Angew. Chem. Int. Ed. 2001, 40, 2004–2021; b) V.V.
Rostovtsev, L. G. Green, V.V. Vokin, K. B. Sharpless, Angew. Chem.
2002, 114, 2708–2711; Angew. Chem. Int. Ed. 2002, 41, 2596–2599.


[5] C. W. Tornoe, C. Christensen, M. Meldal, J. Org. Chem. 2002, 67,
3057–3064.


[6] a) K. J. Jensen, J. Alsina, M. F. Songster, J. Vagner, Albericio, J. G.
Barany, J. Am. Chem. Soc. 1998, 120, 5441–5452; b) S. K. Shannon,
M. J. Peacock, S. A. Kates, G. Barany, J. Comb. Chem. 2003, 5, 860–
868.


[7] S. K. Shannon, G. Barany, J. Comb. Chem. 2004, 6, 165–170.
[8] T. Vojkovsky, Pept. Res. 1995, 8, 236–237.
[9] M. E. Attardi, G. Porcu, M. Taddei, Tetrahedron Lett. 2000, 41,


7391–7394.
[10] D. Boeglin, D. Bonnet, M. Hibert, J. Comb. Chem. 2007, 9, 487–


500.
[11] M. Gude, J. Ryf, P. D. White, Lett. Peptide Sci. 2002, 9, 203–206.
[12] a) Q. Wang, R. C. Timothy, R. Hilgraf, V. V. Fokin, K. B. Sharpless,


M. G. Finn, J. Am. Chem. Soc. 2003, 125, 3192–3193; b) K. S. Raja,
Q. Wang, M. G. Finn, Chembiochem 2003, 4, 1348–1351; c) W. H.
Zhan, H. N. Barnhill, K. Sivakumar, H. Tian, Q. Wang, Tetrahedron
Lett. 2005, 46, 1691–1695.


[13] A. J. Link, D. A. Tirell, J. Am. Chem. Soc. 2003, 125, 11164–11165.
[14] a) Y. Luo, B. Knuckley, M. Bhatia, P. J. Pellechia, P. R. Thompson, J.


Am. Chem. Soc. 2006, 128, 14468–14469; b) A. E. Speers, G. C.
Adam, B. F. Cravatt, J. Am. Chem. Soc. 2003, 125, 4686–4687.


[15] D. Bonnet, B. Illien, J.-L. Galzi, S. Rich6, C. Antheaune, M. Hibert,
Bioconjugate Chem. 2006, 17, 1618–1623.


[16] a) V. D. Bock, D. Speijer, H. Hiemstra, J. H. Van Maarseveen, Org.
Biomol. Chem. 2007, 5, 971–975; b) H. C. Kolb, K. B. Sharpless,
Drug Discovery Today 2003, 8, 1128–1137.


[17] a) S. Puma, J. Kuzelka, Q. Wang, M. G. Finn, Angew. Chem. 2005,
117, 2250–2255; Angew. Chem. Int. Ed. 2005, 44, 2210–2215;
b) C. W. Tornoe, C. Christensen, M. Meldal, J. Org. Chem. 2002, 67,
3057–3064; c) Z. Zhang, E. Fan, Tetrahedron Lett. 2006, 47, 665–
669; d) H. Jang, A. Fafarman, J. M. Holub, K. Kirshenbaum, Org.
Lett. 2005, 7, 1951–1954.


[18] C. Bouillon, A. Meyer, S. Vidal, A. Jochum, Y. Chevolot, J.-P. Cloar-
ec, J.-P. Praly, J.-J. Vasseur, F. Morvan, J. Org. Chem. 2006, 71,
4700–4702.


[19] a) S. Lçber, P. R. Loaiza, P. Gmeiner, Org. Lett. 2003, 5, 1753–1755;
b) P. R. Loaiza, S. Lçber, H. HPbner, P. Gmeiner, J. Comb. Chem.
2006, 8, 252–261; c) S. Lçber, P. Gmeiner, Tetrahedron 2004, 60,
8699–8702.


[20] G. Chen, L. Tao, G. Mantovani, V. Ladmiral, D. P. Burt, J. V. Mac-
pherson, D. M. Haddleton, Soft Matter 2007, 3, 732–739.


[21] J. E. T. Corrie, C. T. Davis, J. F. Eccleston, Bioconjugate Chem. 2001,
12, 186–194.


[22] A. Matsuhisa, A. Tanaka, K. Kikuchi, Y. Shimada, T. Yatsu, I. Yana-
gisawa, Chem. Pharm. Bull. 1997, 45, 1870–1874.


[23] P. Verdi6, G. Subra, L. Feliu, P. Sanchez, G. Berg6, G. Garcin, J.
Martinez, J. Comb. Chem. 2007, 9, 254 �262.


[24] C. Breton, H. Chellil, M. Kabbaj-Benmansour, E. Carnazzi, R.
Seyer, S. Phalipou, D. Morin, T. Durroux, H. Zingg, C. Barberis, B.
Mouillac, J. Biol. Chem. 2001, 276, 26931–26941.


[25] L. Albizu, G. Teppaz, R. Seyer, H. Bazin, H. Ansanay, M. Manning,
B. Mouillac, T. Durroux, J. Med. Chem. 2007, 50, 4976–4985.


[26] P. Cayot, G. Tainturier, Anal. Biochem. 1997, 249, 184–200


Received: February 13, 2008
Revised: March 28, 2008


Published online: June 2, 2008


www.chemeurj.org B 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6247 – 62546254


D. Bonnet et al.



http://dx.doi.org/10.1002/med.2610140603

http://dx.doi.org/10.1002/med.2610140603

http://dx.doi.org/10.1002/med.2610140603

http://dx.doi.org/10.1021/jm021009+

http://dx.doi.org/10.1021/jm021009+

http://dx.doi.org/10.1021/jm021009+

http://dx.doi.org/10.1016/j.cbpa.2005.08.016

http://dx.doi.org/10.1016/j.cbpa.2005.08.016

http://dx.doi.org/10.1016/j.cbpa.2005.08.016

http://dx.doi.org/10.1016/j.cbpa.2005.08.016

http://dx.doi.org/10.1021/bi0118512

http://dx.doi.org/10.1021/bi0118512

http://dx.doi.org/10.1021/bi0118512

http://dx.doi.org/10.1021/bi0118512

http://dx.doi.org/10.1021/jm040800a

http://dx.doi.org/10.1021/jm040800a

http://dx.doi.org/10.1021/jm040800a

http://dx.doi.org/10.1177/108705710000500204

http://dx.doi.org/10.1177/108705710000500204

http://dx.doi.org/10.1177/108705710000500204

http://dx.doi.org/10.1177/108705710000500204

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/ja974116f

http://dx.doi.org/10.1021/ja974116f

http://dx.doi.org/10.1021/ja974116f

http://dx.doi.org/10.1021/cc034014n

http://dx.doi.org/10.1021/cc034014n

http://dx.doi.org/10.1021/cc034014n

http://dx.doi.org/10.1021/cc034033x

http://dx.doi.org/10.1021/cc034033x

http://dx.doi.org/10.1021/cc034033x

http://dx.doi.org/10.1016/S0040-4039(00)01257-0

http://dx.doi.org/10.1016/S0040-4039(00)01257-0

http://dx.doi.org/10.1016/S0040-4039(00)01257-0

http://dx.doi.org/10.1016/S0040-4039(00)01257-0

http://dx.doi.org/10.1021/ja021381e

http://dx.doi.org/10.1021/ja021381e

http://dx.doi.org/10.1021/ja021381e

http://dx.doi.org/10.1002/cbic.200300759

http://dx.doi.org/10.1002/cbic.200300759

http://dx.doi.org/10.1002/cbic.200300759

http://dx.doi.org/10.1016/j.tetlet.2005.01.066

http://dx.doi.org/10.1016/j.tetlet.2005.01.066

http://dx.doi.org/10.1016/j.tetlet.2005.01.066

http://dx.doi.org/10.1016/j.tetlet.2005.01.066

http://dx.doi.org/10.1021/ja036765z

http://dx.doi.org/10.1021/ja036765z

http://dx.doi.org/10.1021/ja036765z

http://dx.doi.org/10.1021/ja0656907

http://dx.doi.org/10.1021/ja0656907

http://dx.doi.org/10.1021/ja0656907

http://dx.doi.org/10.1021/ja0656907

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1021/ja034490h

http://dx.doi.org/10.1021/bc060140j

http://dx.doi.org/10.1021/bc060140j

http://dx.doi.org/10.1021/bc060140j

http://dx.doi.org/10.1039/b616751a

http://dx.doi.org/10.1039/b616751a

http://dx.doi.org/10.1039/b616751a

http://dx.doi.org/10.1039/b616751a

http://dx.doi.org/10.1016/S1359-6446(03)02933-7

http://dx.doi.org/10.1016/S1359-6446(03)02933-7

http://dx.doi.org/10.1016/S1359-6446(03)02933-7

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1021/jo011148j

http://dx.doi.org/10.1016/j.tetlet.2005.11.111

http://dx.doi.org/10.1016/j.tetlet.2005.11.111

http://dx.doi.org/10.1016/j.tetlet.2005.11.111

http://dx.doi.org/10.1021/ol050371q

http://dx.doi.org/10.1021/ol050371q

http://dx.doi.org/10.1021/ol050371q

http://dx.doi.org/10.1021/ol050371q

http://dx.doi.org/10.1021/jo060572n

http://dx.doi.org/10.1021/jo060572n

http://dx.doi.org/10.1021/jo060572n

http://dx.doi.org/10.1021/jo060572n

http://dx.doi.org/10.1021/cc050127q

http://dx.doi.org/10.1021/cc050127q

http://dx.doi.org/10.1021/cc050127q

http://dx.doi.org/10.1021/cc050127q

http://dx.doi.org/10.1039/b618325e

http://dx.doi.org/10.1039/b618325e

http://dx.doi.org/10.1039/b618325e

http://dx.doi.org/10.1021/bc0000785

http://dx.doi.org/10.1021/bc0000785

http://dx.doi.org/10.1021/bc0000785

http://dx.doi.org/10.1021/bc0000785

http://dx.doi.org/10.1074/jbc.M102073200

http://dx.doi.org/10.1074/jbc.M102073200

http://dx.doi.org/10.1074/jbc.M102073200

http://dx.doi.org/10.1021/jm061404q

http://dx.doi.org/10.1021/jm061404q

http://dx.doi.org/10.1021/jm061404q

http://dx.doi.org/10.1006/abio.1997.2161

http://dx.doi.org/10.1006/abio.1997.2161

http://dx.doi.org/10.1006/abio.1997.2161

www.chemeurj.org






DOI: 10.1002/chem.200702032


Self-Assembly of Two Different Hierarchical Nanostructures on Either Side
of an Organic Supramolecular Film in One Step
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Introduction


Self-assembled structures with highly specific morphology
and properties are of intense interest to chemists and mate-
rials scientists.[1] Assembling the synthesized nanoscale
building blocks into advanced structures is a necessary ap-
proach for applications in integrated devices. Extensive re-
search has been devoted to the development of synthetic
strategies for highly organized building blocks, such as mon-
olayer-protected nanoparticles,[2–4] aggregation-based growth
of nanoparticles,[1] or in-situ assembly.[5] In comparison,
progress towards organic nanostructures with advanced ar-
chitecture lags far behind that of their inorganic counter-
parts, although a variety of organic nanostructures have
been prepared, such as nanoparticles, nanorods, nanorib-


bons, or nanotubes.[6–9] There is, therefore, an intense inter-
est in developing methods for preparing highly organized
advanced architectures from self-assembling organic nano-
structures.


Herein, we describe the successful fabrication of different
three-dimensional hierarchical nanostructures on both sides
of an organic supramolecular film. The film is formed from
tetrapyridylporphyrin (TPyP) and 1,3,5-benzene-tricarboxyl-
ic acid (BTC). By taking advantage of the different solubili-
ties of TPyP and BTC in water and CHCl3, a two-phase
H2O/CHCl3 system was designed for fabricating the supra-
molecular film. BTC in H2O can encounter TPyP in CHCl3
at the interface and form a supramolecular film by hydrogen
bonding and p–p-stacking interactions. An ordered array of
uniform nanoprisms was formed on the H2O side, whereas a
sunflower-like hierarchical micro- and nanostructure formed
on the reverse side facing towards the CHCl3 layer. This is
of great value to fundamental studies in supramolecular
self-assembly and for practical applications in nanotechnolo-
gy. Typically, an aliquot of an aqueous solution of BTC
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(4 mm or 6 mm) was added to the CHCl3 solution of TPyP
(0.5mm) at 25 8C (TPyP was synthesized according to the lit-
erature[10]). An interface between H2O and CHCl3 was
formed immediately, and then a thin film that gradually
thickened was formed at the interface. Simultaneously, the
colour of the CHCl3 phase slowly disappeared, which indi-
cated that TPyP was transferred and combined into the film
at the interface. After a given time, the film referred to as
film I ([BTC]=4 mm) or film II ([BTC]=6 mm), was trans-
ferred and washed by distilled water to remove the adsorbed
BTC. The film was characterized by SEM, 1H NMR, FTIR,
UV/Vis, and fluorescence spectroscopy measurements.


Results and Discussion


By using the interfacial assembly method, we obtained a
TPyP–BTC two-component supramolecular film with dis-
tinct hierarchical structures on either side. For clarity, the
surfaces facing towards the H2O and CHCl3 phases are ab-
breviated as film X-W and film X-O, respectively, in which
X= I or II depending on the BTC concentration. For film I-
W, the SEM image clearly shows that it is an ordered array
of uniform nanoprisms (Figure 1a). The corresponding en-
larged image shows that all the prisms are straight-standing
with a sharp tip, approximately 300–500 nm in size (Fig-
ure 1b). The appearance of some imperfect prisms indicates
that they may be composed of nanosheets. Interestingly, for


film I-O a special three-dimensional hierarchical morpholo-
gy is obtained, which consists of many flowerlike microtex-
tures that are �5 to �50 mm in diameter (Figure 1c), grow-
ing on an irregular aggregate substrate (Figure 1e). The
specified enlarged flower microtexture is just like the “sun-
flower” (Figure 1d). The petals of the microtexture are com-
posed of irregular prisms, whereas the pistils are smaller
nanoprisms similar to those of film I-W. To the best of our
knowledge, this is the first report of three-dimensional
highly organized hierarchical micro- and nanostructures as-
sembled by two small organic molecules; furthermore, two
distinct hierarchical structures are respectively assembled on
either side of one film in one step. The hierarchical supra-
molecular film obtained is very stable, even when vigorously
shaken. By simply controlling the area of the interface, a
centimetre-scale film can easily be fabricated, which is bene-
ficial for large-scale production.


In the FTIR spectra of film I (Figure 2a), the vibration
band of the pyridyl rings at 1593 cm�1 disappeared and a
pyridinium vibration band at 1628 cm�1 appeared, which in-
dicates that all the pyridyl groups are strongly bonded to
BTC by means of hydrogen bonding.[11,12] Moreover, the
band at 2154 cm�1 arises from Fermi resonance between the


Figure 1. a) Low and b) high magnification of the SEM image of film I-
W. c) SEM image of film I-O. d) SEM image of an enlarged sunflower-
like microstructure. e) SEM image of a region beside the flower micro-
texture in c).


Figure 2. FTIR spectra of a) i) the film, ii) TPyP, and iii) BTC. b) The
whole region of the film.
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vibration of the O�H bond and the pyridyl rings,[12] which
further confirms the presence of strong hydrogen bonds be-
tween these groups (Figure 2b). The composition of the film
was determined by 1H NMR spectroscopy. It must be noted
that this film is not soluble in common solvents because sol-
vation effects cannot overcome the intermolecular forces in
the film. A proton source (CF3COOH) was added to break
the hydrogen bonds between TPyP and BTC to give a trans-
parent [D6]DMSO solution of the film, which was suitable
for NMR spectroscopy. 1H NMR spectroscopy results (see
Figure S1 in the Supporting Information) confirmed that it
is composed of TPyP and BTC with an average molar ratio
of TpyP to BTC of 1:3, based on the ratio of the integral
areas of signals for the protons in the methine (d=


8.87 ppm, in TPyP) and phenyl (d=8.61 ppm, in BTC)
groups. A similar result was obtained for film II at 6 mm


BTC.
To get an insight into the formation process of the film, a


time-dependent experiment was conducted. Figure 3 shows
the SEM images of film I-W formed at 10 min, 30 min, 3 h,
and 16 h, respectively. As soon as the interface formed
(10 min), a very thin film composed of many �80 nm parti-
cles was obtained. This was the primary nucleus that was
transferred and investigated. After 30 min or so, the parti-
cles grew outward and became nanoribbons. This was fol-
lowed by the aggregation of the nanoribbons, which stacked
to form prism precursors after a 3 h reaction. Finally, perfect
prisms were formed after a 16 h experiment. Whereas for
film I-O (Figure 4a–d), a lot of procumbent irregular plates
were formed at first (30 min), followed by the formation of
big plates (16 h). There were only a few flowerlike hierarchi-
cal microstructures (3 days) and they gradually increased in
number (6 days). Because the interface was disturbed during
sample acquisition, the morphology of the final product ob-
tained at 6 days (Figure 4d) was slightly different from that
shown in Figure 1c. The film grew from the primary nucleus
and in the end formed an integrated hierarchical structure.


Moreover, the concentration of BTC and the temperature
have an obvious effect on the formation of the film. During
the experiment, we found that the film grew faster when the
concentration of BTC increased to 6 mm (film II). The cor-
responding SEM image (Figure 5a) showed that the ob-
tained nanoprisms were smaller than in film I-W at 4 mm


BTC. They were 100–200 nm in size because the rate of the
nucleation accelerated as the BTC concentration increased.
At the same time, on the reverse side of the supramolecular
film, discrete microtextures for film I-O at 4 mm BTC
became flower-in-flower compact structures for film II-O at
6 mm BTC (Figure 5b). When the temperature decreased
from 25 to 18 8C, the sunflower petal structure was replaced
by a bubblelike structure (Figures 5c,d). This implies that
the formation of a flowerlike microstructure might correlate
with the gas bubble that resulted from escaping CHCl3. The
supramolecular film covering the CHCl3 phase prevents the


Figure 3. SEM images of the formation process for the H2O face of film I
after a) 10 min, b) 30 min, c) 3 h, and d) 16 h.


Figure 4. SEM images of the formation process for the CHCl3 face of
film I after a) 30 min, b) 16 h, c) 3 days, and d) 6 days.


Figure 5. SEM images of a) film II-W and b) film II-O at 25 8C. SEM
images of (c) film I-W and (d) film II-O at 18 8C (experimental condi-
tions, BTC:6 mm, TPyP:0.5 mm).
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gas from escaping from the solution and it tends to adhere
on the rough surface of the film to form a small bubble. Be-
cause the gas formation process is slow, the primary bubbles
are relatively small. After an extended time, some small pri-
mary bubbles slowly aggregate to form a large one. A lot of
flower-in-flower compact structures on the side toward
CHCl3 provide evidence for the aggregation process (Figur-
es 1c and 5b,d). In the bubble, there are two different areas,
I (interior of the bubble) and II (border of the bubble). In
area I, the supramolecular prism grows on the film sub-
strate, whereas in area II, the prism grows at the periphery
of the bubble. Although the concentration of BTC is identi-
cal in areas I and II, the concentration of TPyP is higher in
area II than in I, which induces faster growth in area II than
in I. As a result, longer petals are formed in area II and
shorter pistils in area I (Figure 6).


The fluorescence spectrum of the film shown in Figure 7a
exhibits different features from that of monomeric porphy-
rin. Band I at 646 nm and band II at 713 nm in the fluores-
cence spectrum of monomeric TPyP correspond to the emis-
sions from the excited singlet state S1 to the basic state S0,
which arise from the excitation a2u(p)–eg(p*).


[13] They are
mirror symmetric to the absorption Q-bands.[14,15] Whereas
three fluorescence bands at 656, 685, and 721 nm occur in
film II, they are redshifted in comparison with monomeric
TPyP. Correspondingly, the absorption Soret band splits into
two bands at 419 and 451 nm and is redshifted in compari-
son with that of the monomeric porphyrin at 412 nm (Fig-
ure 7b). Generally, there are side-by-side J-aggregates and
face-to-face H-aggregates in porphyrin aggregation modes.
The redshift and the splitting of the Soret band indicate that
porphyrin molecules are in the J-aggregate mode in the
composite.[16] The aggregation makes orderly stacks of por-
phyrin molecules, which results in larger Coulombic interac-
tion energies and smaller band gaps; this induces the red-
shifts in the emission bands.[17] A similar phenomenon exist-
ed in film I.


Because the composite film is formed at the H2O/CHCl3
interface, each surface of the film (towards the H2O or the
CHCl3 phases) has different nanostructures and distinct
soakage properties. Film I-W is composed of straight-stand-
ing prisms, and the air fills in the space between the prisms.


The inhomogeneous height of the prisms induced a dynamic
soaking process. The contact angle of film I-W changed
from approximately 130 to approximately 80o in 30 s (Fig-
ure 8a). Film I-O with a hierarchical micro- and nanostruc-
ture is superhydrophobic initially, but the contact angle
gradually changes from approximately 150 to approximately
120o (Figure 8b). This might be attributed to a slow release
of the air absorbed in the complex structure. The inhomoge-
neous hierarchical structure in film I-O induces and pro-
motes the air-releasing process (Figure 1c). Whereas the mi-
crotextures in film II-O are more uniform and compact (Fig-
ure 5b), which give it superhydrophobicity with the stable
contact angle 152.1o (see Figure S2a in the Supporting Infor-
mation). Furthermore, a high-sensitivity micro-electrome-


Figure 6. Diagram showing the process leading to formation of the flow-
erlike microstructure.


Figure 7. a) Fluorescence and b) UV/Vis spectra of the obtained films
(film I (a), film II (g), and monomeric TPyP (c)).


Figure 8. Soakage properties of a) film I-W, and b) film I-O.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6255 – 62596258


Z. Xu et al.



www.chemeurj.org





chanical balance system was used to measure the force re-
quired to take a water droplet away from superhydrophobic
film II-O. This force can be regarded as the adhesive force
between film II-O and water. The corresponding force/dis-
tance curve recorded in Figure S2b in the Supporting Infor-
mation, shows the corresponding maximum adhesive force
is 66.3 mN, which is higher than that for the reported poly-
styrene nanotube arrays (59.8 mN).[18]


Conclusion


We reported a facile method for fabricating two rare distinct
hierarchical organic nanostructures on the two sides of a
supramolecular film for the first time, by using hydrogen-
bonding interactions between tetrapyridylporphyrin and
benzene-1,3,5-tricarboxylic acid at the H2O–CHCl3 inter-
face. The surface of the film facing water is composed of
nanoprism arrays, whereas the surface facing towards CHCl3
is composed of three-dimensional sunflower-like hierarchical
micro- and nanostructures. Each side of the film exhibits dis-
tinct soakage properties. We found FTIR spectral evidence
that all pyridyl groups of TPyP hydrogen bonded to the car-
boxylic acid groups of BTC. The aggregation modes of por-
phyrin presented in this supramolecular film were studied
by UV/Vis and fluorescence spectroscopy. This method can
be extended to prepare other organic functional nanomate-
rials and fabricate advanced architectures of organic nano-
structures.


Experimental Section


General remarks : FTIR spectra were recorded on a Bruker Vector 22
FTIR spectrophotometer at a resolution of 2 cm�1 in KBr disks (Bruker,
Sweden). NMR spectra were collected on AVANCE DAX-500 500 MHz
superconducting NMR spectrometers (Bruker, Sweden). UV/Vis absorp-
tion spectra of the samples dispersed in ethanol were conducted on a
UV3100-NIR-Recording spectrophotometer operated at a resolution of
2 nm (Shimazu, Japan). Fluorescence (FL) spectra were measured on an
AB2 fluorescence spectrometer at a power of 800 W (SLM, America).
SEM images were taken on a JEOL JSM-5610 LV scanning electron mi-
croscope, and JEO-1500 VP field emission scanning electron microscope.
Water contact angles were measured on a Data-Physics OCA 20 contact
angle system at ambient temperature.


Measurement of the maximum adhesive force of the film : The force re-
quired to take the water droplet away from the hydrophobic surface was
measured by using a high-sensitivity micro-electromechanical balance
system (Data-physics OCAT 11, Germany). Firstly, a 3 mg water droplet
was suspended within a metal ring, and film II-O was placed on the bal-
ance table. The film was moved upward at a constant speed of
0.01 mms�1 until it came in contact with the water droplet (process 1).


Then, the film was moved down at a constant speed of 0.01 mms�1. The
force increased gradually until it reached the maximum, subsequently the
shape of the droplet changed from spherical to elliptical (process 2).
When the film was moved down further, the film II-O broke away from
the water droplet, the adhesive force decreased to zero immediately to
finish one cycle of the force measurement (process 3). The force that the
water droplet was subjected to could be regarded as the adhesive force
between film II-O and water. The maximum force was about 66.3 mN
(however if water remains on the film surface, the measurement cycle
cannot be completed).
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Factors Controlling the Alkyne Prins Cyclization: The Stability of
Dihydropyranyl Cations


Pedro O. Miranda, Miguel A. Ram)rez,* V)ctor S. Mart)n,* and Juan I. Padr-n*[a]


Introduction


During the past two decades the Prins cyclization has
emerged as a powerful tool in the synthesis of tetrahydro-
pyran rings.[1] This methodology uses homoallylic alcohol[2]


or homoallylic acetals[3] to generate an oxocarbenium ion as
an intermediate to give the corresponding tetrahydropyran
ring and has been applied to the synthesis of natural prod-
ucts.[4] While this reaction shows great potential in organic
synthesis, two deleterious problems have been reported: a
mixture of products and racemization.[5]


Several authors have reported mechanistic studies that
show that the oxonia-Cope rearrangement is the main com-
petitive process in the Prins cyclization (Scheme 1).[6] A de-
tailed study, including factors that modulate these competi-
tive processes, was recently reported by Rychnovsky and co-
workers.[6b–d] The Prins cyclization of alkynes with homopro-


pargyl acetals has also been reported, but this methodology
has attracted much less attention.[7]


We recently described the alkyne Prins cyclization be-
tween homopropargyl alcohols and aldehydes in the pres-
ence of inexpensive, environmentally friendly, stable iron-
ACHTUNGTRENNUNG(III) halides to obtain 2-alkyl-4-halo-5,6-dihydro-2H-pyrans
6 (Scheme 2).[8] Trying to extend this study, we explored this
methodology for the synthesis of 2,6-disubtituted dihydro-
pyrans with secondary homopropargyl alcohols. However,
the treatment of pent-4-yn-2-ol and 3-methylbutanal in the
presence of ironACHTUNGTRENNUNG(III) chloride led to unsaturated (E)-b-hy-


Abstract: The relative stability of the
intermediates involved in the alkyne
Prins cyclization and the competitive 2-
oxonia-[3,3]-sigmatropic rearrangement
was studied. This rearrangement was
shown to occur slowly under typical
alkyne Prins cyclization conditions
when the allenyl oxocarbenium ion
that results from the rearrangement is
similar to or higher in energy than the
starting alkynyl oxocarbenium ion. The


formal 2-oxonia-[3,3]-sigmatropic rear-
rangement may be disfavored by desta-
bilizing the resultant allenyl oxocarbe-
nium ion or by stabilizing an intermedi-
ate dihydropyranyl cation. The trime-
thylsilyl group as a substituent at the
alkyne and electron-withdrawing


groups (CH2Cl and CH2CN) located at
the a-position to the carbinol center
are shown to be effective. DFT calcula-
tions suggest that these substituents
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ganization of the electronic density in
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Scheme 1. Prins cyclization and oxonia-Cope rearrangement.


Scheme 2. Synthesis of 2-alkyl-4-halo-5,6-dihydro-2H-pyrans.
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droxyketone 9 and (E)-a,b-unsaturated ketone 10 in a 2.5:1
ratio and 65% yield, without any trace of the expected
Prins-type cyclic product 11 (Scheme 3).[9]


The addition of secondary homopropargyl alcohols to al-
dehydes promoted by ferric halide generates the oxocarbe-
nium ion 13, which undergoes a 2-oxonia-[3,3]-sigmatropic
rearrangement to give allenolate 15. Further intramolecular
1,3-oxygen transposition generates the unsaturated enolate
16. Protonation or a subsequent coupling reaction with a
suitable aldehyde leads to compounds 17 or 18, respectively
(Scheme 4). Thus, the course of the reaction (rearrangement
or Prins cyclization) depends directly on the stability of the
species involved, namely, 13 versus 14.


One of the factors that affects the relative stability of the
sigmatropic isomers of this rearrangement is the nature of
the R4 group. Thus, when the bulkiness of R4 is increased
from methyl to cyclohexyl, the Prins dihydropyran was ob-
tained as the major product. However, this is a particular
case that does not permit full control over the sigmatropic
rearrangement versus alkyne Prins cyclization. Recently, we
reported that the presence of the trimethylsilyl (TMS)
group at the triple bond (R3=SiMe3) of secondary homo-
propargyl alcohols favors the alkyne Prins cyclization and
minimizes the 2-oxonia-[3,3]-sigmatropic rearrangement as a
competitive alternative pathway (Scheme 5).[10] This cycliza-


tion is highly stereoselective and affords cis-dihydropyran as
the only isomer. The presence of the silyl group at the
alkyne moiety is essential to achieve the reaction because
when the acetylene unit is substituted with a methyl group
the process is inhibited. In addition, the size of the substitu-
ent at the silicon atom is also a critical factor. For example,
when the triple bond bears a triisopropylsilyl group instead
of TMS, the reaction does not take place.
Herein, we describe the different factors that control the


alkyne Prins cyclization. We provide evidence that the rela-
tive rate of the formal 2-oxonia-[3,3]-sigmatropic rearrange-
ment versus alkyne Prins cyclization depends on the type of
substituents at the homopropargyl alcohol. The difference in
energy between the initial cations and the product of the
oxonia Cope rearrangement increases upon incorporating
electron-withdrawing groups. In addition, we show that
TMS and electron-withdrawing groups stabilize the dihydro-
pyranyl cation intermediate by reorganizing the electronic
density of the six-membered ring and not by its direct effect
on the positively charged carbon atom.


Results and Discussion


Control of the alkyne Prins cyclization versus the sigmatrop-
ic rearrangement : The relative stability of intermediates 13
and 14 (Scheme 4) is the key factor to consider, inasmuch as
it can favor the Prins reaction or the corresponding domino
process. Therefore, we decided to perform theoretical calcu-
lations at the B3LYP/6–31G(d) level for simplified struc-
tures[11] with a trimethylsilyl group at the triple bond (25 to
27) and compared the results of these studies with our previ-
ous results from compounds 22–24, 28, and 29.[10] The rela-
tive energies obtained from these calculations are summar-


Scheme 3. Coupling of secondary homopropargyl alcohols and aldehydes
catalyzed by ironACHTUNGTRENNUNG(III) halides.


Scheme 4. Proposed mechanism for the addition of secondary homopro-
pargyl alcohols to aldehydes.


Scheme 5. Silyl alkyne Prins cyclization with silylated secondary homo-
propargyl alcohols and aldehydes.
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ized in Figure 1. As reported before, the silyl dihydropyranyl
cation 23 is 7.7 kcalmol�1 less stable than its open form and
is protected from ring-opening by an activation energy of


1.7 kcalmol�1. This rearrangement is an endothermic pro-
cess, thus being less favored than without silicon. Further-
more, the replacement of a silane group with a TMS group
as a substituent results in a less-favored rearrangement.
Thus, the a-trimethylsilyl allenyl cation 27 is 6.4 kcalmol�1


less stable than 25, and the trimethylsilyl dihydropyranyl
cation 26 is 1.2 kcalmol�1 more stable than 27.[12]


In addition, the stabilities of the b-silyl cyclic vinyl cations
were evaluated in the isodesmic hydride transfer equa-
tion.[13] The isodesmic reaction [Eq. (1)] shows that the silyl-
substituted dihydropyranyl cation 23 is 32.7 kcalmol�1


higher in energy than cation 26.


This stabilization is consistent with our proposed mecha-
nism (Scheme 6), in which the dihydropyranyl cation 31
serves as a branch point in a 2-oxonia-[3,3]-sigmatropic rear-
rangement (30!32) and Prins cyclization (31!21). On the
basis of calculations described above, we surmised that the
generation of a trimethylsilyl dihydropyranyl cation, such as
31, should lead to the alkyne silyl Prins product 21 more
rapidly than the a-trimethylsilyl allenyl cation 32,[14] formed
by the Grob-type ring-opening reaction.[15] Cation 31 could
then be trapped by attack of the corresponding halide, sub-
sequently leading to the alkyne silyl Prins product 21.


Since the incorporation of a trimethylsilyl group as a sub-
stituent (25–27) favors the Prins cyclization by destabiliza-
tion of the allenic cation 27, we reasoned that similar results
may be obtained by introducing other types of substituent
that destabilize the corresponding allenic cation and conse-
quently accelerate the Prins cyclization.
Based on the excellent work of Rychnovsky and co-work-


ers,[6a] which showed that stabilizing and destabilizing groups
near the carbinol center also affected the diastereoselectiv-
ity of the Prins cyclization, we decided to study the influ-
ence of electron-withdrawing groups located at the a-posi-
tion of the hydroxy group, such as chloride or nitrile, on the
relative rate of the ring-opening process versus alkyne Prins
cyclization (Table 1). The corresponding secondary homo-
propargyl alcohols used for this study were prepared accord-
ing to a reported procedure[16] and are further documented
in the Supporting Information. Table 1 shows that in secon-
dary homopropargyl alcohols with electron-withdrawing
groups the alkyne Prins cyclization is a rapid process rela-
tive to the formal 2-oxonia-[3,3]-sigmatropic rearrangement.
The cis-2,6-disubstituted dihydropyran was the main product
with chloromethyl and cyanomethyl substituents, as elec-
tron-withdrawing groups favor the alkyne Prins cyclization
(Table 1, entries 1 and 2, respectively), although the yield
was lower with the cyanomethyl group.


Figure 1. Silyl substituent effects on the relative-energy profile of formal
2-oxonia-[3,3]-sigmatropic rearrangements.


Scheme 6. Proposed mechanism for the silyl alkyne Prins cyclization.


Table 1. Substituent effects on the rate of the Prins Cyclization versus
the formal 2-oxonia-[3,3]-rearrangement.


Entry Substrate R Product Yield [%][a]


1 33a CH2Cl 34a 68
2 33b CH2CN 34b 35


[a] Traces of noncyclic products through the formal 2-oxonia-[3,3]-sigma-
tropic rearrangement were not detected; the starting materials 33a and
33b were totally consumed.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6260 – 62686262


J. I. Padr;n, V. S. Mart8n, M. A. Ram8rez et al.



www.chemeurj.org





DFT calculations : To provide further insight into the ob-
served electronic effects, DFT theoretical calculations at the
B3LYP/6–31G(d) level were performed on simplified struc-
tures. The results of these calculations are summarized in
the energy diagram shown in Figure 2.


It should be noted that we were unable to locate a dihy-
dropyranyl cation intermediate for the alkynyl carbocation
28, thus presumably indicating a concerted pathway to 29 in
an exothermic process (3.2 kcalmol�1; Figure 1). The incor-
poration of cyanomethyl and chloromethyl substituents
shows that both processes are slightly endothermic, thus per-
mitting the dihydropyranyl cations 36 and 39, respectively,
to be detected as intermediate species. A ring-opening pro-
cess from the dihydropyranyl cation 39 to the allenyl cation
40 requires a small activation energy of 0.1 kcalmol�1,
whereas ring-opening from 39 to 38 requires 1.0 kcalmol�1.
With the cyanomethyl substituent, the process is slightly
more endothermic, but has a very similar energy diagram to
the chloromethyl substituent. This increased energy of allen-
yl cations 37 and 40 (versus 35 and 38 respectively), which
favors the alkyne Prins cyclization, is consistent with our hy-
pothesis and the experimental data of Table 1. However, di-
hydropyranyl cation intermediates 36 and 39 are less pro-
tected from ring-opening (very small activation energy) to
form allenyl cations 37 and 40 than the trimethylsilyl cation
26. These data suggest that the dihydropyranyl cations 36
and 39 are more prone to ring-opening than 26.


In addition, the isodesmic reaction in Equation (2) shows
that TMS dihydropyranyl cation 26 is 25.7 kcalmol�1 lower
in energy than cation 39. Also, the isodesmic reaction in
Equation (3) shows that the chloride-substituted dihydropyr-
anyl cation 39 is 4.0 kcalmol�1 lower in energy than cation
36.
These two isodesmic reactions permit us to order the dif-


ferent dihydropyranyl cations 26, 39, and 36 in decreasing
stability (Scheme 7). Interestingly, such an order is consis-


tent with the obtained yields in the alkyne Prins cyclization,
as 26 was obtained in the highest yield and 36 the lowest.
Thus, we demonstrated that certain substituents (Me3Si,


CH2Cl, and CH2CN) stabilize the dihydropyranyl cations,
with Me3Si being the most effective. We then turned our at-
tention to the reasons why these substituents stabilize dihy-
dropyranyl cations.


Stability of dihydropyranyl cations : It is now well known
that the silyl group hyperconjugatively stabilizes the inter-
mediate b-carbenium ion. This process is called the b-
effect,[17] as discovered by Ushakov and Itenberg in 1937.[18]


The origin of this effect is more commonly attributed to the
strongly stabilizing interaction between the C�Si bond orbi-
tal and a developing or fully formed empty p orbital of the
carbenium ion at the b-position to the silicon atom.[19] The
structure of the postulated intermediate species could be de-
scribed as either a bridged structure I, in which the silicon
atom exploits the ability to expand its coordination, or a b-
silylated carbenium ion II (Scheme 8).[20]


Vinyl cations are especially well suited for the study of b-
hyperconjugation. The C+=Cb bond is shorter than a single
bond and the s bond of a b-substituent to the Cb atom is in
the plane of the vacant 2p orbital on the C+ atom, thus al-
lowing maximum overlap for hyperconjugation. An NMR
study of several b-silyl vinyl cations, developed by Siehl,[21]


shows hyperconjugative stabilization of the positive charge
by b-silyl substituents (Scheme 9). There are several studies
on cyclic vinyl cations,[22] but to the best of our knowledge


Figure 2. Substituent effects on the relative-energy profile of a formal 2-
oxonia-[3,3]-rearrangement.


Scheme 7. Decreasing stability of the substituted dihydropyranyl cations.


Scheme 8. Structure of the postulated species in the b-effect of a silicon
atom in carbocations.
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none in which the b-silyl effect is considered.[23] For this
reason, we decided to perform DFT calculations at the
B3LYP/6–31G(d) level on different vinyl cations to observe
the stabilization of the b-trimethylsilyl group with respect to
the positive charge [see the isodesmic reactions in Eqs (4)–
(6)].


Equation (4) shows the stabilizing effect of the b-silyl group
in acyclic vinyl cations. Although it is evident that cyclic
vinyl cations are less stable than acyclic analogues,[22a] the
stabilizing effect of the b-trimethylsilyl group in cyclic vinyl
cations can be seen from Equations (5) and (6).
Two methods were applied to confirm and analyze the


structures of these cyclic vinyl cations.


1) Atoms-in-molecules (AIM) method : The method[24] of
using the topology of the electronic charge density 1(r) pro-
vides accurate mapping of the chemical concept of atom,
bond, and structure. The nuclear positions behave topologi-
cally as local maxima in 1(r). A bond critical point is found
between each pair of nuclei, which are considered to be
linked by a chemical bond. Furthermore, a ring critical point
appears as a consequence of any ring of bonded atoms. A
single-point energy calculation was performed on the previ-
ously optimized geometries by using B3LYPT/6–311+G-
ACHTUNGTRENNUNG(d,p)//B3LYP/6–31G(d) for all the atoms involved to obtain
the necessary electronic density for AIM analysis. This pro-
cedure showed that the dihydropyranyl and TMS dihydro-
pyranyl cations are stable structures, as shown in molecular
graphs (Figure 3).
Table 2 shows the numerical parameters at the different


bond critical points that correspond to significant bonds in
the cyclic vinyl cation structures.[25] The six bond critical
points guarantee a ring system with prevailing covalent
bonds, since the covalent interactions are defined by large
electron-charge density values 1(r) in the bond region and
negative values of its laplacian of charge density 521(r).
However, the C2�C3 and C5�C6 bonds have lower
1(r) values and lesser covalent character (Table 2, entries 3,
4, 9, and 10, respectively). The bond ellipticity e., a measure
of the shape of the electron-density distribution in a plane


through the bond critical point and perpendicular to the
bond, has a range of around 1(r)=0.04–0.09 according to
the expected s character (circular electronic distribution) of
these bonds. In the case of bond C1�C2 (Table 2, entries 1
and 2, respectively) these values are greater, therefore show-
ing one p orbital and a double-bond character for this inter-
action.[26]


The strength of a covalent bond depends on the electron
density shared between the two bonded atoms and is also
associated with the value of 1(r). A comparative analysis of
the electron-charge density and the absolute value of select-
ed bond critical points l1/l3 of C2�C3 and C5�C6 shows us
the strength of these bonds between the unsubstituted struc-
ture and the TMS derivative. When R=H, C2�C3 is stron-
ger than C5�C6 (1(r)=0.201 vs 0.131; Table 2, entries 3 and
9, respectively), but the replacement of the hydrogen atom
by the TMS group produces a density reorganization that
leads to similar 1(r) values (1(r)=0.173 and 0.177; Table 2,
entries 4 and 10, respectively). Bond C2�C3 becomes stron-
ger and C5�C6 weaker, but both become structurally more
similar, thus reinforcing the ring character of the structure.


Scheme 9. Si�Cb hyperconjugative stabilization in a-aryl-b-silyl vinyl cat-
ions.


Figure 3. Molecular graphs that correspond to dihydropyranyl and trime-
thylsilyl dihydropyranyl cations. Small dots in bond paths are the bond
critical points; small dots in the ring are ring critical points.


Table 2. AIM study of dihydropyranyl and TMS dihydropyranyl cations.


Entry Bond R 1(r)
ACHTUNGTRENNUNG[ea0


�3]
521(r)
ACHTUNGTRENNUNG[ea0


�5]
e l1/l3


1 C1�C2 H 0.368 �1.104 0.336 3.629
2 C1�C2 TMS 0.380 �1.153 0.220 3.601
3 C2�C3 H 0.201 �0.356 0.056 1.048
4 C2�C3 TMS 0.173 �0.232 0.041 0.882
5 C3�O4 H 0.264 �0.386 0.086 0.866
6 C3�O4 TMS 0.276 �0.443 0.096 0.901
7 O4�C5 H 0.293 �0.386 0.092 0.778
8 O4�C5 TMS 0.273 �0.405 0.067 0.855
9 C5�C6 H 0.131 �0.105 0.097 0.721
10 C5�C6 TMS 0.177 �0.262 0.048 0.922
11 C6�C1 H 0.307 �0.867 0.096 2.148
12 C6�C1 TMS 0.289 �0.783 0.050 1.879
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2) Natural bond orbital (NBO) analysis : In acyclic vinyl cat-
ions with b-silyl groups, Siehl reported the hyperconjugative
stabilization of a positive charge.[21] We performed a NBO
analysis[27] to provide evidence that this stabilization can
occur in cyclic vinyl cations. In this analysis, the electronic
wave function is interpreted in terms of a set of occupied
Lewis orbitals and a set of unoccupied non-Lewis orbitals.
Natural-resonance-theory analysis performed by the
NBO 5.0 program shows that the contribution of the alkyne
resonance structure (45.5%) is greater than the vinyl cation
contribution (23.0%) in the case of the acyclic vinyl cation.
In the cyclic vinyl cation, the alkyne resonance structure
contribution decreases from the TMS cyclohexenyl (19.8%)
to the TMS dihydropyranyl cation (14.6%), probably as a
result of the angle and torsional strains (ring strains) of the
alkyne function in a six-membered ring (Scheme 10). There-


fore, there is less hyperconjugative stabilization of b-silyl
groups in cyclic than acyclic vinyl cations.[28] However, we
did not observe direct stabilization of the cyclic vinyl cation
charge by the TMS group (Table 3; compare entries 1 and 2
with 3 and 4, respectively, in terms of the charge distribu-
tion).
Delocalization effects can be identified from the presence


of off-diagonal elements of the Fock matrix on basis of the
NBO and the strength of these delocalization interactions
can be estimated by the second-order perturbation energies
(donor–acceptor). This analysis is carried out by examining
all the possible interactions between “filled” (donor) Lewis-
type NBOs and “empty” (acceptor) non-Lewis NBOs and
estimating their energy by using the second-order perturba-
tion theory. These interactions lead to donation of occupan-
cy from the localized NBOs of the idealized Lewis structure
into the empty non-Lewis orbitals. Table 3 shows the main
second-order perturbative energy interaction and the bond
order of some selected bonds of the cyclic vinyl cations.
In the first case with the cyclohexenyl cation (Table 3,


entry 1), there is an electron-donating contribution from the
sC2�C3 and sC5�C6 orbitals towards the p orbital of the vinyl
cation at C1 (p1). The major contribution comes from the
sC5�C6 orbital (51.0 kcalmol�1), thus causing a weakening of
this bond, as can be seen in the bond order (C5�C6: 0.634


versus C2�C3: 0.958). The same behavior was observed for
the dihydropyranyl cation (Table 3, entry 2), both s orbitals
contribute to the vinyl cation stabilization, but in this case
the contribution of the sC5�C6 orbital is even greater than for
cyclohexenyl (59.5%), in which there is an additional inter-
action between the unshared electron pair on the endocyclic
oxygen atom and the s. C5�C6 orbital, which is similar to the
well-known anomeric effect.[29] This electronic donation
from the endocyclic oxygen atom contributes to raising the
electron density of the sC5�C6 orbital, thus leading to a more
weakened C5�C6 bond. The total and covalent bond order
of C5�C6 decreases from the cyclohexenyl cation to the di-
hydropyranyl cation, as seen by comparing the total and co-
valent bond orders (Table 3, entries 1 and 2). The C2�C3
bond has a more covalent character than C5�C6 (0.848
versus 0.361, respectively; Table 3, entry 2). For this reason,
the cyclic structure of the dihydropyranyl cation is strongly
allenic in character.
Different behavior was observed in the trimethylsilyl


cyclic vinyl cations as a result of the presence of the sub-
stituent silyl groups. In the TMS cyclohexenyl cation
(Table 3, entry 3), both the s orbitals contribute electrons
towards p1 in almost the same order of magnitude as the
sC2�Si orbital does towards p1 (20.8 kcalmol�1). The presence
of the TMS group reinforces the ring character of this
cation, thus leading to an almost equal contribution from
the C2�C3 and C5�C6 bonds, of which the latter is stronger
with greater covalency relative to the cyclohexenyl cation
(Table 3, entry 1). In the TMS dihydropyranyl cation
(Table 3, entry 4), there is stabilization of the sC2�C3, sC5�C6


Scheme 10. Si�Cb hyperconjugative stabilization in a-aryl-b-silyl vinyl
cations.


Table 3. NBO analysis of cyclic vinyl cations.


Entry Energy interaction[a]


[kcalmol�1]
Bond order[b] Charges[c]


1


2


3


4


5 –


[a] Main second-order perturbative energy interaction. [b] Total (normal)
and covalent bond orders (bold). [c] Main charge distributions.
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(31.5 and 34.5 kcalmol�1, respectively), and sC2�Si (17.2 kcal
mol�1) orbitals and an equal destabilizing interaction be-
tween the unshared electron pairs on the oxygen atom and
the s. C2�C3 and s. C5�C6 orbitals (13.2 and 12.5 kcalmol�1, re-
spectively). The TMS group produces a slight weakening of
the C2�C3 bond, thus reinforcing the C5�C6 bond with re-
spect to the dihydropyranyl cation (Table 3, entry 2). The
bond order values of C2�C3 and C5�C6 are almost equal.
Therefore, the cyclic structure is reinforced, thus decreasing
the possibility of the allenic form.
The b-silyl substituents increase the bond order C5�C6 to


make it almost equal to C2�C3 (Table 3, entries 3 and 4).
Furthermore, the presence of the b-TMS group stabilizes
the cyclic vinyl cation by inducing a more uniform reorgani-
zation of the electron density in the ring and not by a direct
effect on the positively charged carbon atom at C1+ .
NBO analysis of dihydropyranyl cations with electron-


withdrawing groups at C5, such as dihydropyranyl 39,
showed similar behavior to those cations described above
(Table 3, entry 5). This analysis shows that sC2�C3 and sC5�C6
stabilize the p1 orbital, an equal interaction between the un-
shared electron pairs on the oxygen atom and the s. C2�C3 and
s*C5�C6 orbitals, with the same electron-density reorganiza-
tion as above. In this case, the chloromethyl substituent at
C5 produces a similar ring stabilization to the b-silyl groups.
The bond orders of C2�C3 and C5�C6 are almost equal,
which is in agreement with the experimental data of Table 1.


Conclusion


In summary, to control the alkyne Prins cyclization versus
the 2-oxonia-[3,3]-rearrangement the nature of the substitu-
ents in both the homopropargyl alcohol and aldehyde is im-
portant (Scheme 11). In secondary homopropargyl alcohols,
one of the factors that affects the relative stability of the sig-
matropic isomers of this rearrangement is the bulkiness of
the R4 group. However, the most important factor is the
presence of groups able to destabilize the resultant allenyl
oxocarbenium ion. Thus, TMS groups at R3 or electron-with-
drawing groups at R1 disfavored the allenyl oxocarbenium
ion of the 2-oxonia-[3,3]-sigmatropic rearrangement, thus fa-
voring the alkyne Prins cyclization. However, the substitu-


ents at R2 and R4 have no influence over the control of the
cyclization when R3=TMS. In addition, stabilizing the dihy-
dropyranyl cation intermediate raises the energy of the tran-
sition state for ring-opening and effectively eliminates the 2-
oxonia-[3,3]-rearrangement. Ab initio theoretical calcula-
tions show that the TMS group stabilizes the six-membered
ring structure of the dihydropyranyl cation by reorganizing
the electronic density and not by a direct b-silyl effect over
the positively charged carbon atom.


Experimental Section


General methods and computational data are given in the Supporting In-
formation.


General procedure for a ferric chloride-promoted alkyne Prins cycliza-
tion (Table 1): Anhydrous FeCl3 (1 equiv) was added in one portion to a
solution of secondary homopropargyl alcohol (1 equiv) and aldehyde
(1 equiv) in dry CH2Cl2 (0.1m). The reaction was concluded after approx-
imately 1 min, quenched by the addition of water with stirring for 10 min,
and the reaction mixture was extracted with CH2Cl2. The combined or-
ganic layers were dried over magnesium sulfate, and the solvent was re-
moved under reduced pressure. This crude reaction mixture was purified
by flash column chromatography on silica gel (eluent: n-hexane/EtOAc).


Preparation of the starting materials and products in Table 1:


1-Chloropent-4-yn-2-ol and 1-cyanopent-5-yn-3-ol : Prepared in a racemic
form following the previously reported procedure.[30,31]


cis-4-Chloro-2-chloromethyl-6-cyclohexyl-3,6-dihydro-2H-pyran (33a;
Table 1, entry 1): 1H NMR (300 MHz, CDCl3): d =5.78 (s, 1H), 3.93 (s,
1H), 3.76 (m, 1H), 3.54 (dd, J=11.2, 5.7 Hz, 1H), 3.44 (dd, J=11.2,
5.6 Hz, 1H), 2.30 (m, 2H), 1.64 (m, 5H), 1.46 (m, 1H), 1.07 ppm (m,
5H); 13C NMR (75 MHz, CDCl3) d=128.5 (C), 125.3 (CH), 79.5 (CH),
73.6 (CH), 45.9 (CH2), 42.3 (CH), 36.1 (CH2), 28.1 (CH2), 27.6 (CH2),
26.2 (CH2), 25.9 ppm (2CH2); IR (film): ñ=2931.4, 1730.9, 1670.4,
1589.5 cm�1; elemental analysis calcd (%) for C12H18Cl2O (249.07): C
57.84 H 7.28; found: C 57.85 H 7.64.


cis-2-(4-Chloro-6-cyclohexyl-3,6-dihydro-2H-pyran-2-yl)acetonitrile (34a;
Table 1, entry 2): 1H NMR (300 MHz, CDCl3): d =5.78 (s, 1H), 3.96 (s,
1H), 3.85 (m, 2H), 2.55 (d, J=5.9 Hz, 2H), 2.29 (m, 2H), 1.65 (m, 5H),
1.43 (m, 1H), 1.07 ppm (m, 5H); 13C NMR (75 MHz, CDCl3) d=127,7
(C), 125.4 (CH), 116.4 (C), 79.5 (CH), 69.3 (CH), 42.2 (CH), 37.4 (CH2),
28.1 (CH2), 27.4 (CH2), 26.1 (CH2), 25.9 (2 CH2), 23.8 ppm (CH2); IR
(film): ñ=2931.6, 1731.3, 1673.7, 1599.2 cm�1; elemental analysis calcd
(%) for C13H18ClNO (239.11): C 65.13 H 7.57; found: C 65.13 H 7.87.
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